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Molecular dynamics (MD) computer simulation of the adsorption of water molecules onto the vitreous silica
surface was performed using a new dissociative water potéhtidde simulations showed dissociative
chemisorption of water molecules onto the silica surface, forming silanol (SiOH) groups at a concentration
consistent with experimental data. Water penetration and silanol formaffer8 A below the outermost
oxygen are observed. Because of the dissociative nature of the water potential, formation of hydronium ions
is allowed, and, whereas seldom observed in the simulations of bulk water, hydronium ions are formed during
the reactions causing the formation of the silanols. The formation of hydronium ions has also been observed
in ab initio calculations of water adsorption onto silica surfaces. The time evolution of the reactions involving
hydronium ions in our MD simulations is similar to that observed in first-principles MD calculations. Hydronium
ions offer a mechanism by which initially singly coordinated terminal oxygen (Si+®ceives a H ion

from a relatively distant chemisorbed:® molecule via multiple H ion transfer, creating two SiOH sites.

Introduction and energy in Si@-H,O interactions using non-dissociative

. . ) _water potentials or artificially inducing silanol formatiér.28
There have been numerous studies of water interactions withThe yse of a dissociative water potential was applied in MD

silica because of the ubiquitous nature of each of these in bothsjmylations of water adsorption onto vitreous silica surf2&¥s
man-made and environmental systems. For instance, silica anthng sol—gel polymerizatiofi:~3¢ Whereas that water potential
silicate systems are important in technologically relevant matched only a few of the bulk water properties, the low-energy
materials such as optical fibetsglass} MEMS devices,  structures and energies of the®+Si(OH) clusters were found
microelectronics and wafer bondifgeparation systentsand to be comparable to ab initio calculated d&tZhe commonly
catalysis;®as well as being an abundant mineral with significant  shown reaction mechanism for the breaking of siloxane bonds
geological implications. Studies have shown that water can and the formation of silanols was similar to that previously
rupture siloxane (StO—Si) bonds via dissociative chemisorp-  propose@ and shown schematically below:
tion, forming silanol (Si—O—H) sites, which can have signifi-
cantly deleterious effects on materials such as optical fibers
under moderate strain, where stress corrosion cracking can
occur®~13 The presence of water in vitreous silica has a profound
influence in many of its thermal, mechanical, and optical
properties, and experimental techniques for studying these
changes can provide information into the macroscopic aspects  The siloxane (S+O—Si) bond in (a) is strained (either by
of the interaction$? However, the molecular interactions are induced stress in the system or the bond is located at a small,
more difficult to explain with experimental techniques alone 6. or three-membered ring, which can exist at the silica
and computational methods have become a useful tool to studygy,face). In (b), one silicon becomes pentacoordinated, forming
these interactions. a distorted trigonal bipyramid, which has been discussed much
Molecular orbital and electronic density functional theory in earlier literature regarding SNeactions between silica and
calculations at various levels of approximation have been appliedwater based on ab initio calculatidfis®® or molecular dynamics
to calculate the molecular interaction between silicic acid and simulations of water adsorption at strained siloxane b8hés.
watef520 or water interactions with oxide surfacés?® Of The SN reaction and the formation of pentacoordinated silicon
course, the main problem with ab initio calculations is the very as a reaction intermediate is also seen in computational studies
limited system sizes (hundreds of atoms, depending upon theof the polymerization of silicic acid (§6iO;) molecules’1-34
level of approximation). In a recent study using a combination Further interaction between the adsorbed oxygen from water
of qguantum mechanical/classical mechanics calculations, Du etwith the silicon and the hydrogen with the bridging oxygen
al. attest to the need for larger system sizes (what they call ancauses the rupture of one of the-%) bonds in the pentaco-
“extended surface”) to obtain more accurate results for the ordinated silicon (returning the silicon to the tetrahedral
energy barriers to the dissociation of water on strained siloxane coordination) and the formation of silanols (SiOH), as drawn
bonds?® They also observed that the hydration energy is highly in (c) and (d) above. However, the previous MD simulations
dependent upon system sfZeClassical molecular dynamics  also showed that more complex behavior arises when other water
(MD) simulations have been used to study changes in structuremolecules are preseff.
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More recent computational studies have shown additional Computational Procedure.The dissociative water potential
mechanisms for the adsorption of water onto silica surfaces andis based on the rigid water potential developed by Guillot and
the formation of silanol site¥.~253%For instance, Del Bene et  Guissani®® However, in our multibody interatomic water
al3 showed the benefit of a second water molecule participating potential, intramolecular interactions are added so as to allow
in the dissociation of the siloxane bond in aESi,O molecule. for dissociation of the molecule. The multibody potential has
The reaction occurs via transfer of a hydrogen ion between the both two- and three-body terms. The two body term is given
neighboring water molecules, with the hydrogen of one by
water molecule attaching to the bridging oxygen, while the
second water molecule attaches to the silicon and transfersUz_pogy = Ugq T Ugaqa T Ygaa T Yadg T Yrep T Ydisp 1)
one of its hydrogen ions to the first water molecule. A five-
coordinated silicon forms during the reaction, with a structure where
that appears to be similar to the trigonal bipyramid observed
in previous computational studié$38although the S+O bond a9 i
length to the new oxygen from water is longer than observed UgdMy) = T erf E) @)

) ) e i i
in previous ab initio calculation®. The authors use the
need for the second water molecule to discount the Michalske Qid qjd { I ) fc:(ri) -

Freiman model, which involves only one water molecule. quqo(rij)z
However, the ab initio calculations used a#FSi;O molecule, I
with hydrogen and fluorine rather than oxygen or OH term- d r
inating the other three bonds to each silicon ion. Previous ab Ugoti) = a9 fl——| x erfd 22 (4)
initio calculations by Kudo and Gordon showed that terminating daaty
silicon with hydrogen versus OH significantly raised the barriers
in hydrolysis and condensation reactidfisinterestingly, qid q Fii Fii
ab initio calculations of cluster models showed rupture of the Ugadi) = r. o) < e
siloxane bond via reaction with a single water molecule in a !
manner similar to the reaction mechanism@ shown above, aq ; r

: ( J 1) X erfc(—) (6)

(5)

even though those calculations also used hydrogen termination Ugadry) = ——erfl——
of the silicon ions! Therefore, depending upon i
the type of ab initio calculation, both types of reactions are

observed. erfc(i)

Several recent computational studies of water interactions with . i s i
silica surfaces have also shown the important role of additional Urep(rij) — Trep & r ™
water molecules adjacent to the reaction site on the hydroxy-
lation procesg!—2442|n these studies, the formation of hydro- —Cl
nium ions (HO") plays an integral role in the reactions at silica Ugise(ij) = —66 (8)
surfaces. Modern MD simulations should be able to capture the ij
complexity of the reactions observed in the less empirical
calculations. The values of the parameters used for the different atom

Although previous MD simulatiof8 predicted reactions and ~ SPecies are given in Table 1. In genegal= —4qg9 and the
structures that were qualitatively similar to subsequent ab initio charge (q) on silicon is four times the charge on hydrogen, and
calculations, the earlier water potential was not designed to ©Xygen has twice the opposite charge on hydrogen. The Wolf
reproduce most bulk water properties. In order for MD simula- SUM is used to handl_e the inclusion of the Iong-_range terms in
tions to accurately reproduce the details of the reaction mech-the Madelung potenti&f. One of the effects of using the Wolf
anisms involving hydronium formation near reaction sites an Summation is the presence of the complementary error function
accurate and dissociative water potential is required. Although t€rm in the charge-based parts of the potential function. This
there are a large number of water potentials available in the 40€S not appear in the repulsion and dispersion terms. In
literature?®-56 most describe rigid, or at best flexible, water Summary, the final effect of using the Wolf summation is to
molecules. The few fully atomistic water potentials that allow nduce a correction term for all of the charge-based terms of
for dissociation of the water molecule do not sufficiently match the potential giving the final equation as:
bulk water properties, especially the liquid equation of state N
(Figure 15 in ref 57). U e|e=1-

The authors have recently developed a dissociative water (%) 24 &
potential that matches bulk water structure, diffusion constant, Nj < Re
dipole moment, vibrational density of states, enthalpy of aaerfe(r/B) aaerfe(ry/p)
formation, and the liquid equation of state from 273 to 373 —— lIim {—7| -
K.58 Although hydronium ions do not usually form in simu- Fj i~ Re j
lations of bulk water with this potential, the insertion of a erfc(R/P) 1 N
hydronium shows Hion migration mechanisms involving both +
Eigen and Zundel complexes, as well as more complicated 2R, Br'? &
configuration$® Similar results were observed in high level ab
initio calculations® In the current work, the adsorption The two-body term in the potential does not distinguish
and reactions of water onto a silica surface are investigatedbetween molecules and acts between all of the ion pairs.
using molecular dynamics with the new dissociative water In addition to the two-body term, the multibody potential has
potential. a three-body term of the following form

X

q° (9)
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manner similar to previous simulatiofs®2 The surface was
Us(ri T i) = Ajic exp{ + sl[cos(by) — made by removing periodic boundaries in thedimension,
Gy =0 ) T ™ T freezing the bottom half of the glass ions and adding 25 A of
COS(QikO)]Z (10) vacuum to the top of the glass. Freezing of the bottom of the
system was done purely for computational purposes to reduce
The main purpose of having a three body term is to bias (but computational time. The system was relaxed at 298 K in an
not fix) the angles in the water molecule at 1Ghd the SiQ NVT simulation for 50 000 time steps. The removal of the
tetrahedral angle at 109.247and it acts only for; < r;® and periodic boundary conditions in th& dimension created
ric < ri%. A exists only for HOH, SiOH, SiOSi, and OSIO triplets  undercoordinated oxygen and silicon at the surface. Previous
and is zero for all of the other triplets. The effect of the three- simulations showed that many of these defects would be
body equation on a j-i-k triplet is to increase the potential energy removed by elevated temperature annealing with the formation
of the system if the angle is different from the above values. of small (two- and three-membered) rings on the suffacd
The target angl@% for the HOH triplet is set at 100and not  (an n-membered ring contains silicon tetrahedra connected
104°to account for the combined effect of both the pair term by bridging oxygen). Whereas three-membered rings are present
and the three-body term. The values of the parameters for thein bulk silica846® they increase in concentration at silica
three-body term are given in part ¢ of Table 1. Whereas the surfaced? The two-membered rings are not present in bulk
three-body term biases the structure to the tetrahedral angle forsilica, but do form at silica surfacé%8” These small rings
silica, it does not prevent non-tetrahedral structures from preferentially reacted with adsorbed water in subsequent simula-
forming, such as a trigonal (three-coordinated) silicon, or tions2° consistent with experimental finding% However, in
pentacoordinated silicon, which can exist as defects in silica the current work, the temperature was too low to allow for
surfaces or bulk, or three-coordinated oxygen (such as in additional formation of small rings on the glass surface, so most
hydronium ions in water). defects involved undercoordinated oxygen and silicon.

The parameters for the interactions between the ions in silica  For the production runs of simulating the surface interacting
were designed to match the structure of amorphous silica, aswith water, 169 water molecules were placed several angstroms
well as the structure and energy of a silicic acids$HDa) above the surface in a square pattern. The 169 water molecules
molecule interacting with a water molecule. The latter required correspond to a density of 4 water molecules pe?,nihich
the addition of the StH interactions (the ©O and Si—O  would allow for a maximum silanol concentration of 8 silanols
potentials were similar for oxygen in silica or oxygen in water, per nn? if all of the molecules reacted with the silica surface.
although the presence of the complementary error function in This is in excess of the range of silanols observed experimentally
egs 2—6 in the Wolf sum meant that the effective interactions for g variety of silicas, which is 26 SiOH/ per nm.268

differed between these different pairs in silica or water). The Therefore, it is anticipated that not all of the water molecules
structure of the silicic acid molecule was also designed to il react with the silica surface.

conform to quantum mechanical calculations by choosing an  \wjth this as the starting configuration, a molecular dynamics
appropriate value for the SH repulsion. The BSi0,—H.0 simulation was run for 35 ps (350 000 timesteps, with a time
pair was run for 20 000 moves at 10K, followed by a 20 000 gtep of 0.1 fs, which is required for the simulations with the
move run at 1 K. Three low-energy configurations, shown in hyqrogen ions). Whereas most of the following will describe
Figure 1, were observed. The interaction energy of the lowest- the results of this run, an additional simulation at 998 K was

energy state, shown in part c of Figure 1, was found to be 10.7 continued from the run at 298 K for 30 ps to observe reactions
kcal/mol, in which the water molecule was in a hydrogen bond that might not occur at 298 K.

single acceptor/double donor configuration. The full coulomb
calculation is done on molecules or small clusters, not the Wolf Results
summation, which is required for periodic systems. Using
guantum mechanical calculations, Pelmenschikov et al. observed Because the emphasis in this work is on observing the
a similar single acceptor/double donor configuration as the reactions between water molecules and the silica surface, the
lowest-energy configuration, with a minimum energy of 11.6 initial structure of the glass surface is depicted in Figure 2 in
kcal/mol (varying from 8.8 to 11.6 kcal/mol for the same terms of the coordination numbers of silicon and oxygen in the
configuration, depending upon the basis set and electronglass as a function of th& coordinate. The location of the
correlation)?® oxygen indicates the outer surface of the glass. For the purpose
Molecular dynamics simulations were carried out using a of analysis, the entire glass was sectioned into X,y,z slabs of
fifth-order Nordseick-Gear predictor corrector algorithm using the dimensions 64 64 x 2 A2 along theZ dimension and the
the above potential to model the interactions between various number density of silicons and oxygens of specific coordination
ions. A 6.4 x 6.4 x 4.2 nn? box of silica glass was first  in the slabs are shown in the Figure 2. In all of the graphs
prepared by a melt quench procedure starting at 6000 K(30 000showing the coordination, the units of thexis are the number
steps) and cooled to 4000, 3000, 2000 (100 000 steps each)gensity of species in each slab and xr&xis is theZ coordinate
1000 (40 000 steps), and 298 K (60 000 steps) under NVE of the top of the slab. As expected, the defective species, three-
(constant number, volume, energy) conditions, although the coordinated silicon and one-coordinated oxygen, occur at the
volume was changed as a function of temperature based on thesurface and are caused by the termination of glass via the
thermal expansion coefficient of silica. Each time step equaled removal of the periodic boundary in tfedimension. Similar
1 femtosecond when simulating the silica system. This glassto previous simulations and experiment, oxygens are the
contained 11 664 atoms and was then equilibrated at 298 K in outermost species and are seen as nonbridging oxygen (NBO)
a 40 ps NPT (constant number, pressure, temperature) run withconnected to only one silicon.
a hydrostatic pressure of 1 atm. The resultant structure was Parts a-d of Figure 3 show one of the observed mechanisms
consistent with the pair distribution functions of bulk amorphous where silanols are formed at the undercoordinated species
silica. From this NPT run, the configuration with a pressure without breakage of any of the siloxane bonds. A water molecule
closest to 1 atm was selected and used to make a surface in @approaches a region of the surface that contains an NBO and a

Vi Vi
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TABLE 1. (a), Parameters of the Two Body Potential; (b), Charges on Species; (c), Three Body Parameters; (d), The A-matrix
of &°H(T,P) Equation Given in Part a, Columns A(;,0-A(:;,2); (e), The A-Matrix of the &°H(T,P) Equation Given in Part a,
Columns A(:,3)—A(:,6)

a
species Aep () £(R) &(R) Cs (J-A%)
O—-H 2.283x 10716 24 f(T, PR
O0-0 4.250x 1077 24 0.610 4.226x 10718
Si—0 2.67x 10716 24 0.373 7.00x 10718
Si—Si 7.00x 10°%7 24 0.640
Si—H 5.00x 10716 24 0.350 3.80x 10718
H—H 24

b:
species/multiple gle dp
O —0.904 +0.226
Si +1.808 —0.452
H +0.452 —0.113
c
0-Si—0=B—a—p Si—0-Si= f—a—p H-O—H=g-a—p Si—O—H=B—a—06

A (ergs) 1x 10712 15x 101 30x 1071t 21.2x 1071t

Yop (A) 2.8 2.0 1.3 2.0

Yao (A) 1.2

ros® (A) 3.0 2.6 1.6 2.6

ras® (R) 1.5

0%k 109.47 109.47 100 109.47
d:
0.655726502 —1.0444268% 1072 8.31892416x 107°
3.403472x 1074 —3.986929x 10°© 1.742261x 10°8
—4.057853x 1078 4.677537x 10710 —2.007873x 107%2
1.657262x 10 %2 —1.838785x 10 7.549619x 10717
e:
—3.07929142« 107 5.4477092% 10710 —3.73609493« 10713
—3.364186x 10 * 2.419996x 1014 0
3.800411x 10715 —2.672717x 10718 0
—1.355453x 10 %° 8.939302x 102 0

af(T,P)= EOH(T,P) = 33025 Ap ™.

Figure 1. Stable silicic acid—water configurations. Oxygen, gray;
silicon, blue; hydrogen, red. (a) and (b) were observed at 10, 50, and
298 K whereas (c) was observed only at 1 and 10 K. The hydrogen-
bonded O—H distances in all of the above figures is below 2.4 A.

nearby three-coordinated silicon (arrows in part a of Figure 3).

(Because the bonds between the ions are only drawn if the pair

of ions is in the image, some ions will look undercoordinated

but are not. Additional hydrogen ions are seen, but again, the

other ions in the water molecule to which these hydrogens are

attached are not in the figure.) The single water molecule gets - -

. . - the silica surface prior to exposure to water. Oxygens are the outermost
close e“OUQh to a dangling NBO and athree-coordlnated silicon species, consistent with previous experiments and simulations, with
(part a of Figure 3) at the surface and gives up a proton to the yndercoordinated oxygen and silicon occurring at the surface. Dashed
oxygen (part b of Figure 3), shortly afterward attaching to the lines in the inset bound the silica-vacuum region of the system depicted
silicon (part ¢ of Figure 3). This results in the formation of two in the density profiles.
silanols (part d of Figure 3).

Parts a—c of Figure 4 show another mechanism for silanol to a three-coordinated silicon (labeled 2). (Note, the apparently
formation in which adsorption of the water molecule occurs small Si—O—Si bond angle at the arrow is really due to the 2D
initially at the undercoordinated silicon site. The relevant atoms image of the 3D system.) In part b of Figure 4, the water
are labeled 1—4 in the images. Part a of Figure 4 shows the molecule itself is captured by the silicon (indicated by the
initial configuration of a water molecule (labeled 1) getting close arrow), resulting in the formation of an SiQHThe SiOH is

Figure 2. Density of the coordinations of the silicon and oxygen in
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averages caused by normal vibrational motion of the ions that
would not be present in the single configuration used for the
initial distribution. The concentration of correctly coordinated
oxygen and silicon has increased at the surface, which is due
to the additional bonds formed with hydrogen and oxygen,
respectively, from the water molecules. The curve showing two-
coordinated oxygen final includes all of the two-coordinated
oxygen attached to silicon, either as—8—Si or Si—O—H,

thus showing the outermost location of the silica surface. The
concentration of silanols (SiOH) indicates silanol formation even
at a depth oZ = ~40 A, which is~7 A below the outermost
oxygen in the glass. Part of this apparent penetration of reactions
is due to the atomistic roughness of the vitreous silica surface,
which has been previously discussed in the literai®ré.Also,
because of this atomistic roughness, molecular water penetrates
to Z= ~40 A, and again~7 A below the outer glass oxygen.

Figures 7—9 provide a descriptive view of this penetration
of water into the subsurface. Figure 7 shows side views of two
sections of the glass surface, in which hydrogen withiA of
a silicon are drawn large (and pink), clearly showing penetration
of hydrogen in either LD or SiOH into the subsurface. Part a
of Figure 8 shows several ;@ entering a relatively large
siloxane ring at the outer surface. Part b of Figure 8 shows the

Figure 3. Silanol (SiOH) formation on the surface at undercoordinated Same image but includes more of the subsurface silica in the
oxygen and silicon (at arrows). Only a small section of the surface is image, showing how the open surface ring closes off to a smaller
shown here, with bonds to other ions not drawn in the image also not (five-membered) ring farther below the surface, forming a
drawn. Light-blue color indicates oxygen in the water molecule; other channel structure into the subsurface. The five-membered ring
ion colors given in Figure 1. is much less reactive with 40 than the smaller two- to three-
membered rings that can exist at the silica surface, so the
penetration of water will be delayed until a siloxane bond rupture
occurs in this ring, effectively extending the channel. Rupture
of this ring could occur more readily if the silica were under
stress, causing a strain in the siloxane bonds in this five-
membered ring, allowing for a more rapid attack by the water

short-lived because of the over-coordination of the oxygen, and
it soon dissociates a hydrogen ion to a neighboring nonbridging
oxygen (labeled 3) on an originally three-coordinated silicon
(labeled 4 in part a of Figure 4). The three-coordinated silicon
(4) to which the hydroxyl (3) is attached also reacts with another

water molecule to form a geminal site (two hydroxyls on the . .
g ( y y molecule. Such a reaction would open the channel farther into

same silicon, creating an Si(O)) the sili bling farth trati f oth ¢ lecul
The mechanism described by Figure 3 occurs frequently in . € stlica, enabling farther penetration of other water molecules

these simulations and may be the result of the high concentration,'[rr‘]t0 the”sillca SUbSErfaceaT dh:c? W.OU|d frovide a tmeﬁhanlsrr(ljfor
of NBOs at the outer surface (Figure 2) to which incoming water € well-known enhanced difiusion of water Into silica under
molecules are initially attracted, whereas three-coordinated tensile stress and stress corrosion cracking of amorphous silica

silicons (mechanism shown in Figure 4) are slightly below these under low stress. Beca‘.’se the ion sizes are small in Figure 8,
NBO. the depth of the penetration of the®cannot be seen. However,

in Figure 9, the oxygen ions are drawn very large for the

Whereas the mechanisms described in Figures 3 and 4 . . e R .
depicted the formation of silanols without breaking the siloxane 9rPhics to provide for an indication of the third dimension that

(Si—0—Si) bond, there were also silanols forming by the 'S not discernible in Figure 8. Figqre 9 shows a series of imgges
breaking of the siloxane bond. A common feature in the of three water molecgles penetrating the glass. In partbof.Flgure
siloxane-breaking mechanisms was the formation of a five- 9 One of the HO begins to enter the channel. In part ¢ of Figure
coordinated silicon intermediate that subsequently broke from 9; the other HO follow the first in the channel. In part d of
one of the bridging oxygens, returning the silicon to four- Figure 9, the arrow points to the firs,8, showing that it is
coordination. An example is shown in Figure 5, which was done cl€arly well below the silica surface (also note that othg®H
at 998 K. Combined classical-quantum simulations at the silica @re attracted to this location).
surface and on two member chains of silica have also shown The time evolution of the formation of silanol (SiOH) sites
such reactions, and the requirement of the formation of a five- is shown in Figure 10. The final silanol concentration is 3.8/
coordinated silicon has been inferred from these stuidigs. nn¥ (this number includes the SiOH and the chemisorbgd H
The dissociative chemisorption of water molecules on a silica as Si(OH)), which is comparable to experimentally observed
surface observed in these MD simulations results in the value$§® as well as those obtained by MD simulation tech-
distribution of species as a function of tAadistance (perpen-  niques?® A few hydrogens adsorb onto bridging oxygen,
dicular to the silica surface) shown in Figure 6. The data from forming a S}OH complex, but are not considered in the count
the initial distribution of four- and two-coordinated silicon and of silanols. In contrast to previous results obtained by this group,
oxygen, respectively, are taken from the initial configuration. there was no significant change in the distribution of the rings
The data for the final silicon and oxygen coordination and in the glass sample. This could be attributed to the fact that
additional species (SiOH and.&) are averaged over the last there were no excess small two- or three-membered rings at
10 000 moves of the 350 000 move run. This difference in data the surface. It has been previously observed that the small-
collection causes a slight change in the distribution in the membered rings involve strained siloxane bonds that are reactive
subsurface region because of the additional motion in the final sites and are readily attacked by waet?-29
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Figure 4. Silanol formation through dissociative chemisorption of th®Hnolecule on three-coordinated silicon:(H(labeled 1 in (a)) attaches
to three-coordinated silicon (2) at the arrow in (b). TheHlissociates, giving a hydrogen ion to the NBO (3) in (c), which is attached to another
three-coordinated silicon (4), which reacts with anothg® Ho give it a second SiOH (last reaction not shown).

Figure 6. Density profile of correctly coordinated silicon and oxygen
in the glass and the concentration of the SIOH an@ Kpecies for the
initial glass configuration (prior to water exposure) and an average over
the last 10 000 moves for the final configuration. The curve for the
two-coordinated oxygen final includes all of the oxygen attached to
the silicon in Si-O—Si or S-O—H and shows the outermost location
of the silica surface.

Figure 5. Portion of the surface showing siloxane {8 —Si) bond
rupture. Light-blue sphere is reacting bridging oxygen, other colors as
given in Figure 1. Distorted pentacoordinated trigonal bipyramidal
silicon seen in (c), which also shows two elongated (reddisk)CSi
bonds during the reaction. (d) Shows that the rupture of the origina
bridging oxygen (light blue) occurs, with the formation of two SiOHs.

Figure 7. Sideviews of two locations along the surface showing
penetration of hydrogen (large, pink spheres) as SIOH idto the
| silica subsurface. Other colors given in Figure 1.

bulk water2® so the formation of hydronium ions in the current
simulations would be caused only by the presence of the silica
surface.

Several processes involving the formation af ions and

Hydrogen lon Transfer. It has been shown that vitreous
silica surfaces exposed to water enhance proton conduétién,
with an increase in conduction as a function of the hydrogen
and/or water concentration. It has been conjectured that the,[he transfer of H ions were observed. Parts-d of Figure 11

Increase in co_nduchon oceurs by a hopping mech7e71n|sm involv- show the process of hydroxylation of the silica surface at a three-
ing a silanol site and an adjacent water molecéfé:”’Several oo inated silicon (labeled 1 in part a of Figure 11) and a
recent ab initio or combined QM/MD calculations have shown nearhy NBO (labeled 2 in part a of Figure 11) via the formation
the role of hydronium ions during reactions between water and of g transient hydronium ion. In part a of Figure 11, a water
a silica surfacé!~>* Hence, we looked at the details of our molecule adsorbs onto a previously three-coordinated silicon
simulations to determine if hydronium ions form during the (at 1), with a nearby water molecule present. In part b of Figure
reactions between water molecules and the glass surfacell, a hydrogen ion is transferred from the adsorbed water
Hydronium ions do not normally form in our simulations of molecule to the nearby water molecule (arrow). In part c of
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Figure 8. Top view of a small section of the silica surface with several
water molecules (oxygen in water shown as light blue, some hydrogen
shown as pink, some as red; other colors from Figure 1). (a), View
showing the large ring into which the water migrates. (b) Same view
as (a), but (b) includes more silica farther below surface, showing the
closure of a large opening created by the large ring seen in (a).

Figure 9. Snapshot of the region seen in Figure 8, but with ion sizes
made large for image, providing a better view of the third dimension,
the migration of HO molecules into the channel (c) and the depth of
penetration (d), with the arrow pointing to the lowest oxygen from
water.

Figure 10. Time evolution of species formed during reactions of water
molecules with the silica surface.

Figure 11, the intact hydronium ion moves to the NBO (labeled
2). In part d of Figure 11, the hydronium transfers one of its
hydrogen ions to the NBO, forming the second silanol. From
parts b to d of Figure 11, the time of the reaction was 130 fs.
Using ab initio calculations, Du et al. showed the formation of
a single hydronium in the reaction involving two water
molecules near a two-membered siloxane #h¢f. The first
water molecule absorbed onto a silicon, forming a pentacoor-

J. Phys. Chem. C, Vol. 112, No. 5, 2008513

Figure 11. Silanol formation via formation of the hydronium ionz®i
(shown as yellow in (c)). (a) Non-dissociate chemisorption £ lanto
three-coordinated silicon at 1, followed by a hydrogen ion moving to
an adjacent water molecule (at the arrow) in (b). (ePHion shown
with yellow oxygen. (d) The hydronium ion loses a hydrogen ion to
the NBO labeled as 2 in (c) to form the second SiOH (arrow in (d)).

diated silicon (similar to the structure previously discussed in
the literaturé®30:36=3§ One of the hydrogens from this water
molecule is transferred to a nearby@®molecule, forming the
hydronium, which rapidly transfers a hydrogen ion to the
bridging oxygen in a barrier-free exchangeallowing for the
rupture and formation of two SiOH.

Cheng et al. observed the exchange of two hydrogen ions
involving one hydronium ion to take 100 fs to form a silanol
on a Si-O—Si molecule surrounded by four water molecufgs.
Another multiple hydrogen-exchange process involving three
water molecules and a three-coordinated silicon with a NBO
took ~170 fs from the onset of the first hydrogen exchange
between water molecules to end with two additional silanols
(SiOH) (see their Figure*9).

Parts a-h of Figure 12 show the details of a more complicated
hydrogen exchange reaction involving three water molecules
in the formation of two SiOH. Part a of Figure 12 shows three
water molecules over the silica surface with undercoordinated
silicon and oxygen (shown by arrows). The relevant oxygens
in the figure are colored light blue in the images (three in the
water molecules and the fourth as the NBO). Numbers in some
images relate to the oxygen and hydrogen labels discussed below
in reference to Figure 13. In part b of Figure 12, a water
molecule adsorbs onto the three-coordinated silicon (arrow). In
part ¢ of Figure 12, one hydrogen from this® molecule
interacts with an adjacent,B, seen at the arrow in mid-transit
between the two oxygens. Part d of Figure 12 shows the
formation of the first HO ion (arrow), which exchanges a
hydrogen to the next ¥ molecule (arrow in part e of Figure
12), which forms the next D ion (arrow in part f of Figure
12). In part g of Figure 12, a hydrogen ion is split between the
H3O ion and the NBO during the final hydrogen transfer. Part
h of Figure 12 shows a later configuration, with the arrows
pointing to the final two SiOH’s that form via this process. The
total time from part b of Figure 12 to the final hydrogen transfer
that creates part h of Figure 12ig150 fs.

The time evolution of the ©H bonds in the reaction is shown
in Figure 13, in which the numbers on the oxygen and hydrogen
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Figure 12. Silanol formation occurring with multiple hydrogen ion transfer vigOH ion formation. Light blue represents oxygen involved in this
process. Other colors are given in Figure 1. (a) Arrows point to three-coordinated silicon and NBO that eventually become the SiOH sites. (b)
Chemisorption of HO onto three-coordinate silicon (arrow). (c) Hydrogen (labeled 1 and arrow) moves from chemisg@éandrd free HO

(labeled 2), forming a split ©H—0 bond. (d) The arrow points to the;® ion formed from the configuration in (c). (e) The hydrogen ion (labeled

2 and arrow) from HO™ ion moves to next kD (oxygen labeled 3), which forms the nex¢®t ion in (f) at the arrow. In (g), hydrogen (at arrow)

split between oxygen in ¥D* ion and NBO. (h) The hydrogen ion attaches to NBO, forming a second SiOH (arrows point to both SiOH). This
multiple H;O ion formation lasts~150 fs, similar to ab initio calculations of much smaller systems, showing similar transfer mechanisms (text).

of H30 ion formation similar to the ab initio calculations, with
similar time evolutions.

In most cases where opportunities for exchange of protons
existed in our simulations, the lifetime of any individual
hydronium ion was less than 100 fs, with an average around
55 fs. However, we did observe some stable hydroniums that
lasted for greater than 300 fs, though none of these long-lasting
hydroniums were observed after 6 ps. In these current simula-
tions, the energetics of these reactions observed in our calcula-
tions are much more difficult to determine than in the ab initio
calculations because of the very many atoms moving in our
system and the number of other reactions occurring at any one
time. Of course, smaller scale simulations could be performed
using fewer water molecules at the sites shown in the images

above to obtain energies, and this is planned for future work.
Figure 13. Time evolution of specific OtHj bond lengths during
the reactions shown in Figure 12. i and j of specific oxygens and .
hydrogens are given in Figure 12. Arrows indicate a nominal start (vhen Conclusion

H1 attaches to O2, see Figure 12c) and the end of the reactions that . . . . .
form two SIOH’s, as shown in Figure 12. Molecular dynamics simulations of the interactions between

silica surfaces and water vapor using a new dissociative water
potential revealed dissociative chemisorption of the water via
mechanisms that included formation of pentacoordinated silicon
as reaction intermediates as well as the formation of hydronium
Sons. The concentration of silanols observed in the simulations,
3.8SiOH/nn, is consistent with experimental data. Penetration
of water and the formation of silanols was observétiA below

the outer glass surface. This penetration is caused by the
atomistic roughness of the glassy silica surface, which is caused
by the normal siloxane-bonded ring structure of silica. This
roughness and the ring structure allows for the formation of
channels several angstroms deep into the subsurface into which
water molecules can penetrate. Hydrogen ion transfer from an
adsorption site to a nonbridging oxygen occurring through the
formation of hydronium ions was also observed. This transfer
process and its lifetime, and the lifetime of the hydronium ions,
observed in these MD simulations are very similar to those
observed in first principles MD calculations.

relate to those in Figure 12. ©H1 in Figure 13 involves the
oxygen and hydrogen ions in the first hydrogen transfer as
labeled in part ¢ of Figure 12. The arrows in Figure 13 indicate
the nominal start and end of the process. As soon as H1 bond
to 02, another hydrogen on O2 begins to oscillate away from
this H;O ion (O2—H2 curve). H2 moves toward O3 as shown
by the O3-H2 curve, oscillating in a manner complementary
to the O2-H2 distance oscillations. When H2 finally bonds to
03, the final exchange occurs, as H3 leaves O3 (again with
some oscillations).

This time frame involving an adsorbed,® molecule and
hydrogen transfer and hydronium formation to two additional
H,O molecules observed in our simulations is similar to the
result obtained in ab initio calculations by Ma ef&ln their
figure 2, they also show a similar reaction, with a reaction time
of 130 fs. However, this reaction involves the formation of a
geminal site (two SiOH’s on the same silicon), meaning the
transfer distance is quite small. Their Figure 7 shows a reaction
more consistent with our Figure 12, again including an adsorbing
H»0 onto a three-coordinated silicon, formation of two interven-
ing HzO ions, and a second SiOH. The time for this reaction (1) Kurkjian, C. R.; Krause, J. T.; Paek, U. C.de Phys1982,43,
was 146 fs. Therefore, our MD simulations show mechanisms C9.
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