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Abstract

Molecular dynamics simulations show that the expansion of silica glass occurs by
the presence of the hydroxyl (SiOH) groups present in the glass as opposed to intact
water (H,O) molecules, providing an accurate molecular description of the experi-
mentally observed volume changes in silica glass exposed to water. Using a robust
and accurate reactive potential, the simulations show that the expansion is caused by
the rupture of siloxane (Si—O-Si) linkages in the glass via reactions with water mol-
ecules, forming SiOHs. Such reactions remove smaller rings and form larger rings,
with a decrease in the overall number of rings smaller than a prescribed large ring
size in comparison to dry glasses. This change in ring structure overcomes the inher-
ently stronger hydrogen bonding in the glasses containing SiOH in comparison to the
glasses containing predominantly intact H,O molecules. This stronger H-bonding
of the SiOH also causes a shift to lower frequencies in the high-frequency OH vi-
brational spectrum for the silanols, as shown in previous ab-initio calculations. This
introduces a question about assuming the lower frequency part of the high-frequency
peak is only due to intact H,O molecules. A slight decrease in volume occurred in
the glasses containing the largest concentration of intact H,O molecules. There is no
change in the ring size distribution between the H,O glasses and dry glasses. Rather,
the slight decrease in volume in the H,O system is caused by a decrease in siloxane
bond angles caused by the formation of H-bonds between the H,O molecules and the

glass O in the siloxane cages surrounding the H,O molecules.
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siloxane bonds at a crack tip via the Michalske-Freiman
model, enabling propagation of the crack.*’ The Michalske-

The behavior of water in contact with amorphous silica
(a-silica) surfaces and penetration into the subsurface has
garnered significant interest over many decades.'™* In gen-
eral, water has been shown to weaken silica in tension via
stress corrosion cracking at a stress less than the normal
fracture stress. Such behavior is caused by the commonly
known reaction of a water molecule rupturing the strained

Freiman model assumes small two- and three-membered
siloxane rings that have small siloxane (Si—O-Si) bond an-
gles that show significantly increased bond rupture upon
exposure to water.’ However, Tomozawa attributed deg-
radation in strength of silica to the presence of molecular
water and surface structural relaxation.?> Based on their IR
data of changes in the high-frequency Si—O asymmetric
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stretch peak, it was assumed that the presence of molecu-
lar water lowers the fictive temperature in the surface via
a surface structural relaxation mechanism and lower fic-
tive temperature silica has a lower strength.25 However,
strengthening of silica exposed to water while under ten-
sion has also been shown.?**

Amorphous silica has been shown to increase volume
when exposed to water at elevated temperatures.30’31 In re-
cent years, such an effect has been shown to occur at the
glass surface of either fibers or disks exposed to water
vapor.?®?%3% In the fiber case, longitudinally polishing the
glass fiber in half after exposure under low tensile stress to
moist atmosphere at temperatures below the glass-transi-
tion temperature was observed to cause permanent bend-
ing.29 The result was indicative of a surface expansion that
was attributed to surface structural relaxation that causes
a volume increase in the surface. Thin disks exposed to
water vapor on one side similarly showed expansion on the
exposed side, the curvature of which could be used to cal-
culate a swelling stress.>?

Such a volume increase at the surface caused by expo-
sure to moisture would convert to a compressive stress in
the surface of a glass sample whose surface is constrained
by the bulk, thus increasing strength in a manner similar
to ion-exchange strengthening of glass. Additional studies
of silica fibers exposed to water vapor while under moder-
ate tensile stress less than the fracture stress and tempera-
tures below the glass fictive temperature also showed, upon
release of the applied tension, an increase in the fracture
stress.”’

In either strength degradation or strength enhancement,
one group assumes from IR data that surface structural/
stress relaxation is caused by the presence of molecular
water,”>?"2%3% whereas another group concludes that ex-
pansion of silica occurs via formation of silanols (SiOHs)
rather than molecular water in the glass.26’32’34’35 The at-
tribution of H,O molecules as the cause of strength en-
hancement is based on the difference in the depth of the
high-frequency IR peak of the OH moiety on Si (SiOH)
vs the depth of the change in the high-frequency IR peak
of the asymmetric stretch of the Si—O-Si group indicative
of a relaxation process. The latter continues to a greater
depth than the former and is attributed to an undetect-
able amount of molecular water.”**** Since the molec-
ular water was undetectable by IR, it was assumed that
such a low concentration would have to travel significant
distances to affect sufficient structural relaxation over a
sufficient volume of the glass to affect properties.””*’ A
proposed mechanism was the dissociation of a water mole-
cule and proton transfer to another water to create an OH™
and H;O" ion pair. The excess proton would then migrate
from the H;O" ion to a bridging oxygen (BO) and cause
a lowering of the Si—O-Si bond angle at that 0)(yge:n.27’29

The proton then leaves the BO, but the lower Si—O-Si
angle is retained, acting as a stress reliever. That is, the
change in angles affect surface stress/structural relaxation.
However, molecular dynamics simulations using a highly
robust and accurate multibody potential showed that pro-
tons are only very weakly bonded to the BO with bond
angles near the average for siloxane bonds (145°-150°)
and do not cause the angle to change by more than a de-
gree or two.'* Only pre-existing siloxane bond angles near
the 135° range showed stable sites for proton adsorption.14
The results of those simulations showed that a proton on
a siloxane bridge matches the adsorption site preference
and energy obtained in ab-initio calculations of protons
on bridging oxygen.37’38 Another proposed mechanism for
strength degradation of silica exposed to atmosphere at
high temperature is surface (:rystallization.39

A major question arises as to the mechanism governing
the volume increase and the strengthening caused by the
presence of moisture, either, as mentioned above, as molecu-
lar water or as hydroxyls (SiOH).

In order to address this question at a molecular level, mo-
lecular dynamics computer simulations using a robust, trans-
ferrable reactive interatomic potentialm’m’40 has been used to
address the effect of molecular water vs hydroxyls in amor-
phous silica on volume in comparison to dry silica.

The simulations employ the reactive multibody poten-
tial developed in our lab that has been shown to repro-
duce multiple properties of bulk water and water at glass
interfaces under various conditions with results consistent
with a variety of experimental and ab-initio data. While
designed to match the density-temperature curve for bulk
water, the structure matches the experimental data by
Soper.‘m’41 Other accurately predicted properties include
heat of vaporization (10.4 kcal/mole), diffusion coeffi-
cient (2.4 x 107> cm?/s vs 2.3 x 107> cm?s), frequency
spectrum, and dipole moment.*° Subsequent application
of the potential in simulations of water on the amorphous
silica surface showed reactions and formation of silanols
(SiOH) in concentrations consistent with experiment (4-5/
nmz). These include isolated, vicinal, geminal silanols, and
a small concentration of SiOH, sites caused by short-lived
non-dissociative chemisorption of a water molecule onto
an exposed three-coordinated Si surface site; such SiOH,
sites have been seen experimentally42 and in DFT calcu-
lations of water on oxide surfaces.** The simulations also
show proton transfers involving water molecules adjacent
to the glass surface and surface sites, with formation of
H,0" ions. The lifetimes of H;O" ions in bulk water are
consistent with that observed experimentally and in ab-in-
itio calculations of such species44; their lifetimes adjacent
to the glass surface are much shorter-lived* and the proton
transfer mechanisms are the same as those seen in ab-initio
calculations.'*132043
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Simulations with this potential also showed proton trans-
fer from an H;O™ ion in bulk water via formation of Eigen
and Zundel complexes that resulted in the proton transfer-
ring while in the Zundel complex, with an energy barrier of
0.8 kcal/mole,44 consistent with ab-initio calculations that
showed a value of 0.6 kcal/mole™® at the same 2.4 A 0-O
spacing as the simulations.

Extending the evaluations to simulations of water nano-
confined in amorphous silica resulted in the simulations
showing the change in volume with decreasing pore size seen
experimentally.'*'® Simulations of hydrogen bond lifetimes
of water molecules in bulk water gave a time constant of
2.1 ps,*” consistent with the experimental data.*®

2 | COMPUTATIONAL
PROCEDURE

The molecular dynamics (MD) simulations employed
the “MG” reactive multibody potential previously pre-
sented'*** and discussed above. A bulk silica glass was
made from a f-cristobalite crystal containing 11 664
atoms with dimensions ~64A x 64 A x ~43 A and melted
at 6000 K followed by cooling through intermediate tem-
peratures to 298 K over 5.5 x 10° timesteps. The system
was then remelted at 6000 K and the same cooling pro-
cess occurred, except over 60.0 X 10° timesteps, all with a
timestep of 1.0 fs (=60 ns). At each temperature, a constant
number, volume, temperature (NVT) ensemble was used
and the volume was adjusted according to the experimental
thermal expansion coefficient of 5.5 x 1077 An additional
run of 1 x 10° timesteps was used to generate the final vol-
ume for the dry glass at 1 atmosphere under the constant
number, pressure, and temperature (NPT) ensemble, again
with a timestep of 1.0 fs (=1 ns). These silica glasses had
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FIGURE 1 Dry glass dimensions over 1 ns NPT run at 298 K

and labeled DRY in figures below [Color figure can be viewed at
wileyonlinelibrary.com]
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a density of 2.21 g/cm® and only 33 non-bridging oxygen
(of 7776 silica oxygens). An example of the stability of the
system dimensions in the final 1 ns run under the NPT en-
semble and the Berendson thermostat is shown in Figure 1.
The resultant glass was used to make the glasses containing
either molecular water or reacted waters that form silanols.
That is, all of the glasses containing H,O molecules or pre-
dominantly hydroxyls were begun from the same dry glass.

For the systems with molecular water, eight different ran-
dom spatial distributions of 194 water molecules (5 mol%) were
added to the starting bulk glass at room temperature and called
the “initial wet” systems. The random insertion of the water
molecules included a distance cut-off of the water oxygen from
any other waters and any silica atoms of 2.8 A. This insured that
the inserted waters were not too close to any glass atoms that
might inadvertently create an Si—-Ow (water oxygen) bond or
SiOH. The distance is also the same to the O—O spacing in bulk
water. Each glass was run under NPT conditions for 6.5 X 10°
timesteps, with a timestep of 0.1 fs for all systems containing
H. These systems were labeled “wet” or “H,0” in the text and
figures below to indicate that they contain predominantly intact
H,0 molecules. While data below compare these wet glasses
to the dry glass run for 1 X 10° timesteps at 298K with a 1.0 fs
timestep, an additional long run of 1 X 10 timesteps at 0.1 fs
was used in the dry glass to determine if there were any differ-
ences with using the smaller (0.1 fs) or larger (1.0 fs) timesteps
for the same total time (1 ns) in the dry glasses. The resulting
volumes of the 2 dry glasses were the same within six signifi-
cant figures.

For formation of the systems with reacted waters, called the
“OH” or “SiOH” systems, the same eight “initial wet” systems
were heated to three different elevated temperatures (1273,
1573, or 1773 K) under NVT (constant number, volume, and
temperature) for 1 X 10° timesteps in order to allow for reac-
tions to form SiOH. As stated above, the timestep was 0.1 fs
for all systems containing protons. These temperatures are well
below the glass-transition temperature using this potential,
which is above 2225 K. The different elevated temperatures
increased dissociation of the water molecules, enabling deter-
mination of the effect of different concentrations of SiOH on
volume changes. The resultant OH glasses at each elevated tem-
perature were then quenched directly to 298 K and run at 298 K
for 6.5 x 10° timesteps under NPT conditions, forming eight
glasses that had been heated at 1273 K quenched to 298 K, eight
glasses heated to 1573 K quenched to 298 K, and eight glasses
heated to 1773 K quenched to 298 K. (See Table 1.) In addition,
the original dry glass was separately heated to each elevated
temperature for 1.05 X 10° timesteps and quenched to 298 K
and run for 2 x 10° timesteps using the 1.0 fs timestep (most
comparisons below relate to the 1773-298 K glass that has the
highest concentration of SiOH (labeled SiOH 7.7) and the dry
glass that experienced the same heat treatment that is labeled
DRY* in the figures below). A run for the dry glass at 298 K
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TABLE 1 Protocol
System (Label) Temperature (K) Number of systems
Dry (Dry) 298 1
Wet (H,0) 298 8
Dry 1273 — 298 1
Wet (SiOH 2.2) 1273 — 298 8
Dry 1573 — 298 1
Wet (SiOH 5.2) 1573 — 298 8
Dry (Dry*) 1773 — 298 1
Wet (SiOH 7.7) 1773 — 298 8

from the elevated temperature for 10 x 10° timesteps gave the
same results as observed at 2 x 10° timesteps, indicating that
the volumes reached equilibrium quickly and longer runs were
unnecessary. Volumes of all glasses were calculated from an
average the volumes over the 298 K runs. Therefore, there is
1 dry glass at 298 K, 1 dry glass and 8 SiOH glasses heated
to 1273 K and quenched to 298 K (later labeled “SiOH 2.2”
in figures based upon the concentration SiOH in the glass), 1
dry glass and 8 SiOH glasses heated to 1573 K and quenched
to 298K (labeled “SiOH 5.2” below), and 1 dry glass (labeled
DRY*) and 8 SiOH glasses heated to 1773 K and quenched to
298 K (labeled “SiOH 7.7 below), plus 8 “H,0” glasses with
predominantly intact H,O molecules run only at 298 K (labeled
“wet” or “H,0” below). (See Table 1.) The volume of the H,O
glasses was averaged over the 8 H,O systems and the volume
of each SiOH glass system was averaged over the eight glasses
of the specific system containing different concentrations of
SiOH, enabling a view of the change in volume with changing
SiOH concentration.

Volume differences between the H,O and dry systems
and each SiOH system and its concomitant dry system were
calculated and the volume change vs SiOH and molecular
water contents were determined. Of course, there were some
silanols in the H,O systems and some unreacted H,O mol-
ecules in the SiOH systems and these concentrations are
seen in the resultant graph shown below regarding volume
changes vs concentrations.

In addition to the volume changes, pair distribution
functions (PDF), ring size distributions, siloxane (Si—O-Si)
bond angle distributions, vibrational spectra, and convex
hull volumes around O from the water constructed from
Voronoi neighbor calculations were evaluated in order to
provide an atomistic understanding of the resultant volume
differences between dry and wet vs dry and hydroxylated
systems.

For the convex hull calculations, the O from the glass are
labeled Osi and those for the water are labeled Ow. Thus there
are Osi in the dry glasses and the same Osi in the wet and
SiOH glasses. For each Ow, three shells of neighboring Osi
were determined using the following procedure. For each saved

configuration and each Ow, a subset of the system consisting
of all network-forming Osi and that one single Ow atom was
constructed. A Voronoi polyhedron was constructed around
the Ow atom using the Voro++ library49 and the resulting set
of Voronoi neighbors for this specific Ow were labeled Osi',
where the superscript indicates the first or 1 shell of Osi around
this Ow. A second shell of Osi? around this Ow atom was gen-
erated and consists of all Osi atoms, excluding Osil, that are
connected to one or more Osi' neighbors through a pair of O-Si
bonds. Specifically, if Oa is an Osi' neighbor, then Ob is an
Osi” neighbor if there exists a Si atom such that the Si—Oa and
Si-Ob distances are each less than 2.1 A. A third shell of neigh-
bors attached to the 2nd shell Osi was similarly constructed but
had a high probability of including the shells of other Ow and
is not considered here. After constructing these Osi neighbor
lists for each Ow, convex hull volumes were calculated using
the Osi of each shell's neighbor list as vertices in both the wet
(OH) systems and the corresponding dry system. Therefore,
the differences in convex hull volumes in the dry vs the H,O
or OH system are specific to the same Osi per system. QHull
was used to calculate the convex hull volumes.>
change of a neighbor list was calculated as AV = Vo — <V, >
(or AV = Vi — <Vg>), where Vi (Vi) is the convex hull
volume of the neighbor list in the relevant configuration of an
H,O or OH system and <V, > is the average of the volume of
the same neighbor list of atoms of the corresponding dry system
(glasses 1-8).

The volume

3 | RESULTS AND DISCUSSION

Figure 2 shows the change in volume as a function of the con-
centration of intact H,O molecules (red squares labeled H,0)
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FIGURE 2 Volume changes in the bulk glasses at
different concentrations of SiOH (black dots) and concurrent
H,O's (red squares) (in mol%) in the same glasses in comparison
to the appropriate dry glasses [Color figure can be viewed at
wileyonlinelibrary.com]
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and SiOH (black circles labeled SiOH) in each set of eight
glasses with these different concentrations of constituents. (A
small fraction of hydroxide ions form and are uncounted here.)
The glasses with the highest concentration of intact H,O mol-
ecules (red square at ~4.6% concentration) were generated from
the glass with intact H,O molecules that only experienced the
298 K run. Since not all of the original H,O molecules remain
intact for the wet systems and not all of the water molecules
dissociate to form SiOH in the OH systems, the data points are
horizontally paired such that a particular volume will have a
percentage of SiOH and a remaining percentage of H,O (or
visa-versa). Therefore, the coupled horizontal points show the
concentration of each constituent (H,O or SiOH) on the hori-
zontal axis for the volume change experienced with that com-
position on the vertical axis. It is clear from Figure 2 that an
increase in the concentration of SiOH causes an increase in the
volume of the resultant glasses in comparison to the similarly
processed dry glasses. That is, as mentioned above, the volumes
of the glasses that experienced the higher temperature heating
in order to generate increased SiOH concentrations were com-
pared to that of the dry glasses that experienced the exact same
heat treatment procedure, precluding the effect of such heat
treatment affecting the volume differences shown in the figure.
The results shown here are consistent with the conclusions pre-
sented by Wiederhorn et al** that it is the SiOH that cause the
volume expansion and not the intact H,O molecules. There is
no such increased volume in the case of the glasses with mo-
lecular water. Surprisingly, there is a slight loss of volume with
the H,O systems, as discussed below.

The most obvious rationale for the cause of the increase
in the volume of the glasses containing SiOH would be the
rupture of siloxane (Si—O-Si) bonds in the reactions with the
water molecules. Such reactions would cause an opening of the
ring structure of the glass and expansion of the overall volume.
Figure 3 shows an example of the change in the ring structure
at the site of the reaction involving formation of an SiOH bond,
rupturing an Si—O-Si bond. The dry glass structure is given

FIGURE 3
bond, forming an SiOH, on the original dry glass rings (black SiO

Snapshot of the effect of rupture of an Si—O-Si

bonds) to the new ring structure (cyan). Orange spheres depict the
same reacting O, blue spheres are relevant Si, other spheres are O in
dry (gray) and SiOH 7.7 (cyan) glasses. Red sphere is H with red SiOH
bond [Color figure can be viewed at wileyonlinelibrary.com]
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by the black Si—O bonds near the reaction site while post reac-
tion is given by the cyan Si—O bonds. Rupture of the Si—O-Si
bond at the orange O, forming the SiOH (orange O with red
OH bond and red proton) removes two rings (black) and creates
one larger ring (cyan) and movement of the two blue Si at this
original Si—-O-Si site (black) to new positions upon rupture of
the siloxane bond (cyan) expands the larger resultant cyan ring.

Variation in the ring structure can be verified in the simula-
tions by looking at the change in the ring structure of the sets
of systems. The distribution of shortest-path rings is shown in
Figure 4A for the dry glass (no moisture added), the average in
the glasses with mostly intact water molecules (H,O) and the
average in the glasses with the highest concentration of SiOH
(SiOH 7.7). There is little difference between the H,O system
and the dry glass. However, for the SiOH 7.7 glasses, there is a
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FIGURE 4 A, Ring size distribution in the three systems; B,

total number of rings in each system (note y axis); C, difference in
number of rings for exposed glasses vs dry (H,O difference barely
discernible) [Color figure can be viewed at wileyonlinelibrary.com]
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decrease in the smaller ring sizes, with an increase in the larg-
est rings (there are no two-membered rings in the glasses). The
total number of rings for each system is shown in Figure 4B,
again showing the similarity between the dry and H,O glasses
and loss in the SiOH 7.7 system (note the values on the y-axis in
the inset image). Figure 4C shows the differences in the various
ring sizes between the H,O and Dry glass and the SiOH 7.7 and
DRY* glass, providing a better view of the changes that occur.
The difference between the H,O system and the DRY glass is
barely discernible. (Note, the DRY and DRY * gave same re-
sults.) There is a significant loss in the total number of rings in
the SiOH 7.7 glasses in comparison to the relevant dry glass.

Such results are consistent with the expansion of the glasses
that had the reactions with the water molecules to form the
SiOH. However, what is the cause of the slight contraction of
the glasses that had the highest concentration of intact water
molecules and fewest SiOH, as shown in Figure 27

Evaluation of the local structure of the glasses can provide
a useful answer. The differences between the siloxane (Si—O—
Si) bond angle distribution for the H,O and SiOH 7.7 and their
respective dry glasses are shown in Figure 5, grouped in small
(116°-135°), medium (136°-155°), and large (156°-175°) an-
gles. It is clear that there is a significant loss of the small angles
in the SiOH 7.7 system, consistent with the expected water mol-
ecule reactions and rupture of small (strained) siloxane bonds.
Interestingly, there is a larger increase in the small angle silox-
ane bonds for the H,O system in comparison to the medium and
large bond angles. Since there is no change in the number of
rings in the H,O system in comparison to its dry glass, this in-
crease in the small bond angles is indicative of a relaxation and
bending of the siloxane bonds near the H,O molecule caused by
the H-bonds between the H,O molecule and the O in the silox-
ane bond. This increase in smaller angles would be a contribu-
tor to the decreased volume of the H,O glasses in comparison
to the dry glass, as shown next.

Figure 6 shows six images as a function of time of a
water molecule within a cage of siloxane bonds (cyan) in
the glass that provide a graphic indication of the formation
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FIGURE 5 Siloxane bond angle changes between the H,O and

SiOH 7.7 systems and their appropriate dry glasses [Color figure can
be viewed at wileyonlinelibrary.com]

of H-bonds between the molecule and the glass oxygens.
The red lines indicate H-bonds between the protons and the
O in the glass. The double H-bond formation dominates in
the simulations, but configurations such as in (A) and (F)
also occur, with probalities (B-E)»(F)>(A). In all times of
this molecule in this cage, the H-O-H bond angle in the
water only varied between 103° to 111°, with the lower
numbers for the isolated molecule (A), and the higher val-
ues for the doubly H-bonded configurations. Each H-bond
causes a slight lowering of the siloxane bond angle for the
time of the bond and the overall effect is to create a slight
decrease in volume.

The pair distribution functions (PDFs) centered on O
originally from water (Ow) out to all other O in the sys-
tems are shown in Figure 7 and labeled “Ow-0,” as well as
the PDFs centered on all O to all other O and labeled “all
0O-0.” First, the all O-O PDFs in the dry glasses (reddish
lines) are equivalent to each other and not distinguishable
in the image. Similarly, the all O-O of the H,O and SiOH
7.7 systems glasses (greenish lines) are similar to the all
O-0 for the dry glasses except for a slight decrease in the
height in the first O—O PDF in the H,O system and a slight
increase in the minimum near 3.1 A for both the H,O and
SiOH systems. These slight differences can be explained
by the Ow-O PDFs for those two systems also shown in
Figure 7.

The first Ow-O peak in the SiOH system is indicative of
those Ow from the water that attached to the Si, forming the
SiOH that interact with the O near-neighbors on that Si atom
and are at a distance that is consistent with the O-O spacing in
silica (~2.6 10%). The H,O system shows only a shoulder at that
distance in its Ow—O PDF since few SiOH exist in the H,O
system. This causes the slight decrease in the first peak in the
all O-O PDF for the H,O system. The first large Ow—O peak in
the H,O system is at a distance near 3.1 A and is indicative of
the presence of the intact water molecules in siloxane “cages.”
It is also close to the O—O distance between water molecules in
bulk water (2.8 A), although the width of this peak in Figure 7
is wider on the longer distance side. The SiOH system shown
in Figure 7 also has a smaller peak at ~3.1 A, the same location
as the first large peak in the H,O system, caused by the rem-
nant intact water molecules in the SiOH system. These peaks
at ~3.1 A cause the slight increase in the all O—O PDFs for the
H,O and SiOH systems at this distance in those PDFs.

Pair distribution functions of the HO distances for the four
sets of glasses are shown in Figure 8. The first peak, indicative
of the covalent OH bond, is shown in Figure 8A, showing an
elongation of the covalent OH bond length for those glasses
containing increasing concentrations of SiOH. Previous stud-
ies show that an increase in longer distance covalent OH bonds
occurs simultaneously with a decrease in the hydrogen bond
(H-bond) length.47 Figure 8B shows the PDFs at longer dis-
tances for each system. Consistent with the elongation of the
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FIGURE 6
molecule in the cage structure of the silica

Images of a water

glass at different times showing in (A) no
H-bonds and (B-E) double H-bonds and
(F) a single H-bond to the cage oxygen.
H-bonds shown in red [Color figure can be
viewed at wileyonlinelibrary.com]

8
— H,0 Ow-O
— SiOH 7.7 Ow-0
6 — DRY all 0-0
— DRY* all 0-0
g — H20 all 0-0
w 4 — SiOH all 0-0
o

DISTANCE (A)

FIGURE 7 Comparison of O-O PDF's centered on the Ow in
the H,O and SiOH systems and the all O-O PDF's for the dry glasses
and the H,O and SiOH 7.7 systems [Color figure can be viewed at
wileyonlinelibrary.com]

covalent bonds is the decrease in the H-bond length, as shown
in the first peak in Figure 8B (such results will be relevant to the
results regarding the vibrational spectra presented below). In
addition, the OH pair distance curves shown in 8b are shifted to
shorter distance for the SiOH systems vs the wet systems. With
an increase in the number of reacting waters, forming increas-
ing concentrations of SiOH, there is a decrease in the H-bond
distance shown in the first peak of Figure 8B.

This elongation of the covalent OH bond with increas-
ing SiOH in the glass caused by stronger H-bonding with O
neighbors (shown by the decrease in the first peak in Figure
8B) is known to cause a lower vibrational frequency in the
high-frequency peak of the OH spectrum.5 ! Such an effect
has been used in femtosecond pump-probe spectroscopies
to determine lifetimes of H-bonds in water and reorienta-
tion times.”'™> Molecular dynamics simulations using the
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potential used in the current work similarly showed the de-
pendence of the shortening of the H-bond length on the elon-
gation of the covalent OH bond length and the decrease in the
high-frequency OH stretch vibration.*’

Figure 9 shows the high-frequency OH stretching mode
of the H,O and SiOH 7.7 systems performed at 80 K.
Clearly, there is an increase at the lower end of the vibra-
tional spectrum in the glasses containing the high con-
centration of SiOH, consistent with the shortening of the
H-bond length and concomitant increase in the covalent
OH bond length and weakening of the covalent OH bond.
Such results are also consistent with the data by Sulpizi
et al regarding the vibrational spectra of silanols®® as well
as further discussions regarding internal silanols.”” The as-
sumption that the lower frequencies in the OH stretching
mode observed experimentally are only due to bound H,O
molecules would be incorrect.

Consistent with volume changes seen in Figure 2 are the
convex hull calculations that provide the volume of first
shell or second shell O neighbors around a site. The dif-
ference between the convex hull volume of the first and
second shells of bridging oxygens surrounding each Ow
from each of the H,O glasses and the volume of the exact
same oxygens in the dry glass was calculated; similarly, the
same difference calculation for the convex hull volumes of
bridging oxygens around the added Ow in the SiOH 7.7
systems and the same relevant oxygens in the dry glass that
followed the same heat-quench cycle (1773 to 298 K) was
calculated. Results are shown numerically in Table 2. The
overall bulk volume decrease and increase in the H,O vs
the SiOH 7.7 glasses, respectively, are shown in the second
column. With an increase in the number of reacting wa-
ters, forming increasing concentrations of SiOH, there is a
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FIGURE 8 A, First peak in the HO PDF, indicative of the
covalent HO bond, averaged over the 8 glasses in each system; B,
Longer range HO PDF for the glasses showing the shorter HO distance
for the SiOH glasses in comparison to the H,O glasses. The numbers in
the labels are the concentration of SiOH's in each system, in which the
H,O system has a minor concentration of SiOH's [Color figure can be
viewed at wileyonlinelibrary.com]

—H,0
—SiOH 7.7

INTENSITY

3000 3500 4000 4500
FREQUENCY (cm-)

FIGURE 9 OH vibrational spectrum for the H,O and SiOH 7.7
systems at 80 K [Color figure can be viewed at wileyonlinelibrary.
com]

decrease in the H-bond distance shown in the first peak of
Figure 8B. Such results are consistent with the greater de-
crease in the convex hull first shell volumes in the SiOH 7.7
vs the H,O glasses (=1.93 x 107 vs —1.31 x 107? cm’,
respectively). For the H,O and SiOH 7.7 glasses, the convex

hull first shells show a slight shrinkage in comparison to
the relevant dry glasses whereas the second shell shows
an expansion for the SiOH 7.7 system. This expansion in
second shell volumes is a significant fraction of the overall
bulk expansion of the SiIOH 7.7 glasses. This local volume
increase in the second shell of bridging O surrounding the
Ow that have formed predominantly SiOH is indicative
of the rupturing of the original siloxane bonds at the sites
where silanols form.

As a final test of the behavior of these systems, the H,O
glasses (that showed a slight contraction in volume with re-
spect to the dry glass) and the SiOH 7.7 system (that showed
the highest expansion with respect to its similarly processed
dry glass) were all rerun in simulations in which the pres-
ence of all H and Ow were excluded. That is, the force cal-
culations were run over only the Si and Osi in the glasses
and the H and Ow were not present in the calculations. The
runs were at 298 K for 150 ps under NPT conditions. The
resulting volumes were calculated and compared to the orig-
inal dry glasses and the results are shown in Figure 10. The
original SiOH 7.7 and H,O volume changes are shown as the
black circle and red square, respectively, similar to Figure 2.
Recalculating the volume of each of these systems without
inclusion of the H and Ow in the calculations resulted in a de-
crease in the volume of the SiOH system and increase in the
H,O system to the same volumes as the original dry glasses
appropriate to the system. This provides additional evidence
that the H,O molecules cause the contraction of the glasses
in that system of glasses. That is, without the presence of the
intact H,O molecules in the glasses during the calculations,
there is a loss of the H-bonding that is depicted in Figure 6,
causing the silica to relax back to its original dry glass vol-
ume. Oppositely, the SiOH 7.7 glasses showed siloxane bond
reformation when the influence of the Ow and H were re-
moved from the calculations, causing the silica to relax back
to the volume of the dry glass similarly processed (dry*), as
shown next.

Since the SiOH glasses showed rupture of siloxane bonds
and significant reduction in the ring size distribution in com-
parison to the dry glass shown in Figure 4, evaluation of the
ring size distribution in the SiOH 7.7 system after relaxation
without inclusion of the H and Ow in the glasses resulted in a
significant return to a distribution similar to the original dry
glass, as shown in Figure 11. (Note that since there was no
change in the ring size distribution in the H,O system, no ad-
ditional calculations were needed.) Clearly, without the pres-
ence of the Ow and H ions, the glasses returned to the same
ring size distribution as the dry glass, indicating a significant
recovery of the ruptured siloxane bonds with exclusion of the
H and Ow from the additional calculations.

Thus the reduction in volume of the SiOH 7.7 system
upon exclusion of H and Ow to the dry glass volume and
the recovery of the ring size distribution to that of the dry
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around st and 2nd shell oxygens in
comparison to overall volume differences
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Convex hull volume differences

(em’)
Overall system volume dif-
ference (cm3) 1st shell 2nd shell
-1.5x107% -131x 107 -1.91 x 1072
+8.75x 1072 -1.93x 1072 +7.27 x 10722

Note: Dry* indicates dry glass that followed the 1773K to 298K protocol that was used in the SiOH 7.7

in the systems with respect to the dry glasses System
H,O-Dry
SiOH 7.7-Dry*
glasses.
0.6
—~ 0.5 [ ]
=
w04 o siOH7.7
Z 0.3 A SiOHOw,H excluded
P m H,0
o
%J 0.2 = A H,0 Ow,H excluded
3 0.1
g
0 A A
4
-0.1 O
0 2 4 6 8 10

SiOH, H,0 CONCENTRATION (%)

FIGURE 10 Comparison of volume change between the glasses
exposed to moisture and their appropriate dry glasses in SiOH 7.7 and
the H,O systems (square and circle from Figure 2) and the change in
volume of these same glasses with their dry glasses but with Ow and
H excluded from the calculations of the SiOH and H,O glasses. Each
system shows relaxation back to its dry glass volume [Color figure can
be viewed at wileyonlinelibrary.com]

5000
¢ 4000 = DRY*
2
e 3000 m SiOH 7.7 w/o H, Ow
o}
o
w 2000
]
=
=]
Z 1000 II II

N | .
3 4 5 6 7 8 9 tot
RING SIZE
FIGURE 11 Ring size distribution of the original dry glass

(DRY*) and the SiOH 7.7 glass relaxed without including H and Ow
in the force calculations. A significant recovery of the ring distribution
similar to the dry glass occurs [Color figure can be viewed at
wileyonlinelibrary.com]

glass provide additional confirmation of the role of the for-
mation of the silanols and ruptured rings on the expansion of
the glasses containing SiOH. This is also consistent with the
volume differences for the second shell data from the con-
vex hull calculation shown in Table 2, where the second shell

volume difference between the SiIOH 7.7 glass and its dry
glass is close to that of the overall volume difference of the
SiOH 7.7 system and its dry glass. The volume increase is
near the reacting sites and the additional simulations without
including the H and Ow present in the SiOH 7.7 glass in the
calculations allowed for a repolymerization of most of these
ruptured bonds, enabling relaxation to the original dry glass
structure and volume.

4 | CONCLUSIONS

Using a robust, accurate, and transferrable reactive intera-
tomic potential, the molecular dynamics simulations show
that the expansion of silica glass occurs by the presence of
the hydroxyl (SiOH) groups in the glass as opposed to in-
tact water (H,O) molecules. The expansion is caused by the
rupture of siloxane (Si—O-Si) linkages in the glass, forming
SiOH, removing smaller rings and forming larger rings, with
a decrease in the overall number of rings in comparison to
dry glasses. This expansion is also seen in the increase in the
second shell volumes surrounding the O at the SiOH sites in
the convex hull calculations. This change in ring structure
overcomes the inherently stronger hydrogen bonding in the
glasses containing mostly SiOH in comparison to the glasses
containing mostly H,O molecules. Importantly, this stronger
H-bonding in the SiOH glasses is reflected in the high-fre-
quency OH stretch vibrational spectrum, creating an increase
in the low-frequency side of this peak that overlaps the region
associated with H-bonding involving H,O molecules. This
result can lead to an incorrect assumption regarding the pres-
ence of intact water molecules in the glass structure.

A surprising slight decrease in volume occurred in the
glasses containing predominantly intact H,O molecules.
This is also reflected in the decrease in the convex hull
volumes calculated out to both first and second neigh-
bor shells for the glasses containing predominantly intact
H,O0 molecules. This decrease is caused by the formation
of H-bonds between the H,O molecules and the neighbor
oxygens in the siloxane cage structure in the glass. This
H-bonding is also reflected in the increase in the number of
smaller siloxane bond angles in H,O system with respect to
the dry glass, even though there is not a change between the
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number of small rings in the H,O system and the dry glass.
The O in the H,O molecules (labeled Ow) form a peak in
the PDF between these Ow and O in the silica structure at
a distance (~3.1 IOA) that is shorter than the common dis-
tance between O in different silicon tetrahedra (~5 A). The
presence of the intact H,O molecules within the cages cre-
ates shorter Ow-O spacings that enable H-bonds between
the water molecule and the O in its surrounding siloxane
cage that provide an attractive force that creates a slightly
smaller cage structure. The sum of all these slightly smaller
cages reduces the overall volume of the glasses containing
predominantly H,O molecules.
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