PROBING THE CHEMISTRY, STRUCTURE, AND DYNAMICS OF THE WATERSILICA INTERFACE
by
GLENN K. LOCKWOOD
A Dissertation submitted to the
Graduate School-New Brunswick
Rutgers, The State University of New Jersey
in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy
Graduate Program in Materials Science and Engineering
written under the direction of
Professor Stephen H. Garofalini
and approved by
__________________________________
__________________________________
__________________________________
__________________________________
New Brunswick, New Jersey
January 2013

ABSTRACT OF THE DISSERTATION
Probing the Chemistry, Structure, and Dynamics of the Water-Silica Interface
By Glenn K. Lockwood

Dissertation Director:
Professor Stephen H. Garofalini

Despite its natural abundance and wide-ranging technological relevance, much remains
unknown or unclear about water-silica interfaces. Computer simulation stands to bridge
the gaps of knowledge left by experiment, and a recently developed Dissociative Water
Potential has enabled the simulation of large amorphous silica surfaces in contact with
water without having to impose a model of surface chemistry a priori. Earlier work with
this model has revealed the existence of several protonated surface sites such as SiOH2+
and Si-(OH+)-Si that have yet to be extensively characterized. However, both experiment
and quantum mechanical simulation have provided an increasing body of evidence that
suggests these sites exist, and these sites may play key roles in some of the unexplained
phenomena observed in water-silica systems.
To this end, this Dissociative Water Potential has been applied to develop a
comprehensive picture of the chemistry, structure, and dynamics of the water-silica
interface that is unbiased by any expectation of what sites should form. The bridging OH
site, Si-(OH+)-Si, does form and is characterized as a highly acidic site that occurs
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predominantly on strained Si-O-Si bridges near the interface. Similarly, the transient
formation of SiOH2+ is observed, and this site is found to be more acidic than Si-(OH+)Si. In addition to H3O+ that forms near the interface, all of these sites readily deprotonate
and are expected to play a role in the enhanced proton conductivity experimentally
observed in hydrated mesoporous silica.
The reactions between water and silica are particularly relevant to the engineering of
nuclear waste forms, and the role of water-silica interactions are also explored within the
context of the degradation of silica-based waste forms exposed to radiation. Despite the
significant simulation effort employed in glassy waste form research, no molecular
models of radiation damage in silica include the effects of moisture. This deficiency is
addressed, and water is found to play a significant role in accelerating the degradation of
amorphous silica under irradiation. Water inhibits healing of the network and promotes
the formation of voids into which more water can penetrate, giving way to new damage
accumulation mechanisms not seen in any past simulations.
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Many of the results and discussion presented here have been published in peer-reviewed
technical journals or are in the process of being reviewed for publication. Specifically:
Chapter 3 is comprised of data that appears in "Bridging oxygen as a site for proton
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Chem. Phys. 131 (2009) 074703.
Chapter 4 is comprised largely of data that appears in "Effect of moisture on the selfhealing of vitreous silica under irradiation," G. K. Lockwood and S. H. Garofalini. J.
Nucl. Mater. 400 (2010) 73-78.
Chapter 5 is comprised of data that appears in "Reactions between water and vitreous
silica during irradiation," G. K. Lockwood and S. H. Garofalini. J. Nucl. Mater. 430
(2012) 239-245. Figure 5.5 was created by S. H. Garofalini.
Chapter 6 is comprised largely of data that is currently being peer reviewed for
publication in J. Phys. Chem. B under the title "Lifetimes of excess protons in water
using a dissociative water potential" (2012).
Chapter 7 contains data that is in preparation to be submitted for publication.
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Chapter 1. Introduction
1.1

Background

The interactions between water and silica have been the subject of tremendous scientific
investigation for many decades[1-16] and continue to be the focus of a great deal of
research today[17-21]. While one driving force behind this work is its relevance to an
extremely wide range of scientific and technological fields, another equally important
motivation is the system's complexity: although possessing extremely simple
compositions (H2O and SiO2), both water and silica are widely known for their
anomalous properties.

Water's high intrinsic polarity (and resulting propensity for

hydrogen bonding) give rise to its curious thermal expansion behavior, solvent properties,
and chemical behavior. Silica, on the other hand, is an exceptional glass former (and, as
a result, solvent) which results in its extremely heterogeneous bulk and surface structure
at the atomic scale. Thus, the interactions between water and silica are extensive and
diverse, and this results in a variety of properties that underpin the scientific and
technological importance of water-silica interfaces.
Of all the elements, the most abundant in the Earth's crust are oxygen and silicon[22], so
it should follow that the interactions between silicates and water are of great importance
in geochemistry. Water is known to attack strained siloxane (Si-O-Si) bonds[23-32], and
this has broad implications for siliceous minerals. However, the exact mechanism for the
dissolution of a SiO4 monomer from such minerals' surfaces remains a matter of debate,
and a number of ab initio studies performed at various levels of approximation have
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contributed possible pathways and energetics[27-28, 33]. What is known, however, is
that this dissolution process is fundamental to the chemical weathering of minerals which
in turn plays a part in the accumulation of atmospheric CO2[34], the release and transport
of contaminants[4, 35], and the formation of biogenic silica in diatoms and
radiolarians[36] which populate the bottom of the food chain.
The interactions between water and silica are also critical to many engineering problems
such as those related to energy production. For example, the current national strategy for
the long-term disposal of spent nuclear fuel is to exploit silica's solvent properties to
immobilize radionuclides in glassy waste forms. Water is considered to be the primary
cause of degradation and radionuclide release in these waste forms[29, 37-40], and as a
result, the details of water-silica interactions in the context of nuclear energy have been
the subject of significant research for decades[7, 9, 41-42]. Fossil fuels are a similarly
important energy source affected by water-silica interactions.

The environmentally

responsible recovery of petroleum products from both conventional[43] and
unconventional[10] sources depends heavily on understanding how water, which is used
in both extraction and contaminant remediation, interacts with silica and siliceous
minerals.

Consequentially, considerable efforts in understanding water-silica (and

hydrocarbon solution-silica) interactions have been made in petroleum engineering[4, 12,
44-46].
In addition to silica's natural forms and conventional technological uses as mentioned
above, it forms the foundation for several classes of nanomaterials such as aerogels and
mesoporous silicates. Perhaps more than any of the aforementioned fields, water-silica
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interactions dominate the overall functional behavior in these advanced materials due to
their characteristically large surface areas. Anomalous properties relative to bulk silica
are the result of these large surface-to-volume ratios[47-51], and many of these properties
show promise in novel technological applications. For example, it has been shown that
proton conduction in nanoporous silica increases with increasing water concentration[5255] which has interesting implications for electrolytic uses[56-59].

Additionally,

considerable work towards understanding the transport properties of nanoconfined water
in silica has been motivated by mesoporous silica's promise in fields such as
biosensing[46, 60-62] and drug delivery[63-65].
Water-silica interactions extend into almost innumerable other fields ranging from human
toxicology[66-70] to space colonization[71-74]. The materials behaviors that give way to
this broad range of applicability are all underpinned by the same physicochemical
behavior that occurs within, at most, a few nanometers of the interfaces contained in
these water-silica systems. Thus, examining the interfacial phenomena has tremendous
scientific merit, and this study reflects a comprehensive analysis of the fundamental
behavior of water-silica interactions to benefit the study of the higher-level technological
applications.
1.2

Challenges in Studying Water-Silica Interfaces

While the continued research into water-silica interactions is clearly justified, the
complexity of water and silica make characterization of the interfacial behavior
challenging. Anomalous properties can be observed (and to some extent exploited)
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without knowledge of the underlying thermodynamics, chemistry, or kinetics of the
interfacial phenomena, but the optimization of these properties requires a level of
understanding that remains inaccessible to direct examination by modern experimental
techniques.
Perhaps most illustrative of this gap of knowledge is the fact that, despite being as
prolific as water-silica interactions are, the exact structure and chemistry of the watersilica interface remains a matter of continued debate and discovery. Silanol (SiOH) has
been long-known to be a key component at the interface[2, 23], but as experimental
techniques advanced, spectral evidence emerged that silanol at the water-silica interface
can be divided into those which are hydrogen-bonded to other oxygen (so-called vicinal
silanol) and those which are isolated and do not participate in hydrogen bonding[3, 75].
As a result of the different bonding nature of these two types of silanol, they exhibit
appreciably different properties such as thermal stability[23].
Further advances in high-resolution spectroscopy have shown more recently that these SiO-H groups can be subdivided into single (≡Si-OH) and geminal (=Si-(OH)2) silanol
groups, each with distinct nuclear magnetic resonance (NMR) chemical shifts[5, 8, 7578], surface concentrations[79], and chemical behavior that manifests in different
toxicological properties[70].

Additionally, the connectivity of single, geminal, and

vicinal silanols' hydrogen bonds (which is a function of the surface topology[76]) can
cause IR peak and chemical shifts[80]. Most recently, x-ray photoelectron spectroscopy
(XPS) has suggested that another surface site, SiOH2+, exists in addition to silanol[81].
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Thus, even our basic description of the hydrated silica surface's surface chemistry is
continually evolving, and much remains unknown. One of the current mysteries of the
water-silica interface has been the observation of two distinct acid dissociation constants,
pKa, at the surface. When first observed by a relatively new surface-sensitive technique
called sum frequency generation (SFG) spectroscopy,

these two pKa values were

attributed to the differences between vicinal and isolated silanol[82-83]. However, the
basis for this attribution was simply that the ratio of the two pKa sites coincided well with
the ratio of vicinal to isolated silanol; by this same metric, geminal silanols are another
candidate for the multiple pKa[84-86].

Furthermore, various computational

investigations have revealed several other surface sites that may be thermodynamically
stable at the water-silica interface[26, 28, 31], and recent quantum-mechanical
simulations have suggested that this bimodality is not dependent upon the hydrogen
bonding or geminal nature of silanol at all[87].
Thus, while advancements in techniques such as NMR (1H and
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Si cross-polarization

magic-angle spinning [77, 88]), various infrared (IR) spectroscopies (fourier-transform
IR[77, 89-91], Raman[88], attenuated total reflectance IR[92]), and newer nonlinear
spectroscopic methods (SFG[82, 93-94], hyper-Rayleigh scattering[84], evanescent wave
cavity ring-down spectroscopy[83, 85]) have all been contributing to our understanding
of water-silica interactions, the picture they provide is incomplete due to the subjectivity
of interpreting the results.

Atomistic modeling is an ideal complement to these

experimental techniques; whereas the uncertainty lies in interpreting the results of the
aforementioned experiments, the results of a simulation are fully deterministic and the
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product of the assumptions inherent in the underlying model.

Thus, a properly

parameterized atomistic simulation offers a means to fill in the gaps of experimental
findings and shed light on the properties and behavior of the water-silica interface.
Such atomistic simulations of water-silica interfaces have been modeled primarily with
either quantum mechanical (QM) calculations[6, 21, 26, 28, 31, 33, 87, 95-103] or
molecular dynamics (MD)[21, 46-49] (although other methods such as the Monte Carlo
method have found some utility[87, 104-105]). Unfortunately, both QM and MD studies
of water-silica systems have traditionally required the use of significantly limiting
simplifications which, in turn, limit the universality of their results significantly. As
such, closing the gap between experiment and computations has yet to be fully realized.
Classical MD has long been used to simulate both water[106-108] and silica[109-110],
but MD simulation of water-silica interactions is somewhat less mature.
velocity varies as

Because

m for an atom of a given temperature, classical simulations that

include hydrogen require an integration time step that is at least 4x shorter than that
necessary for oxygen alone in order to minimize energy drift in the microcanonical
ensemble. It follows that simulations containing hydrogen must be run for at least 4x as
long to attain the same simulated time, so to address this, most water potentials have
chosen a scheme where O-H bonds are held at a constant distance[107-108]. By coupling
the motion of hydrogen atoms to oxygen atoms, the problematic degree of freedom due to
hydrogen motion is frozen out, and longer integration time steps can be used.
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Of course, freezing O-H bonds also renders these models completely inert, which is
wholly unrealistic for simulating interfaces with the extensive dynamic behavior of
water-silica. Thus, simulations that utilize these popular water models to simulate the
water-silica interface require a priori knowledge of the reacted silica surface[46-47, 61,
111-112] which is a fundamentally flawed approach to exploring the unknown.
Furthermore, these models cannot describe any proton transfer processes by design, so
they are limited in utility when examining dynamic processes at the water-silica interface.
QM calculations have been used to simulate the reactions and proton dynamics
inaccessible to rigid-molecule MD models. The earliest QM calculations relevant to
water-silica used molecular orbital theory to calculate the ground-state energies and
structures of single molecules that contain bonding analogous to specific sites on the
water-silica interface[6, 11, 113-114]. Since then, methods founded in density functional
theory have been able to extend these sorts of calculations to solid (but periodic) surfaces
in the presence of water[87, 96, 98, 115] and simulate dynamic behavior using BornOppenheimer MD[87, 116] or extended Lagrangian approaches such as the CarParrinello MD method[117] or other atom-centered density matrix propagation
methods[118].
The sophistication of QM models has increased to include electron correlation effects as
well[31, 96, 99, 119], but as these QM models become more accurate, their
computational demands increase as well. As a consequence, QM has been largely unable
to simulate aperiodic surfaces such as those of amorphous silica; the system sizes
necessary to ensure that the periodic boundary conditions exceed the relevant length scale
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of surface reactions are presently too large for these QM methods. Some work in QM
simulations of the hydroxylated silica surface has emerged very recently[97, 101, 115,
120], but these studies are still faced with very small system dimensions—length scales
commensurate to the volume of solvating molecules participating in dynamic processes
such as proton transfer[121-122].
1.3

Choice of Model for Simulation Amorphous Interfaces

To advance the state of our understanding of the water-silica interface, some middle
ground between QM and the traditional MD models must be reached. An appropriate
model is one that can simulate
1. a sufficiently large surface so that the full extent of atomistic structural
heterogeneity present on amorphous silica surfaces can be sampled and the full
extent of surface chemistry variation can be observed without a priori biases
2. a sufficiently large system so that the behavior of interfacial and non-interfacial
water can be examined under conditions of full solvation at every point between
the two regions
Satisfying both conditions (1) and (2) above generally requires amorphous surfaces with
surface areas of at least 10 nm2. However, QM simulations on the most state-of-the-art
computer hardware can only simulate several hundreds of atoms at a time and simply
cannot reach the computational throughput needed to simulate these surface areas. As a
result, the most realistic way to achieve the two above goals is to use MD and choose (or
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develop) a classical model that uses a chemically accurate description of water at the cost
of some computational complexity.
Several classical dissociative water-silica models have been developed over the last two
decades[123-125]. However, the Dissociative Water Potential developed by Mahadevan
and Garofalini[126] is particularly suited to studying interfacial reactions and the
dynamic behavior of water near silica surfaces[127] because of its computational
simplicity and chemical accuracy. These two aspects make it ideal for simulating very
large systems and the reactions that occur within them, and in turn, enable the
computational study of water-silica interfaces at previously unexplored length- and timescales. To illustrate this, Figure 1.1 shows the system size from a recent water-silica
system simulated with ab initio molecular dynamics[120] compared to the system size
routinely possible with this Dissociative Water Potential.
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Figure 1.1 System sizes accessible to state-of-the-art QM MD (left) and the
Dissociative Water Potential used in this study (right). QM system from ref [120].

This Dissociative Water Potential is a multibody potential comprised of two- and threebody terms.

The two-body potential energy function is the sum of electrostatic

interactions between point charges, spatially diffuse charges of opposite sign, their crossinteractions, a short-range Pauli repulsion term, and a dispersion attraction. The threebody potential is a Stillinger-Weber type[128] that acts between atomic triplets centered
on atom i with neighbors j and k. It is a simple function of the i-j and i-k interatomic
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spacings, the j-i-k angle, and empirical fitting parameters. Its role is to provide an
energetic bias towards bond directionality such as that which arises from the partial
covalency of some bonds (such as is SiO4 tetrahedra) or the effect of electron lone pairs
(as in H2O). The details of this model and its implementation follow in Chapter 2.
1.4

Significance of Work

As previously mentioned, the chemical makeup of the hydrated silica surface is still a
matter of some debate.

While silanol groups are known to exist at this interface,

evidence has emerged[3, 5, 81] that attributing all interfacial phenomena to a single form
of silanol is not a sufficient description. SiOH (in vicinal, isolated, and/or geminal
forms), SiOH2+, Si-(OH+)-Si, and H3O+ are all present at the water-silica interface, and it
is likely that these sites all play different roles in the enhanced transport of protons in
wet porous silica. Furthermore, the origins of the bimodal pKa observed experimentally
on the hydrated silica surface remains an open scientific question that can be effectively
addressed using dissociative water MD simulations[87, 125, 129].
The data from experimental characterization of these sites exists across the literature, but
these data are not always directly comparable as the result of varying experimental
techniques and conditions. The findings of emerging nonlinear spectroscopic techniques
also leaves considerable room for interpretation, and these methods now rely upon theory
and computation to narrow down the possible mechanisms that underpin the
spectroscopically observed phenomena[93].

Thus, this study serves to provide a

comprehensive view of the chemistry and dynamics of the water-silica interface using a
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single, simple, yet chemically accurate model for water-silica interactions.

The

simplicity and accuracy of the model enables simulations of surfaces areas on the order of
hundreds of square nanometers and time scales on the order of nanoseconds, providing an
unparalleled look into the relative behavior of the various protonated sites that exist at the
interface.
In addition to establishing this comprehensive, fundamental characterization of watersilica interfaces, a concurrent objective of this study is to apply this understanding of the
chemistry and physics of water-silica interactions to an application area of broad societal
importance. The problem of understanding how silica degrades under conditions of
irradiation is of considerable importance to engineering effective nuclear waste forms,
and the matter of safely disposing of nuclear waste in such glassy waste forms is the basis
for our national strategy of safe nuclear waste disposal and a cornerstone of our nation's
future energy security. Furthermore, given the costly and dangerous nature of working
with glasses laden with radionuclides, atomistic simulation has been an important tool in
providing insight into the behavior of silicates under ballistic (as opposed to ionizing)
radiation.
As such, simulating radiation damage processes in silica is quite mature, and in fact there
is very little novelty in simulating the irradiation of bulk silicate systems. However, to
date, no such irradiation simulation has ever incorporated water in the model despite the
following two realities:

13
1. Water[40, 130] and hydroxide precursors[41, 131] are essential components in the
casting of nuclear waste glasses and will occur in real waste glass
compositions[132-133].
2. The interactions between water and irradiated silica are at the heart of the
degradation of waste forms in repositories[133], and dissolution of waste glasses
is expected to be the primary form by which radionuclides from these waste forms
will enter the biosphere.
Thus, the Dissociative Water Potential employed in this work enables an evolutionary
step in the understanding of how water affects the response of the amorphous silica
network to irradiation damage: it can simulate the length- and time-scales relevant to the
ballistic processes that cause the damage, and it can include the effects of water reacting
with the damaged network. To this end, this study also examines this aspect of nuclear
waste form technology via ballistic irradiation simulations.
Ultimately, the work contained in this dissertation establishes a comprehensive, selfconsistent view of the water-silica interface and the interactions therein in terms of
chemistry, thermodynamics, and kinetics.

This fundamental understanding is then

interpreted in the context of nuclear waste form technology by applying simulations of
ballistic irradiation in silica in the presence of moisture and water.
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Chapter 2. The Molecular Dynamics Method & Model Implementation
2.1

Fundamentals of Molecular Dynamics

Molecular dynamics simulations are underpinned by a single relationship that can be
expressed as a second-order ordinary differential equation

mi

d 2 ri
U i

2
ri
dt

(2.1)

where mi is the mass of atom i, ri is its position, Ui is the potential energy experienced by
atom i, and t is time. Perhaps more intuitively, this relationship just describes the motion
of an atom i (as given by Newton's second law, Fi  mi ai ) as being governed by how its
potential energy changes as it is moving (the derivative of its potential energy Ui with
respect to its position ri).
In molecular dynamics simulations, the potential energy of atom i results from its
interactions with each other atom j in the system. The magnitude of each i-j interaction is
given by empirical functions Uij(rij), collectively termed the interatomic potential, that are
defined and parameterized to reproduce the desired properties of a simulated system.
Thus, the position of atom i over time, ri(t), can be determined by solving the differential
equation
N dU ( r )
d 2 ri
ij
mi 2   
dr
dt
j i

(2.2)
r  rij
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where N is the number of atoms in the simulated system. For very small N and very
simple Uij (e.g., simulating a diatomic molecule with a simple harmonic potential) it may
be possible to solve this differential equation for ri(t) analytically. In practice though, N
is large and Uij is not trivial, so solving Equation 2.2 requires the use of iterative
numerical techniques.
Thus, although the principles governing the molecular dynamics method are simple, the
practical application of this method on computers is far less so. The above formalism
simulates atomic trajectories within the microcanonical ensemble, or the statistical
ensemble in which the number of atoms (N), volume (V), and total energy (E) remain
constant. Equilibrating a simulated system to a constant temperature (T) and/or pressure
(P) gives rise to the canonical ensemble (constant N-V-T) or isothermal-isobaric
ensemble (constant N-P-T), and these constraints introduce significantly greater
algorithmic complexity into the simulations.
The remainder of this chapter elaborates upon these complexities and specifically
describes the method by which the simulations in this dissertation were conducted.
2.2

Overview of Dissociative Water Potential

The interatomic potential functions Uij(rij) are the single most important component of
molecular dynamics simulations because they govern the time evolution (also called the
trajectory) of the system. The potential used in this work, termed the Dissociative Water
Potential[126], is a potential comprised of two- and three-body components that describe
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the interactions between all i-j pairs of atoms as well as potential energy contributions
that arise from the collective configuration of some j-i-k atomic triplets.
The two-body potential energy function between atoms i and j is the sum of several
pairwise interactions:

U ij2body rij   U ijq q  U ijq qd  U ijqd q  U ijqd qd  U ijrep  U ijdisp

(2.3)

Physically, these pairwise interactions are the sum of four Coulomb interactions ( U ijq  q ,
U ijq  qd , U ijqd  q , U ijqd  qd ), a short-range repulsion ( U ijrep ), and a dispersion attraction ( U ijdisp ).

The four Coulomb interactions arise as a result of a unique feature of this model: rather
than approximating the electrostatic environment around each atom with a simple point
charge, each atom has a point charge (q) and an error-function-moderated diffuse charge
(qd) that carries the opposite sign. These two types of charges interact with the two types
of charges for each neighbor, resulting in a total of four Coulomb interactions that are
defined as

U ijq  q rij  

U

q  qd
ij

qi q j

r  
ij

rij
qi q dj
rij

(2.4)

 rij 

erf 
 2 
ij 


(2.5)
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U

qd  q
ij

qid q j

r  
ij

rij

U ijqd  qd rij  

 rij 

erf 
 2 
ij 


(2.6)

 rij
erf 
 2
 ij

(2.7)

qid q dj
rij






In these Coulomb terms, ij is an empirical parameter used to describe the nature of the
diffuse behavior of qd. The values used for each atom type's charge is given in Table 2.1.
Table 2.1 Point and diffuse charges. e is elementary charge.

Atom Type
Si
O
H
Point charge q
+1.808 e -0.904 e +0.452 e
Diffuse charge qd -0.452 e +0.226 e -0.113 e

The short-range repulsion represents the effects of Pauli repulsion and is chargeindependent with the form

U ijrep rij   Aijrep

2 ijr

 rij
erfc r
 2
rij
 ij






(2.8)

where Aijrep and  ijr are empirical fitting parameters. Notably, the  ijr parameter for O-H
pairs is a function of temperature and pressure, and this variable O-H short-range
repulsion allows the potential to reproduce the experimental behavior of water over a
wide range of temperatures and pressures[126].
Finally, the dispersion interaction is a simple r-6 term:
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U

disp
ij

r   

C ij6

ij

rij6

(2.9)

The values used for each empirical fitting parameter in the two-body contribution to the
potential are listed in Table 2.2.
r
Table 2.2 Two-body parameters.  OH
is calculated as a function of temperature and
pressure[126], but because most of the simulations performed in this study are
r
= 0.2001 Å unless otherwise noted.
conducted at 298.0 K and 1 atm,  OH

i-j Pair
i
O
O
H
Si
Si
Si

j
H
O
H
O
Si
H

rep
ij

A

(fJ)

Parameter
 ij (Å)  ijr (Å)

0.2283
0.0425

24.0
24.0

f(T,P)
0.610

0.2670
0.0700
0.5000

24.0
24.0
24.0

0.373
0.640
0.350

C ij6 (fJ Å6)

0.004226
0.007000
0.003800

The three-body component of this Dissociative Water Potential acts between atomic
triplets centered on atom i with neighbors j and k. It is of the Stillinger-Weber form[128]
  ij
 ik 
U 3jikbody (rij , r jk ,  jik )   jik exp

(cos  jik  cos  0jik ) 2
0
0 
r r
r
r

ik
ik 
 ij ij
(2.10)

and is a function of the interatomic spacing between central atom i and neighbor j (rij),
the i-k spacing (rik), and the angle between the rij and rik vectors, θjik. The role of this
three-body contribution is to provide an energetic bias towards bond directionality such
as that which arises from the partial covalency of some bonds (such as in SiO4 tetrahedra)
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or the effect of electron lone pairs (as in H2O). All parameters for the three-body
interactions are given in Table 2.3.
Table 2.3 Three-body parameters
j-i-k Triplet

j
O
Si
H
Si

i
Si
O
O
O

k
O
Si
H
H

 jik (fJ)  ij (Å)
0.0150
0.0010
0.0300
0.0050

2.3

Implementation

2.3.1

Electrostatic Interactions

2.8
2.0
1.3
2.0

Parameter
 ik (Å) rij0 (Å)
2.8
3.0
2.0
2.8
1.3
1.6
1.2
2.8

0
rik0 (Å)  jik (°)
3.0
109.5
2.8
109.5
1.6
100.0
1.5
109.5

The potentials used in molecular dynamics simulations for materials science applications
are almost universally truncated at some finite cutoff distance Rc, beyond which
interatomic interactions are considered negligible and are simply taken to be 0. This
dramatically reduces the computational time by eliminating the need to consider pairwise
interactions of distantly spaced atoms. Furthermore, it enables the application of the linkcell method which dramatically improves the scalability of code by giving atoms some
knowledge of their locality within the entire simulation cell[134].

This method

subdivides the simulation box into "cells" so that when an atom i is looking for neighbors

j such that rij < Rc, it only needs to look at j in adjacent cells rather than over the entire
system.
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Unfortunately, the Dissociative Water Potential makes use of Coulomb interactions
which are notoriously long-range in nature. Given a uniform density ρ, the number of
atoms contained with an increasingly large Rc varies as

dN  4Rc2 dRc

(2.11)

while the corresponding increase in Coulomb energy from central atom i and this dN
quantity of additional atoms decays as
dN

qi q j

j i

rij

dU ij  

(2.12)

This gives rise to the conditional convergence of the total Coulomb potential (i.e., the
Madelung potential) encountered for infinite systems. Because this work is concerned
with condensed phases which are approximated as infinite systems via periodic boundary
conditions, special consideration must be given to correctly account for the four Coulomb
terms (Equations 2.4 - 2.7).
Traditionally, the most widely used approach to addressing these long-range Coulomb
interactions within molecular dynamics simulations have been variations of the Ewald
method[135]. These methods divide the slowly converging Coulomb summation into
two summations by "charge splitting," a mathematical manipulation where a decay
function of arbitrary form is added and subtracted from atom i's charge qi.
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Figure 2.1 Coulomb-like 1/r decay before (black) and after (solid red and dashed
blue) charge splitting via a Gaussian decay

The most common decay function is a Gaussian form, shown in Figure 2.1. These two
halves show complementary long- and short-range behavior that add up to the original
function. However, the sum over the short-range halves of the split charges now rapidly
converges, and the long-range halves of the split charges rapidly converge in reciprocal
space.
This concept has been implemented in various algorithms for molecular dynamics, with
the majority requiring extensive use of Fourier transforms to calculate the long-range
interactions.

Unfortunately, calculating Fourier transforms is very expensive
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computationally, and calculating Ewald summations are often the most time-consuming
part of MD simulations. Tremendous effort has been invested to mitigate this, ranging
from exploring new algorithms[136] to developing purpose-built computer hardware
optimized for calculating Ewald summations[137].
Ewald's method represents a severe bottleneck in the Dissociative Water Potential and is
antithetical to the driving motivation of applying a computationally simple, scalable
model to very large simulations.

Fortunately, a completely different approach to

approximating long-range Coulomb interactions has been developed relatively recently.
This method, hereafter referred to as the Wolf sum[138], intrinsically obviates the need to
resort to reciprocal-space calculations. This is achieved by recognizing that the large
errors that arise from truncating the Coulomb interactions at short cutoff distances (Rc)
are the result of charge imbalance within the cutoff sphere ( qi 

rij  Rc

q
j 1

j

 0 ). The Wolf

sum ensures this charge neutrality by applying a "virtual" charge k with equal and
opposite magnitude for each real ion j within Rc (Figure 2.2).
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Figure 2.2 Wolf sum schematic. All i-j interactions within the cutoff sphere Rc are
included, and virtual charges k with opposite sign are applied at Rc to ensure charge
neutrality within the cutoff sphere.

These virtual charges serve to compensate for the effects of the long-range i-j interactions
that become neglected for rij > Rc. To further increase the rate of convergence, the Wolf
sum applies charge splitting similar to the Ewald sum; however, correct parameterization
of the decay parameter will cause the long-range component to become negligibly small,
leaving only a rapidly converging, short-range expression for the Coulomb potential and
a corrective term to eliminate the effect of each ion interacting with its own virtual
charge.
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The reader is directed to Wolf's original manuscript[138] for the rigorous derivation, but
the final form is

U iWolf 

rij  Rc

 qi q j


j i

 rij

 rij
erfc


qq

 r 
  lim i j erfc ij 
 rij  Rc rij
  
q2
q2
R 
 i erfc c   i
2 Rc
   

(2.13)

where β is an empirical decay parameter and Rc is the cutoff distance. The Wolf sum has
the obvious benefit of reducing the Coulomb potential calculation into a strictly shortrange problem, and it eliminates the need to employ computationally costly Fourier
transforms. However, there are also theoretical aspects that make the Wolf sum superior
to the Ewald method that arise from the fact that, strictly speaking, the Ewald summation
is only valid for infinitely periodic systems. Systems that contain disorder (e.g., bulk
amorphous silica and liquid water) or discontinuities (e.g., interfaces) cause the Ewald
summation to produce erroneous interactions[139]. Alternatively, the Wolf sum works
very reliably on amorphous and interfacial systems[138-139] and can be orders-ofmagnitude faster to compute than Ewald summation methods for large systems[139].
Reformulating the Coulomb terms of the Dissociative Water Potential transforms
Equations 2.4 through 2.7 into
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qi q j
rij


erf 

rij


qi q dj
erf 
 lim
rij  Rc r

ij




erf
ij

rij

d

qi q j
erf 
 lim
rij  Rc r

ij


qi q dj

U ijq qd rij  

U

U

 rij
erfc


qd  q
ij

qid q j

r  

qq

r 
  lim i j erfc ij 
 rij  Rc rij
 
rij


r
 erfc ij

2 ij 






rij


r
 erfc ij

2 ij 






rij


r
 erfc ij

2 ij 







r
 erfc ij

2 ij 






rij

 rij
erf 
 2
rij
 ij
 rij
q id q dj
 lim
erf 
 2
rij  Rc
rij
 ij

qd  qd
ij

r  
ij

q id q dj


r
 erfc ij










r
 erfc ij









(2.14)

(2.15)

(2.16)

(2.17)

and introduces an additional self-interaction potential energy term that must be subtracted
from the Coulomb sum around each atom i:

U iWolf Self 

qi2
q2
R 
erfc c   i
2 Rc
   

(2.18)

Incidentally, the contributions of diffuse charge terms qd cancel each other out, resulting
in the self-interaction correction being solely dependent upon the point charge of each
atom i.
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The optimal values for the Wolf decay parameter β and the spherical cutoff Rc with this
potential for water and silica were found to be 4.46 Å and 10.0 Å, respectively[126], and
all simulations conducted in this study used these two values. Given β = 4.46 Å, Rc =
10.0 Å, and the parameters given in Table 2.1 and Table 2.2, the final form of Uij(rij) for
the Dissociative Water Potential with the Wolf summation is shown in Figure 2.3 below.

Figure 2.3 Interatomic potential given by the Dissociative Water Potential with Wolf
summation. All interactions for rij > Rc (Rc = 10.0 Å) are taken to be zero. Note that
Uself is not included in the potentials shown. UOH is calculated assuming T = 298.0 K
and P = 1.0 atm.

Equation 2.1 then gives the force from this interatomic potential, shown in Figure 2.4.

27

Figure 2.4 Interatomic forces given by the Dissociative Water Potential with Wolf
summation. As with Uij, Fij for rij > Rc are zero. UOH calculated assuming T = 298.0
K and P = 1.0 atm.

2.3.2

Temperature and Pressure Control

The choice of method in solving the Coulomb interactions is perhaps the most important
decision

when

implementing

this

model,

but

conducting

simulations

under

thermodynamic conditions beyond the microcanonical ensemble (see Section 2.1)
requires a thermostat and barostat. The fundamental research presented in this work is
chiefly concerned with equilibrium processes, and as such, the simulations are conducted
primarily under N-V-E conditions so that barostating and thermostating algorithms are
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only needed to bring the system to equilibrium. Although they tend to play only a
secondary role in the simulations presented here, the choice of algorithm used to reach
equilibrium can introduce artifacts to the simulation if not applied correctly.
Velocity rescaling is applied here to provide temperature control during the equilibration
of these simulations. This is perhaps the simplest thermostat, where a single scaling
factor is applied to every atom's velocity vector every tenth time step to either remove or
add kinetic energy to the system. The resulting dynamics do not strictly conform to the
canonical (N-V-T) ensemble (unlike other algorithms such as the Nosé-Hoover method),
but velocity rescaling is a very efficient way to exchange kinetic and potential energy and
converge to equilibrium. Thus, reaching thermal equilibrium this way is much more
straightforward.
This method only fails when it is applied to a system with zero temperature. The scaling
factors during the first few dozen time steps are very large to bridge the gap between the
system's near-zero initial temperature and the thermostat temperature. This results in a
velocity distribution marked by few very hot atoms and many very cold atoms. While the
average temperature of this distribution is near the thermostat temperature, the velocity
distribution deviates from the Maxwell-Boltzmann distribution significantly and,
therefore, the system is not at true thermal equilibrium. However, providing a random
distribution of velocities corresponding to any finite temperature is sufficient to
overcome this limitation. Figure 2.5 shows the velocity distribution of atoms in a 4,000molecule condensed-phase (0.997 g/cc) water simulation that was equilibrated at 298.0 K
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for 10 ps from an initial temperature of 1.0 K. It illustrates the suitability of velocity
rescaling for the purposes of rapidly bringing a system to thermal equilibrium.

Figure 2.5 Velocity distribution of a 4000-molecule liquid water simulation at 298.0
K compared to the Maxwell-Boltzmann distribution at the same temperature

In addition to applying a thermostat, simulating under conditions of constant pressure is
often necessary to drive an initial configuration of atoms to a meaningful equilibrium
state. This is particularly important when constructing systems containing liquid water,
because the process of creating a system containing liquid water invariably starts with the
water molecules being randomly inserted into a large simulation box. Due to this random
insertion and the inherently low density of randomly packed spheres (which H2O
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molecules are assumed to be for the purposes of this random filling), most water systems
must then be simulated under constant temperature and pressure to condense the
randomly packed water into the correct liquid structure.
The barostat is typically only applied to drive systems to equilibrium volumes during
system setup, and as with the thermostat, a relatively simple algorithm is used. The
pressure of a system of interacting atoms is the combination of kinetic and virial
components and is given by
N 1

PV  Nk bT  

N

f

i 1 j  i 1

ij

 rij

(2.19)

where P and V are the system pressure and volume, N is the number of atoms in the
system, kb is Boltzmann's constant, T is the temperature of the system, f ij is the force
vector acting atom i from j, and rij contains the components of the separation distance
from i to j. At every time step of the simulation, the box dimension k (where k = x, y, or
z) and the k components of all atoms' positions are scaled by a factor Δk given by
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where τk is an empirical relaxation time parameter for the kth dimension, and Pkk is the kk
component of the system's overall stress tensor:
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The only empirical parameter necessary to control the barostat here is τk, and the value
τ{x,y,z} = 5×10-14 has been found to be a reasonable value to achieve rapid equilibration

without causing large volumetric oscillations or numerical instabilities.
This barostat is functionally similar to the Berendsen barostat[140] but treats each normal
stress independently which provides more flexibility in designing certain system
geometries. In addition, the three-body interactions present in the Dissociative Water
Potential add additional f  r terms to the pressure calculations in Equations 2.19 and
2.21. These additional terms were omitted for clarity in the above explanation, but they
are included in the actual simulations performed for this work.
2.3.3

Integration Algorithm

The choice of algorithm to perform the time integration and propagate atomic trajectories
is the only remaining implementation decision that has an effect on the simulated
dynamics. The most widely used numerical integrators applied to solve Equation 2.1
generally fall into one of two categories: predictor-corrector (PC) algorithms (of which
the Nordsieck-Gear method[141] is perhaps the most popular), and derivatives of the
Verlet algorithm[142]. The majority of the simulations that comprise this work were
performed using the 5th-order Nordsieck-Gear PC algorithm, and while this integrator
does exhibit greater stability with respect to energy fluctuations[143] than Verlet-style
integrators, it was applied here for largely historic reasons.
The velocity Verlet algorithm[144] is a time-reversible, symplectic integrator that has
largely superseded PC methods as the preferred choice in many widely used off-the-shelf
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MD packages for use in materials science (e.g., LAMMPS[145] and DL_POLY[146]).
This is in large part due to the fact that PC integrators are not time-reversible and
therefore introduce very slight divergence from true microcanonical dynamics that
compounds over time. For the purposes of this work though, this integrator error is
negligible; for example, a water-silica interfacial system with 26,217 atoms showed a
total energy drift of 0.004937 kcal/mol-atom over 1.0 ns of simulation with the
Nordsieck-Gear PC integrator. If converted entirely to kinetic energy, this energy drift
corresponds to an increase in temperature by 1.66 Kelvin per nanosecond.

By

comparison, the standard deviation in instantaneous temperature measurements taken
over any given 0.5 ps interval is 1.23 Kelvin.
Nevertheless, the velocity Verlet integrator was used for the potential of mean force
(PMF) simulations presented in Chapter 6 and Chapter 8. This change was made because
the MD code used to calculate potentials of mean force requires an modified integrator,
and this PMF-capable integrator is more easily implemented as a modified velocity
Verlet algorithm. In addition, the implementation of the Dissociative Water Potential
within the LAMMPS MD framework[145], developed as a part of this work, uses the
velocity Verlet algorithm.
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Chapter 3. Structure and Energetics of Bridging Oxygen as a Site for Proton
Adsorption
3.1

Introduction

Recent experiments have demonstrated that mesoporous silicas show appreciable
increases in proton conductivity as their hydration levels increase[52-54].

The

underlying mechanism for this enhancement of proton conduction is believed to be
related to the formation of hydronium ions near the silica surface and proton transport
between these species and water or along the silica surface, but details to confirm this
have been experimentally elusive.
To gain additional perspective and insight into this enhanced proton conductivity, a
variety of simulation techniques have been used to model the interactions between water
and silica. Some of the earliest work in this area involved applying molecular orbital
calculations to simulate silicic acid oligomers that serve as discrete analogues to specific
surface sites, and many of these studies have described potential sites for water
adsorption or reaction on silica surfaces[11, 95, 113, 147-148]. More recently, this firstprinciples approach has been extended via ab initio molecular dynamics to reveal more
complex interfacial phenomena such as the role of molecular water in proton transport
after a reaction[102, 149] and the formation of different chemisorbed hydroxyl species at
different surface sites[33].
Classical molecular dynamics (MD) simulations have also been used to probe the
formation of hydrated species at the silica surface [24, 124, 127]. While some have
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implemented dissociative interatomic potentials [126, 150], the majority of MD
simulations performed on water-silica interfaces have used non-dissociative water models
to describe the liquid phase and have involved manually placing protons at specific silica
surface sites to emulate existing models of the hydrated surface (e.g., [47, 151-152]).
Thus, the only surface species present in these latter simulations are those that are
prescribed at the beginning, and the majority of water-silica studies, both experimental
and computational, regard SiOH as the only surface group of interest.
However, this view of the surface has been changing as experimental evidence has
indicated the presence of SiOH2+ on the surface[81], and this SiOH2+ group has been
observed in MD simulations of water reactions on silica[127].

In addition, several

studies based in first-principles calculations have concerned themselves with the effect of
hydrogen on a siloxane bridge in the context of mineral dissolution. Early molecular
orbital calculations showed that when an excess proton adsorbs on a Si-O-Si bridge, the
bridging angle narrows and the Si-O bonds weaken[113].

A later study using a more

detailed quantum description established that the formation of these bridging OH species
is thermodynamically favored in the context of H3O+-catalyzed dissolution of
silicates[28], although subsequent ab initio calculations that incorporated the effects of
hydronium solvation in a single solvation shell of water have suggested that the
formation of these protonated bridges is energetically unfavorable, and appreciable
concentrations should not exist outside of highly acidic systems[31]. However, proton
transport via the H3O+ ion has been shown to depend significantly on the interaction
between the first- and second-neighbor H2O molecules surrounding the H3O+ in the Eigen
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complex[121], and this enables closer interaction between the H3O+ ion and one water in
a Zundel complex. Thus, while accounting for the first solvation shell was an
improvement in accuracy in the aforementioned work by Crescenti et al, accounting for
those additional water molecules that surround the H3O+ ion's first neighbor waters could
significantly modify the activation barrier to transfer.
Additional quantum mechanical studies motivated by the experimental observation of
mobile protons in silica[153] have indicated that protons can associate with bridges in the
silica network[154], and a higher degree of strain in the glass results in protons which can
move between bridges more easily[155]. These quantum mechanical studies performed
on molecules and small clusters provide a foundation for the existence of protonated
bridging oxygens at the interface between silica and water. Thus, certain bridges at the
water-silica interface should serve as adsorption sites for excess protons, and these sites
may contribute to the anomalously high proton conductivity observed in wet nanoporous
silica glasses[52]. Because of the complexity of the interactions at the silica surface with
a sufficient number of water molecules nearby, the role of longer range siloxane
connectivity neglected in the aforementioned quantum calculations, and the structural
heterogeneity of the silica surface, simulations of larger length and time scales are
necessary for a more accurate understanding of the behavior of protons at bridging
oxygens on silica.
To this end, molecular dynamics simulations were performed to characterize the
formation of such bridging OH sites on vitreous silica surfaces using the Dissociate
Water Potential described in 0. This model has shown results consistent with both
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experiment and ab initio calculations[127] performed on silica surfaces exposed to water
vapor: notably, about 4.2 SiOH/nm2 form on the silica surface, SiOH2+ sites are present,
and increased formation of interfacial H3O+ ions is observed. A quantitative description
of the energetics and structure of this proton adsorption site over large vitreous silica
surfaces in contact with liquid water, consistent with the results smaller-scale quantum
mechanical simulations, is presented.
3.2

Computational Procedure

The general process for constructing these interfacial systems involves two steps: first,
the amorphous silica portion is created via a melt-quench process that is conceptually
analogous to the experimental synthesis of silica glasses. Once this "bulk" silica system
has been formed, a cavity is created, filled with water molecules in a low-density and
randomly oriented fashion, and the system is subjected to an equilibration simulation
where these water molecules are allowed to condense and relax to a low-energy liquid
structure. This equilibrium structure is then simulated for sufficiently long to establish a
statistically meaningful picture of the processes that occur near this equilibrium energy.
The system used for this study was a 3 nm film of liquid water confined between two
vitreous silica slabs, as shown in Figure 3.1.
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Figure 3.1 Schematic of silica-water-silica system geometry. Although not depicted,
periodic boundaries are applied in all three dimensions. The x and y simulation box
lengths (xL and yL) result from the zero-pressure configuration described in the text.
The z dimension (zL) fluctuates with pressure.

The vitreous silica portion of the simulated system was created by first generating a 64 Å
× 64 Å × 42 Å crystal of stoichiometric β-cristobalite with a total of 11,664 atoms and
melting it at a temperature of 6,000 K. The molten silica system was simulated at this
temperature for 30 picoseconds with a time step of 1 femtosecond for a total of 30,000
time steps; this was done to fully randomize the melt and eliminate any residual long-
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range order. Following this simulation at 6,000 K, the melt was simulated at successively
cooler temperatures ending at room temperature (300 K). As shown in Figure 3.2, the net
effect is the slow solidification of the silica melt to produce an amorphous silica slab with
minimal network residual strain.

Figure 3.2 x-y density map of SiO2 during the melt-quench procedure. Each pixel
corresponds to a 1 Å × 1 Å × 50 Å volume element over which the atomic density
was averaged for the duration of the simulation at the given temperature.

Although volume was constrained during each step of this melt-quench process, the
system size was rescaled based upon the thermal expansion coefficient of silica (5.5 × 107

K-1) at the beginning of each new temperature step. In addition, the thermostat was only

applied to the first portion of each temperature step in the quench, with the majority of
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the simulated time at each temperature being performed under constant energy. The
exact duration of each temperature step and active thermostating is given in Table 3.1.
Table 3.1 Melt quench procedure

6,000 4,000 3,000 2,000 1,000 300
Temperature (K)
100
100
100
40
60
Simulation Time (ps) 30
30
30
30
20
20
Thermostat Time (ps) 10

Following this, the silica was simulated under constant pressure (hydrostatic pressure of 1
atm) and temperature (T = 298.0 K) for 40 ps. The small system sizes can cause large
fluctuations in instantaneous pressure in MD simulations, so a configuration with nearzero instantaneous pressure was chosen from this 40 ps NPT trajectory to be
representative of the equilibrium volume.
To create free volume into which a water film could be added, this low-pressure silica
system was cleaved in the x-y plane by shifting the positions of all atoms occupying the
top half of the simulation cell in the +z direction. This created two unrelaxed silica
surfaces separated by a vacuum and with periodic boundaries remaining in all directions.
4851 water molecules were then randomly inserted in the empty volume with a minimum
intermolecular spacing of 2 Å to prevent any unusually high-energy configurations from
being present in the initial water-silica configuration.
This starting configuration system was then simulated with a 0.1 fs time step under
conditions of modified NPT conditions, where temperature was held at 298 K and a
pressure of 1 atm was maintained by only allowing the z dimension to fluctuate. The
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system was allowed to relax for 2,000,000 steps with a 0.1 fs time step for a total of 200
ps under these conditions. The high-energy as-cleaved silica surface and the low-density,
random arrangement of water molecules reacted significantly during this relaxation
process, resulting in hydrated silica interfaces and a significant number of dissociated
water products. In addition, the portion of the system occupied solely by water molecules
collapsed down under the 1 atm pressure to a 3.2 nm film of liquid water of normal
density (~1.0 g/cc except at the water/silica interfaces, consistent with past results[49]).
This relaxed water-silica system was then "cleaned" by removing all atoms originally
inserted as water molecules that were not bound to the silica surface. To maintain charge
neutrality of the overall water-silica system, additional protons at the silica surface had to
be removed, so all protons adsorbed at bridging oxygen sites were removed, all adsorbed
water molecules (SiOH2+) were reduced to silanol (SiOH), and the remainder of the
positive charge was removed by reverting silanols deepest into the silica subsurface into
non-bridging oxygens (SiO-). O-H distances less than 1.2 Å were used to define the
bonded OH pair, although most O-H bond lengths were considerably shorter than this
cutoff, as discussed in Section 3.3 below.
The resulting hydrated silica surfaces were again separated and water molecules were
again randomly placed in the void to completely replace the number of equivalent water
molecules removed during the cleaning process. This system was then allowed to relax
under constant temperature and pressure for another 300 ps, and unless otherwise stated,
the data presented was collected from the final 250 ps of this simulation.
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3.3

Results and Discussion

Protonated bridging oxygen sites formed during the simulation, consistent with
previously reported QM results that indicated that the formation of these bridging OH
sites is either thermodynamically preferred[28] or has a relatively low barrier to
formation[31]. Figure 3.3 depicts such a representative bridging OH at the water-silica
interface. The average concentration of these bridging OH sites at any given moment
during the final 100 ps of the simulation was 0.181 Si-(OH+)-Si/nm2, which is an order of
magnitude smaller than the surface density of silanol (commonly reported to be around
4.6 SiOH/nm2[23]) and encompasses a very small fraction of the total siloxane bridges
exposed at the surface. The following analysis of these bridging OH sites reflects data
sampled at 500 fs intervals during the simulation unless otherwise noted.

Figure 3.3 Representation of a Si-(OH+)-Si site. Blue atoms represent Si, smaller
grey atoms represent O, and the small red atom is H. Si-O bonds are drawn for SiO separations less than 2.0 Å. Not all atoms and bonds are drawn in the image.
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Bridging oxygen sites will be divided into two subcategories based on whether or not the
bridge was found to be an adsorption site for protons. The bridges that were observed
with an adsorbed proton in at least one of the sampled configurations will be referred to
as bridging OH (or "BOH") sites, and those bridges which never possessed an adsorbed
proton throughout the sampled configurations will be referred to as dry bridging sites.
Similarly, a bridging site with an adsorbed proton at the moment in question will be
referred to as a bridging OH or BOH, and a bridging site without any adsorbates will be
referred to as a dry bridge. By these definitions, a dry bridging site is always a dry
bridge, but a BOH site may be a BOH or a dry bridge depending upon its current state of
protonation.
3.3.1

Characterization of Bridging OH Sites

Protons were found to adsorb on only 150 of the 2,379 oxygen bridges within 7 Å of the
water-silica interfaces, indicating that proton adsorption occurs only under certain
circumstances. To determine what factors may predispose certain dry bridges to proton
adsorption (thus being labeled BOH sites), several structural parameters were calculated
for all of these near-surface siloxane bridges. The size of the smallest ring to which each
bridge belonged was calculated, and the angular and linear strain in the silicon-oxygen
bonds of each bridge was found. Although both BOH sites and dry bridging sites were
examined, the strain in BOH sites was only averaged over the time that BOH site was dry
to exclude any additional strain that may have been caused by the adsorbed proton.
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Bridging OH sites were found to form on rings of all sizes with equal probability, as
shown in Figure 3.4, with the majority of BOH sites occurring on four, five, and sixmember rings.

Figure 3.4 Ring size distribution of the bridging oxygen sites that were observed to
be adsorption sites for protons, called bridging OH (BOH), and the distribution of
all dry surface siloxane rings

However, the angular strain of BOH sites was found to be consistently higher than in dry
bridging sites near the surface, with protons preferring siloxane bridges with more acute
angles as shown in Figure 3.5. The average angle of a bridging OH site in the absence of
an adsorbed proton was 142.7°; by comparison, the average angle of dry siloxane bridges
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was found to be 150.2°. Thus, those siloxane bridges which eventually attract a hydrogen
ion have an average bond angle significantly less than the average angle of dry bridging
sites.

Figure 3.5 Average bridging angle as a function of ring size for BOH sites and
bridges that do not become protonated. For reference, the mean bridging angle in
vitreous silica is in the vicinity of 150°, consistent with the average angle of dry
bridge sites.

It should be emphasized that the angles reflected in Figure 3.5 weigh each BOH site
equally rather than by the stability of the proton at a site. Because most of the BOH sites
that were examined supported an adsorbed proton for only a brief duration, the average
angles presented in Figure 3.5 are biased towards the angles of those bridges which
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support transient proton adsorbates. Thus, these angles do not represent the lowest
energy, most ideal bridging angle for protonated bridges; rather, they illustrate that those
bridges that can attract protons have smaller siloxane bond angles than those bridges that
cannot. This is in agreement with the quantum calculations that showed that bridging OH
has a 10.5° lower bond angle than the dry bridge[113]. Most importantly, the MD
simulation results in Figure 3.5 indicate that all of the different ring sizes possess these
smaller angle bridging sites that can act as adsorption sites for the proton.
The pair correlation function between bridging oxygens and their silicon neighbors was
calculated and the first Si-O peaks for both dry siloxane sites and bridging OH sites are
shown in Figure 3.6. Sites that are conducive to proton adsorption have strained Si-O
bonds with an average elongation of between 0.02 Å and 0.03 Å and an average bond
centered at 1.650 Å. While this elongated bond is significantly smaller than the 1.709 Å 1.821 Å final bond lengths predicted by quantum cluster models[28, 31, 113], like Figure
3.5, these data are averaged over all BOH sites, even those that form a very transient
BOH, meaning that the bond lengths are not representative of the most stable BOH sites.
It is also likely that bonds greater than 1.7 Å would have reacted with water and ruptured
early during the relaxation simulation; thus, the BOH site peak in Figure 3.6 represents
those sites which are conducive to proton adsorption but resist rapid H+-catalyzed bond
rupture and dissolution reactions[28].
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Figure 3.6 First peak in the normalized Si-O pair correlation function. Dashed line
corresponds to the pair correlation function around oxygen coordinated to two
silicons and one hydrogen (BOH); solid line corresponds to the pair correlation
function around oxygen.

3.3.2

Response of Siloxane to Protonation

Although quantum calculations of H7Si2O7+ dimers suggest that the adsorption of a
proton to a bridge is associated with narrower bridging angles and longer Si-O bonds, it is
not clear whether the bond strain is the effect of proton adsorption or the cause of it. For
example, quantum calculations by Pelmenschikov et al[26] have shown a significant
difference in the susceptibility of a Si-O bond to hydrolysis between a free molecular
cluster and a cluster that is restricted in relaxation to account for the effects of solid
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connectivity. This indicates that the angular response of isolated H7Si2O7+ molecules to
proton adsorption may not accurately represent the response of a siloxane bridge
embedded in an amorphous surface.

Thus, for the sake of determining whether

protonation is biased towards pre-strained siloxanes or if protonation causes strain, the
behavior of individual BOH sites in both the protonated and dry states was examined.
This comparison of bridging OH sites while protonated and dry reveal that the bridging
angle of these sites shows a statistically negligible decrease upon protonation. 75% of
BOH sites showed a smaller average bridging angle when protonated than when
deprotonated while 21% were found to have a wider average angle and the final 4%
remained protonated throughout the course of the final 100 ps of simulation. However,
the average decrease in angle was found to be 2.2° while the standard deviation in any
given BOH site's angle averaged 3.3° at 298 K. Thus, if there is a true tendency for the
bridging angle to decrease upon proton adsorption, the change is slight, indicating the
importance of using a sufficiently large silica surface to include the effects of network
connectivity (consistent with the conclusions by Pelmenshikov et al. [26]) and the
heterogeneity in ring structures in the surface.
The Si-O bonding distance for all BOH was found to follow similar behavior. 78% of
BOH sites show an elongation of the Si-O bond while protonated and 17% show a
decrease. The average decrease of 0.015 Å is commensurate to the standard deviation in
any given Si-O bond's measure of 0.018 Å though, so the effect of protonation on the SiO bond length is also very slight and wholly within the thermal vibration amplitude at
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room temperature. Based upon this, the overall effect of proton adsorption on a siloxane
bridge is minimal in the constrained bonding environment of a silica surface.
Thus, the formation of bridging OH at the silica surface is a consequence of pre-existing
strained sites, and the presence of a proton near an otherwise low-energy bridge will not
cause that site to undergo the deformation necessary to make proton adsorption favorable.
This is in qualitative agreement with the conclusions put forth by Criscenti et al[31] that
proton adsorption onto a stable bridge is not energetically favorable, and this resistance to
deformation on protonation coincides with the ab initio calculations of Pelmenschikov et
al previously mentioned[26].

However, due to the distribution of bridging angles

inherent in vitreous silica surfaces, there will exist a concentration of bridges that are
sufficiently strained to enable proton adsorption without the rapid H+-catalyzed
hydrolysis proposed by Xiao et al[28].
3.3.3

Conditions for Proton Adsorption

Because the geometry of a BOH site changes only marginally as a consequence of
protonation, the overall concentration of bridging OH will vary with the concentration of
strained siloxanes at the surface and the magnitude of their strain. To determine the
stability of BOH on bridges of differing strain, the average O-H bond length for each
bridging OH that occurred throughout the final 100ps of the simulation was classified
according to its simultaneous bridging angle. The range of encountered bridging angles
was divided into increments of 2° and the O-H distance of all bridging OH groups in each
increment was averaged. The result of this calculation is shown in Figure 3.7, which
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quantitatively shows that bridges with smaller bond angles allow the adsorbed proton to
be physically closer to the oxygen. This translates to a stronger bond between the oxygen
and hydrogen and, most likely, a greater stability of the proton on the bridge, a decreased
likelihood of deprotonation or proton transport, and an increased likelihood of H+catalyzed hydrolysis.

Figure 3.7 Average O-H separation distance as a function of bridging angle for
bridging OH groups. Data for bridges with an angle greater than 160° are not
shown because these high-angle data comprised only 0.6% of the of the total
measurements and were prone to very high scatter as a result.

To determine which angles are most energetically favorable, the potential energy of the
oxygen atom central to each bridging OH in the final 100 ps of the simulation was also
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explicitly calculated for the duration of its protonation. The energy of the bridging
oxygen in all dry siloxane sites near the surface was also calculated and averaged in
intervals of 2° over the entire range of angles observed. The results are shown in Figure
3.8, revealing that there is a definite minimum energy angle for a protonated bridge that
lies between 125° and 135°, while dry siloxane bridges have approximately the same
energetic preference for a much wider range of angles.

Figure 3.8 Energy of bridging oxygens as a function of bridging angle. Energies are
referenced to the energy of widest dry siloxane bridge encountered for ease of
comparison. The data was averaged in 1° intervals, and scatter at the extremes is
due to small available sample sizes.
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These findings coincide almost exactly with the results obtained from first principles
calculations by Geisinger et al (see Figure 4a in ref. [113]) and Vanheusden et al (Figure
6 in ref. [155]), giving a strong indication that a concentration of these bridging OH sites
will form at bridges whose angles are between 125° and 135°. This is corroborated by the
data shown in Figure 3.9 which shows the number of BOH that contributed to the data in
Figure 3.7 and Figure 3.8. It indicates that BOH in the low 130°'s range constitute the
largest concentration of sites. Again, these findings from MD simulations are consistent
with previous quantum calculations yet sample a heterogeneous silica surface rather than
specific predetermined sites.

Figure 3.9 Concentration of BOH (%) as a function of Si-O-Si bond angle, showing
the significant distribution of BOH in the ~130° - 135° range, consistent with
quantum calculations and Figure 3.7 and Figure 3.8.
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The variation in energy with bond angle for BOH groups in Figure 3.8 also shows the
same features as the variation in O-H separation in Figure 3.7, indicating that the energy
change due to protonation is most closely related to the O-H separation distance on the
BOH and not the change in angular or linear bond strain in the bridge. Since this O-H
distance varies with the bridging angle as shown in Figure 3.7, this is further indication
that the stability of bridging OH sites and their ability to form is governed primarily by
the angle of the dry bridge precursor, and the effects of the Si-O distance and any
relaxation that may occur after protonation are minor by comparison. This rigidity is an
effect of the network connectivity, as considered by Pelmenschikov et al[26], and further
stresses the significance of simulating extended silica surfaces rather than flexible
molecular analogues.
3.3.4

Stability of Bridging OH

To determine the lifetimes of protonated bridges more accurately, the changes in
coordination of all oxygen species in the system were tracked throughout the final 100 ps
of the simulation every femtosecond. The lifetime of protons adsorbed to bridging sites
was determined by examining those sites which entered the final 100 ps of the simulation
as dry bridges, became protonated, then deprotonated, and finished the simulation as a
dry bridge again. As mentioned above, an O-H distance less than 1.2 Å was used to
define protonation of a site. Those bridges which entered the final 100 ps of simulation
already protonated or became protonated but never deprotonated by the conclusion of the
simulation were discounted because the full length of the dry to protonated to dry state
could not be ascertained.

53
During this final 100 ps, those bridging OH that formed were found to have
predominantly very short lifetimes of under 20 fs.

The number of longer-lived

protonated bridges drops off sharply for lifetimes above 20 fs, indicating that proton
behavior on strained bridges is very dynamic with rapid adsorption and desorption. Kurtz
and Karna [154] calculated a very low activation energy barrier to proton transport across
ideally located bridging oxygens in a siloxane ring (0.1-0.2 eV), recognizing that further
transfers would require significant flexibility in the ring. Such flexibility is minimal due
to the connectivity of the rings in the network. The presence of adjacent water molecules
provides the additional path for proton transport to other surface sites, as seen in recent
simulations[127, 149]. Bridges with sufficient strain to negate the energetic barrier but
not hydrolyze the bridge will still not stably bind protons. As a consequence, the strained
bridges at the silica surface predominantly serve as temporary repositories for excess
protons in contrast to the more permanent silanol groups.
While the majority of observed bridging OH remained protonated for less than 100 fs, it
should be noted that these data implicitly presume that all bridging OH formations are
unrelated. Examination of individual BOH sites, though, revealed that 63% of the 276
BOH sites contributed more than one lifetime because of multiple instances of
protonation followed by deprotonation. Furthermore, 20% of the 276 sites were observed
to undergo protonation in excess of five times, and the difference in lifetime for these
sites which underwent multiple protonations varied, in many cases, by an order of
magnitude or more. This indicates that the process of proton adsorption on a bridging
oxygen involves spatial oscillations of the proton prior to or following the adsorption
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event that produces the long-lived bridging OH. This is consistent with the behavior of
proton transport in water, where the proton can "rattle" between the oxygens of the
reacting molecules in the Zundel complex prior to the final transfer [121, 126-127, 156].
In light of this observation, those adsorbed protons that had lifetimes of less than 0.1 ps
were discounted as being transient proton oscillations for the purposes of calculating the
average lifetime of bridging OH.

As a result of this discretion, only 28% of the

individual lifetimes measured were considered to be significant, and only 52% of the 276
BOH sites were found to support adsorbed protons for longer than 0.1 ps. Of these
bridging OH sites that remained stable for more than 0.1 ps though, the average lifetime
was found to be around 1.2 ps; however, the true lifetime was found to depend greatly on
the bridging angle. Figure 3.10 shows this, and as would be inferred by the other trends
presented, siloxane bridges with a greater degree of angular strain result in protons which
remain adsorbed for significantly longer.
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Figure 3.10 Adsorbed proton lifetime as a function of the bridging angle on the
adsorbing site. Note that, because BOH sites tend to exhibit several long adsorption
lifetimes amidst a number of very quick adsorption/desorption reactions, the mean
lifetimes in this diagram include only the lifetimes measured for bridging OH which
remained protonated for more than 0.1ps.

It should be emphasized again that these data only reflect the adsorption lifetimes of
protons for which both the adsorption and desorption were observed within the final 100
ps of simulation; not included are a total of twenty-two bridging OH whose lifetimes
could not be determined exactly. Five BOH groups persisted stably throughout the final
100 ps, and consistent with the measurable lifetimes discussed above, the average
bridging angle of these stable BOH groups was 131°. Ten more bridges began the final
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100 ps of simulation with an adsorbed proton, and seven bridges became protonated
during the final 100 ps and remained that way through the end of the simulation. Of
these seventeen protonated bridges, those whose minimum possible lifetimes exceeded 1
ps had an average lifetime not less than 45.9 ps and an average bridging angle of 134°.
These lifetimes are far in excess of the values shown in Figure 3.10 and indicate that
protons have the ability to remain adsorbed to narrow bridges for long periods of time
without undergoing deprotonation or hydrolysis of the bridge. Of course, the binding
energy of these protons is significantly less than that of a proton at a SiOH site, providing
a highly acidic site near the silica surface.
The implications of these metastable bridging OH sites at the silica surface are potentially
far-reaching. Enhanced proton conduction in silica-based glasses has been observed in
the presence of water[52], and the current atomistic model for this behavior considers
molecular water as the enabling specie that allows hydronium formation and accelerated
proton transfer near the surface[52, 127, 149].

However, the presence of strained

siloxanes that are acidic surface groups serve as ideal intermediate steps in proton
transfer near the surface.
It is therefore probable that, in addition to hydronium formation and water-assisted
proton transfer in the liquid, protons can rapidly move across the water-silica interface
via strained bridges that are predisposed to transient proton adsorption. Thus, an excess
proton at any given location on a silica surface can move by either water-assisted or
strained bridge-assisted diffusion depending upon the local environment. The result of
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this would be net migration that is faster than it would be if only one mechanism is
possible.
3.4

Conclusions

Molecular dynamics simulations indicate that the protonation of bridging oxygen at the
surface of vitreous silica occurs at sites with a bridging angle well below the bulk silica
mean of ~150°. The simulations also show that the distribution of angular strain present
in vitreous silica allows a number of sites to be predisposed to proton adsorption. The
bridges most likely to be adsorption sites have a bridging angle between 125° and 135°,
and the energy differences between dry and protonated bridges at various angles observed
in the simulations coincide completely with quantum calculations over the entire range of
bridging angles encountered in the vitreous silica surface. Those sites with bridging
angles near 130° also support adsorbed protons more stably, resulting in the proton
remaining adsorbed for longer periods of time.

However, the process of proton

adsorption and desorption was found to be very dynamic, with stable adsorption being
preceded or followed by very short-lived oscillations.
The linear strain in the Si-O bond has much less of an effect on making a site conducive
to protonation in contrast to first principles calculations based on molecular analogues.
This is due to the lack of flexibility in neighboring SiO4 tetrahedra when embedded in a
solid surface, unlike the case where flexible molecular analogues are simulated. Another
result of this structural rigidity is the relatively minor geometric response to proton
adsorption; the change in linear and angular strain before and after proton adsorption is

58
very slight. Thus, bridging OH sites are less likely to form on crystalline surfaces which
have a very narrow distribution of bridging angles, but vitreous silica has the necessary
distribution of angular strain over all ring sizes to allow protons to adsorb to bridges at
the surface.
These simulation results underline the importance of performing large size and long time
simulations of the structurally heterogeneous vitreous silica exposed to water to describe
proton transport at the interface between water and the silica surface.

59

Chapter 4. Effect of Moisture on the Self-Healing of Bulk Vitreous Silica Under
Irradiation
4.1

Introduction

Interactions between high-energy ballistic radiation and vitreous silica occur across a
very diverse range of disciplines. For example, ions in solar wind can damage optics
aboard spacecraft[157] and affect the structure and chemistry of lunar surface
material[71, 158], the optics for inertial confinement fusion are susceptible to damage
from neutron irradiation[159-160], and the vitrified silicate waste forms being developed
in many nations' nuclear waste management strategies must withstand extensive selfirradiation due to alpha decay[7, 161-163]. Molecular dynamics (MD) simulations are
ideally suited to simulating these interactions due to the length- and time-scales of
collision cascades in silica, and they have been used to examine the atomic-scale
phenomena that govern the response of silica to such radiation.
MD simulations of dry glasses have revealed picosecond-scale healing of local glass
structure after a ballistic collision event such as would be caused by the recoil nucleus
produced by alpha decay in a nuclear waste glass, and it is believed that this rapid healing
is at the center of vitreous silicates' resistance to radiation damage[160, 164-165].
However, these simulations have generally been conducted in the absence of moisture for
reasons of simplicity, yet water is known to interact extensively with the glassy
network[8, 23-24, 76, 125, 127, 166-170]. The interactions between ballistic radiation,
the glassy network, and moisture govern the ultimate safety and viability of applications
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such as nuclear waste glasses and have been the subject of much experimentation over
the last three decades[9, 40, 162, 171-173], but it remains unclear what role moisture
plays at the atomic level in these systems during irradiation.
Given the successes of applying the Dissociative Water Potential to extend the
predictions of QM calculations into extended, condensed-phase interfacial systems in
Chapter 3, it is an ideal approach to closing this gap in knowledge. This chapter details a
study where MD simulations of repeated collision cascades in vitreous silica were
performed both in the absence of water (as has been done in the past[160, 164-165]) and
in the presence of moisture (as may be expected in real waste glasses[132-133]).
Because the Dissociative Water Potential provides a completely atomistic description of
all atomic interactions, these simulations can capture the dynamic formation of hydrated
silica sites such as silanol as the silica network sustains damage. Thus, the effect of
moisture on the self-healing of the amorphous silicate network can be assessed under
conditions of ballistic irradiation.
4.2

Computational Procedure

4.2.1

Modifications to the Dissociative Water Potential for Irradiation

The implementation of the Dissociative Water Potential detailed in Section 2.3 provided
the basis for the model applied in this chapter's study, but simulating irradiation warrants
explicitly mentioning several important details. First, the process of simulating a decay
event induces an enormous pressure and temperature transient that is highly localized.
r
While the  OH
parameter is calculated as a function of temperature and pressure as
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detailed in the original Dissociative Water Potential manuscript[126], the work in this
r
= 0.2001 Å which corresponds to T
study was all performed with a constant value of  OH

r
was
= 298 K and P = 1 atm. This decision was made largely due to the fact that  OH

parameterized to simulate the correct equilibrium behavior of water and was not well
defined at the very high local temperatures and pressures experienced near a simulated
decay event.

However, the systems simulated in this chapter were equilibrated to

volumes corresponding to 1 atm, and each system was coupled to a 298.0 K thermostat.
r
r
T  298 K, P  1 atm was the most
Thus, fixing  OH
at the value corresponding to  OH

sensible choice.
A larger limitation of the standard Dissociative Water Potential in irradiation simulations
is the fact that the form of the interatomic potential given by Equations 2.4 through 2.9
result in lim U ij2body   for i-j pairs with nonzero C6 parameters. Under reasonable
rij 0

kinetic conditions, the short-range repulsion (Equation 2.8) provides a sufficiently high
barrier that such i-j pairs never get close enough to fall into this infinitely deep potential
energy well.

However, the very high kinetic energies caused by recoil nuclei are

sufficient to cause this problem to manifest, so an additional term has to be added to
Equation 2.3 to alter the limiting behavior of the two-body potential such that

lim U ij2body   .

rij 0

The strong short-range attraction caused dispersion interaction (Equation 2.9) limits the
choice of forms for this corrective term, as this correction must overcome an r-6 decay. It
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is common practice in molecular simulation to counteract this potential well with a r-12
repulsion which then gives way to a Lennard-Jones type potential. Taking this approach
changes the two-body interaction from that given in Equation 2.3 to

U

2 body
ij

r   U
ij

q q
ij

U

q  qd
ij

U

qd  q
ij

U

qd  qd
ij

U

rep
ij



Cij6
rij6



Bij12
rij12

(4.1)

where C6 parameters remain identical to those given in Table 2.2 and B12 parameters are
those given in Table 4.1.
Table 4.1 Parameters for B12 short-range correction term
i-j Pair
O-H
O-O
H-H
Si-O
-12
12
12
0.0000
4.0780
0.0000
3.5000
Bij (10 erg Å )

Si-Si
0.0000

Si-H
0.56486

The r-12 decay is sufficiently rapid that the effect of this B-12 term is negligible at all nearequilibrium interatomic spaces, and the silica and water structures (as determined by
radial distribution functions) show no discernible difference when created with this
modified potential. The transparency of this term under near-equilibrium conditions is
critical to the legitimacy of the results simulated here, and this B-12 form was chosen over
the more conventional ZBL short-range repulsion[174] used in irradiation simulations for
this reason.
4.2.2

System Assembly

A vitreous silica sample was formed by melting a stoichiometric crystal of β-cristobalite
containing 13608 atoms by simulating at 6,000 K for 30,000 iterations with a 1 fs time
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step, then quenching it via intermediate temperatures to 298 K in a manner identical to
that described in Chapter 3.

The configuration that resulted from the melt-quench

procedure was then simulated under conditions of constant temperature (298 K) and
pressure (1 atm) for 40,000 steps. This system's final dimensions were 63.80 Å × 63.66
Å × 49.61 Å, and this configuration served as the basis for the dry system.
To generate the hydrated system, two approaches were taken:
1. pre-dissociated ions, H+ and OH-, were inserted near defect sites in the dry glass,
and
2. molecular water that could dissociate upon reaction with the silica were inserted
randomly throughout the silica network
The use of ions in addition to the molecular water was done to minimize disruption to the
silicate network before irradiation by encouraging the formation of SiOH without having
to break additional bridging siloxane (Si-O-Si) bonds. For each non-bridging oxygen (SiO-) defect, a H+ ion was inserted at a random position within 5.0 Å of the oxygen defect
such that no other atoms were within 2.0 Å of the inserted H+. Similarly, OH- ions were
inserted randomly within 5.0 Å of three-coordinated oxygen and three-coordinated
silicon defects such that no atoms (aside from the hydrogen from the OH-) was within 2.0
Å of the central oxygen of the OH-. To provide a sense of this insertion volume 2.0 Å < r
< 5.0 Å relative to the silica network, Figure 4.1 illustrates volumes representative of the
possible H+ and OH- insertion sites.
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Figure 4.1 Volume encompassing 2.0 Å < r < 5.0 Å surrounding a (a) SiO- and (b)
SiO3 defect site. Darker red is r < 2.0 Å, and unshaded regions are r > 5.0 Å.

This resulting "wet" silica, containing 111 H+ and 111 OH- ions which correspond to a
2.38 mol% concentration of H2O in silica, was allowed to relax at a constant temperature
of 298 K and constant volume for 10,000 steps with a 0.1 fs time step. This was
sufficiently long to eliminate any unphysically high-energy situations which may have
arisen as a result of the randomized H+/OH- insertion yet brief enough to prevent
extensive reaction and minimize deviation of the glassy network from the dry reference
sample.
To ensure that this process of inserting dissociated water ions rather than molecular water
did not produce any spurious results, another wet system was created by inserting 111
water molecules randomly throughout the glass such that no silica atoms were within 2.0
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Å of the water molecule's oxygen atom. Unlike the other wet system, this glass with
molecular water was not allowed to relax prior to the irradiation simulation.
Motivated by interesting features found in these systems containing 2.38 mol% water, a
third hydrated silica was also generated by first inserting 111 H+ and OH- ions at defects
sites (in a manner identical to that described above) and then inserting an additional 222
water molecules randomly. This corresponds to a concentration of 6.83 mol% water and
represents what may be expected at near-surface region of a radiated glass in contact with
water. This system was simulated under conditions of constant temperature (at 298 K)
and volume for 10,000 iterations with a 0.1 fs time step prior to the irradiation simulation.
4.2.3

Simulating Irradiation

The overall method of simulating self-irradiation in the glass used here is similar to the
method used by others[160, 164]. To simulate the effects of a recoil nucleus, oxygen
atoms at the center of the system were chosen at random and given an additional 1.0 keV
of kinetic energy in a randomized direction. As a result of the very high atomic velocities
immediately following the initiation of these recoil nuclei, the time step used between
iterations was allowed to either decrease by a factor of ten or increase by a factor of five
such that no single atom moved more than 0.012 Å between consecutive time steps.
Furthermore, to dissipate the heat inserted into the system as a result of these 1.0 keV
primary collision events, the velocities of atoms within 3.0 Å of the boundaries of the
simulation box were rescaled to a temperature of 298.0 K every tenth iteration of the
atomic trajectories. Similarly, time steps were only allowed to be adjusted (if needed)
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every tenth iteration. Each system was simulated for approximately 35 ps, and each
collision event was preceded by 2.0 ps of relaxation. Thus, at least 17 primary knock-on
atoms (PKA) were initiated in all systems, each separated by 2.0 ps.
To perform the following analysis, every 500th configuration was sampled throughout
the course of the simulation, and due to the variable time step, this corresponded to a
much higher sampling frequency (in s-1) near primary collision events when atom
velocities were very high.
4.3

Results and Discussion

4.3.1

Localized Defect Formation

The degree of network connectivity in silicate glasses is best gauged by the number of
bridging oxygen atoms that join two neighboring silica tetrahedra. Thus, as a metric of
the damage in the glassy network, the number of oxygen that did not have two silicon
neighbors (hereafter referred to as non-bridging oxygen) were quantified over time. In
the dry system, this was simply a count of how many oxygen atoms had only one silicon
neighbor with a bonding distance less than 2.0 Å, where 2.0 Å is the minimum following
the first-neighbor peak in the Si-O pair correlation function[24, 175]. In the wet systems
though, non-bridging oxygen in the simulation also were found to be bonded to one (in
the case of silanol SiOH) or two (in the case of SiOH2+) hydrogen ions at a distance less
than 1.2 Å, consistent with both experimental data[81] and other computations[125, 127].
Thus, SiO, SiOH, and SiOH2+ species all contribute to the non-bridging count in the wet
systems.
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Figure 4.2 depicts the change in counts for non-bridging oxygens in wet and dry systems.
The systems display the characteristic spike in defect concentration coincident with the
primary collision event, followed by rapid, picosecond-scale structural recovery as
reported by others (cf. Figure 1 in ref. [160]).

However, the extent of network

repolymerization following the first decay event is less pronounced in the wet systems
than it is in the dry system and this divergence is compounded with successive hits.
Although the magnitude of the individual defect peaks may vary due to the random
nature of the PKA trajectories and the glassy network, the response of the glass to
radiation was far more strongly affected by the presence of any type of moisture than it
was by the starting form of the moisture, whether it was dissociated water or molecular
water. Thus, unless otherwise noted, the following discussion regards observations in the
system created with dissociated water rather than molecular water, and at a concentration
of 2.38 mol%. The data from the 6.83 mol% data will be discussed separately below.
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Figure 4.2 Change in non-bridging oxygen defects over time. The time scale is
defined such that the primary collision occurs at t = 0, and the change in defects is
relative to this t = 0 value. The data considered are from silica without any water
("Dry"), silica with 2.38% water initially inserted as dissociated H+ and OH("2.38% H2O, Ions"), silica with 2.38% water initially in molecular form ("2.38%
H2O, Molecules"), and silica with 6.83% inserted in both dissociated and molecular
form ("6.38% H2O").

The number of silanol groups and free hydroxyls measured over the course of the
irradiation is shown in Figure 4.3, and it illustrates the reaction of the free hydroxyl
groups as the glass is damaged by collision cascades. Each data point in this figure
(except the first and last) represents the concentration immediately before a new
collision, thereby reflecting the concentration after the maximum possible recovery time
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between consecutive hits. Of the original 111 OH- added to the glass, 46 remained as
free OH- after the short relaxation that preceded the irradiation and this is shown by the
first data point. Those remaining free OH- reacted rapidly with the undercoordinated
silicon (SiO3) that formed as the collision cascade disrupted the network connectivity.
This is evidenced by the nearly 1:1 correlation between SiOH formed and OH- destroyed
during the 10 ps following the first collision in Figure 4.3.

Figure 4.3 Number of SiOH and OH- throughout irradiation simulation. SiOH data
represent changes relative to the starting concentration. Free OH is the total
number of unbound OH- in the system. The time scale is defined such that the first
primary collision occurs at t=0.
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The result of this were SiOH groups which prevented the recombination of non-bridging
oxygen and undercoordinated silicon and therefore prevented healing of the glassy
network; the formation of a bridge from these hydrated groups would require a
condensation reaction. While several water molecules were observed to form during the
simulation, all but two dissociated again, resulting in no net restoration of bridges from
hydrated defects. Of the two H2O molecules that did not re-react though, both were the
product of OH- groups that had never reacted with Si. Thus, while the H+ with which
these two ions reacted could have been released as the result of a bridge reforming, no
instances of two neighboring silanol groups reacting to form a Si-O-Si bridge and H2O
molecule were observed.
These reactions between the hydrous species and the silica network were accelerated by
the high temperatures of the system; although the edges of the simulation box were
maintained at 298 K, the center of the system experienced a brief thermal spike with a
mean temperature in excess of 1100 K immediately following each collision event. This
temperature rapidly cooled to 400 K to 600 K between successive collision events,
allowing the rapid formation of SiOH at sites broken in the defect track.
4.3.2

Ring Size Evolution

To assess the extent of this effect moisture has on the self-healing of the longer-range
network connectivity, the ring size distribution for each system was also calculated over
the course of the simulations. Five- and six-membered rings (rings consisting of five or
six silicon tetrahedra; e.g., a five-membered ring is shown in Figure 3.3) constituted the
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greatest fraction of rings before irradiation, consistent with bulk glass structure. In both
wet and dry glass systems, each primary collision event caused the rapid rupture of fiveand six-membered rings, followed by limited recovery, as shown for the six-membered
rings in Figure 4.4a. This behavior is similar in fashion to the formation and healing of
non-bridging defects shown in Figure 4.2, with the wet systems showing less recovery
than the dry system at longer time. Figure 4.4b shows the fraction change in sixmembered rings at configurations immediately preceding each primary collision event
(thus allowing for relaxation from the previous collision event); the five-membered ring
concentration reflected a similar decrease over the course of the irradiation.

This

cumulative damage in the form of five- and six-membered ring rupture is consistent with
other simulations[160, 176].
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Figure 4.4 Change in ring concentration over time for six-membered rings sampled
at (a) every 500 iterations and (b) immediately before each primary collision,
representative of the maximum relaxation time allowed during irradiation.

Much of the structural recovery that followed each primary collision event resulted in the
net increase in the number of three-membered rings (Figure 4.5a) and rings with eight
and nine or more silicon tetrahedra (Figure 4.5b and c).
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Figure 4.5 Change in ring concentration over time for (a) three-membered rings and
(b) eight-membered rings sampled immediately preceding each primary collision,
and (c) rings with nine or more silicon tetrahedra sampled every 500 iterations.

The formation of the small three-membered rings is very consistent with the formation of
such rings at dry silica surfaces; the smaller concentration of these rings in the wet
system is consistent with their reaction with moisture upon hydration, forming
silanols[24, 88, 124, 170, 177-180], lowering their concentration. As shown in Figure
4.5a, the concentration of three-membered rings increased by between 16% and 32%
towards the end of the simulation in the wet system and by between 32% and 45% in the
dry system, suggesting that water has the effect of inhibiting the formation of strained
three-membered rings during self-healing. Furthermore, by assuming that the rates of
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increase in these rings are constant after the initial period of rapid increase when t < 10
ps, fitting a straight line to the data for t > 10 ps in Figure 4.5a gives an indication of how
quickly these rings are forming.

Doing this reveals that the three-membered ring

concentration increases at a rate of 0.901%/ps in the dry system and about half of that,
0.454%/ps, in the wet system under the simulated radiative flux.
Four-membered rings showed a net increase during the course of the irradiation, but this
increase in concentration only began after about 8 ps under irradiation or four primary
collision events.

Furthermore, as shown in Figure 4.6, the number of these rings

decreased during the beginning of the simulation in the wet system, then began increasing
after this ~8 ps "incubation" period. This delay may be related to the limited availability
of moisture near the four-membered ring as irradiation proceeds.
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Figure 4.6 Change in ring concentration over time for four-membered rings during
irradiation taken at the last sampled configuration prior to each primary collision.

However, there may also be an effect of local density. Examining the density of a
spherical volume of r = 15 Å whose center coincides with the center of the simulation
box indicates that the increase in four-membered ring formation occurs in the dry system
as density initially decreases with irradiation, as shown in Figure 4.7, suggesting that the
formation of these rings occurs after a critical amount of excess volume is made available
for localized structural rearrangement. While complicated by the presence of moisture in
the wet system, there is also an increase in the concentration of four-membered rings as
the glass density decreases. At irradiation levels where the densities of both systems
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reach the same value and begin to decrease at similar rates, the rate of four-membered
ring formation in both systems also appears to increase at a similar rate.

Figure 4.7 Change in density of the central 15 Å of the system as a function of time
during irradiation.

Studies on the polymerization of silica have shown that four-membered rings are the
smallest rings that can form with no significant strain in the bridging oxygen bond
between silica tetrahedra[24, 181-182].

Thus, whereas three-membered rings are

necessarily strained and are typically formed as a mechanism for surface relaxation, fourmembered rings can form at any region where there is enough volume for rearrangement
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and the temperature is sufficiently high to permit the necessary kinetics. While five- and
six-membered rings can also form under similar conditions, the fact that they are larger
results in a larger probability of rupture during the course of a collision cascade, and
these rings undergo a net decrease as damage accumulates.
The formation of the large membered rings is indicative of nanoscale 'void' formation that
plays a significant role in the rupture of silica glass under stress[183-186]. A clear
divergence is seen in the number of eight-membered rings that form during irradiation
(Figure 4.5b), with the wet system showing a larger fraction increase than the dry.
However, the increase in nine-membered and larger rings (Figure 4.5c) shows similar
behavior in the system containing 2.38% water and the dry system. Regardless, the
overall increased formation of the larger (8 and 9 or more) rings in the wet system
suggests that the weakening of the silica during irradiation is more severe in the presence
of moisture than in its absence.
Furthermore, the formation of these low-density regions near the glass surface also
allows water to penetrate deeper into the subsurface [127, 187]. To gain insight into the
effect of such an increase in subsurface water concentration, silica with 6.83 mol% H2O
was subjected to irradiation, and this system showed a significantly greater degree of
defect formation, as shown in Figure 4.2 and in Figure 4.5c. In the latter figure, the
increased moisture caused an increase in the formation of the largest rings, although the
concentration appears to maximize near 80% increase, which may be the limit of
formation of such large rings. Thus, the damage due to irradiation compounds more
quickly in the presence of increasing moisture, and this in turn increases the formation of
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large voids and lowers density. Based on these results, it becomes easy to envision this
accelerated damage due to water as a self-propagating process where damage opens
volume, allowing external water to diffuse into the glassy network more easily and
further accelerate the accumulation of damage. This mechanism is explored in Chapter 5.
4.4

Conclusions

The simulations of dry silica glass exposed to irradiation are consistent with previous
simulations that had shown considerable self-healing of broken bonds, offering a
mechanism for the resistance of silica to ballistic radiation.

However, the current

simulations show that the presence of moisture in the silica network has the significant
effect of inhibiting the extent to which broken bonds reform, thus limiting structural
recovery. The degree of non-bridging oxygen formation and retention in the presence of
water is enhanced when moisture reacts with Si-O-Si bonds broken by irradiation,
allowing for a more open network structure that could effect further ingress of moisture
into the glass. Retention of larger rings in the wet silica implies a weakening of the glass,
similar to that seen in previous studies of the fracture of silica glass. Because water
exists in current waste glass compositions, understanding the atomistic behavior of
radiation-induced damage in silicates requires the consideration of the reactions between
water and the glassy network and its effect on structural recovery.
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Chapter 5. Reactions between Water and Vitreous Silica during Irradiation
5.1

Introduction

Vitrification is recognized as a key component to the immobilization and long-term
storage of radioactive wastes, and borosilicate-based glasses have become an
international standard in developing waste glass compositions. These borosilicate glasses
are particularly attractive because of their ability to be loaded to a high degree with a
wide range of waste products, their relative resistance to radiation damage, and the
technological maturity of glass processing[188-189]. However, given the very long
lifetimes of some of the radionuclides involved (typically given to be a range from
100,000 to 1,000,000 years for high-level waste[190]), some percentage of waste forms
must be expected to fail during this service life.
As a result of this, the predominant mechanism for radionuclide release to the biosphere
will be through dissolution of the waste form into groundwater in waste
repositories[191], and significant work has been done in studying how radiation damage
affects dissolution and leaching rates in such waste glass materials. Unfortunately, the
results from these experiments have often yielded contradictory results ranging from
irradiation increasing dissolution rates[172, 192-193] to having negligible effects[9, 4142, 162], underscoring the need to explore how radiation damage affects the interactions
between water and glass at a more fundamental level.
Molecular dynamics (MD) simulations are well suited to studying the effects of radiation
in vitreous silica[164] and have been used for this purpose for over a decade[194]. As
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computational power has increased, the models used have also progressed to utilize much
more realistic kinetic energies of recoil nuclei[195], to devise novel techniques to enable
simulation of much larger systems[165], and to increase compositional accuracy[165].
These advancements have revealed a wealth of information on how silicate waste forms
degrade under irradiation at the atomistic level; however, these simulations have never
included water or considered its effect.
Given the important role of water in the dissolution and degradation of glassy waste
forms, including water in these molecular models of damage mechanisms is of critical
importance to establishing a comprehensive, fundamental understanding of how glassy
waste forms will degrade. This was the driving force behind the MD simulations that
included hydroxyls and water in bulk vitreous silica presented in Chapter 4, and the
presence of water was found to accelerate the accumulation of residual structural damage
in the form of non-bridging oxygen and larger voids in the glassy network. Based on this
observed propensity for water to limit the self-healing of radiation-damaged silica and
increase the concentration of voids under irradiation, it is easy to envision radiation
damage causing voids and channels at the surface, providing a new pathway for the
accelerated diffusion of water into silica.

This would then lead to further damage

accumulation, ingress of water, and an overall accelerated degradation of the silica
network.
The interactions between water and small voids and channels are also relevant beyond the
scope of waste glasses. For example, the abnormally high proton conduction observed in
mesoporous silica[52-54, 59] and evidence from simulation[127, 149, 154-155]
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(including the results presented in Chapter 3) suggest that defects play a significant role
in H+ mobility in water-silica systems. Given the fact that ballistic radiation creates large
concentrations of defects in silica, it is not unreasonable to consider how radiation
damage affects the mobility of H+ at the silica surface and into the bulk glass. Despite
this, very little work has been done towards understanding how radiation damage affects
proton conductivity in water-silica systems.
This chapter explores the processes of H+ and H2O transport into silica under irradiation
more directly by modeling a vitreous silica surface in contact with liquid water and
simulating the effects of recoil nuclei in the silica subsurface. By simulating the selfirradiation of silica near a water-silica interface and using an interatomic potential that
allows water to dissociate, the effects of both the water-silica reactions during the
radiation damage process and the damaged region on accelerated water penetration and
degradation of the silica have been characterized within a single simulated system.
5.2

Computational Procedure

The modified Dissociative Water Potential described in Chapter 4 was applied in this
study as well in an identical fashion. The reader is referred to Section 4.2.1 for the
computational details of this modified model.
5.2.1

System Assembly

The starting configuration for the system simulated in this study was comprised of a slab
of amorphous silica (104.4 Å × 104.4 Å × 50.09 Å) in contact with a film of liquid water
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(about 20 Å) with about 55 Å of vacuum above, resulting in a system size of 104.4 Å ×
104.4 Å × 125.1 Å. The silica slab contained 36,678 atoms and the water film contained
21,900 atoms, and a schematic of the system geometry is shown in Figure 5.1.

Figure 5.1 Schematic representation of the system simulated in this chapter.

To generate the silica slab, a simulation box of 105.0 Å on each side was filled with
25,537 Si atoms and 51,074 O atoms placed at random, then subjected to the melt-quench
procedure given in Table 3.1. Once the final 60 ps simulation at 300 K completed, the
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system was then simulated under constant temperature (T = 298.0 K) and pressure
(hydrostatic pressure of P = 1 atm) for 40 ps. The zero-strain dimensions of the silica
sample were taken to be equal to the average dimensions measured over the final 20 ps of
this 40 ps simulation; thus, after the 40 ps of N-P-T simulation, the final atomic
configuration was rescaled in the x, y, and z dimensions to these average dimensions of
10.44 nm in x, y, and z. All atoms above z = 50.09 Å were then removed to maintain the
large x-y surface area but reduce the unnecessarily large size of the SiO2 sample. The
resulting system was an amorphous, stoichiometric SiO2 slab containing 36678 atoms
with dimensions xL = 104.4 Å and yL = 104.4 Å, and with a height of 50.09 Å in z.
The water film was generated by randomly inserting 7,300 H2O molecules in the volume
bounded by z = 53.0 Å and z = 83.0 Å such that no randomly inserted H2O molecule was
within 2.0 Å of any previously inserted H2O molecule. Following this, the velocities of
all atoms in the resulting system were randomized to a Gaussian distribution
corresponding to T = 298.0 K. All atoms with 0.0 < z < 5.0 Å were frozen, and this
system was simulated at 298.0 K for 20 ps under constant volume and temperature to
allow the randomly placed water to condense to liquid density and hydroxylate the SiO2
surface.
The final configuration of this 20 ps simulation, hereafter referred to as the "starting
configuration," was then subjected to the irradiation procedure detailed below.
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5.2.2

Irradiation

The overall method of simulating self-irradiation in the glass was similar to the methods
used in Chapter 4. To simulate the ballistic effects of an alpha decay, an oxygen atom
was first chosen at random from a volume bounded by 20 Å < x < (xL – 20 Å), 20 Å < y <
(yL – 20 Å), and (zS - 35 Å) < z < (zS – 25 Å), where xL and yL are the simulation box
length in x and y, and zS is the z position of the water/silica interface (= 50.09 Å). This
primary knock-on atom (PKA) was given an additional +1.0 keV of kinetic energy in the
+z direction, and the system was allowed to evolve for 2.0 ps before another oxygen was
randomly chosen and the process repeated. The depth of this irradiated zone was chosen
based on observations in Chapter 4 that oxygen ions with 1.0 keV of kinetic energy
travel, on average, between 25 Å and 35 Å before thermalizing. While the amorphous
network introduces significant variability to the length of individual defect tracks, this
choice provided the maximum probability of collision cascades ending at the silica
surface rather than in the subsurface or passing into the liquid water.
As in Chapter 4, the integration time step was allowed to vary such that the maximum
displacement of any atom between consecutive system configurations, Δrmax, always
remained between 0.0012 Å < Δrmax < 0.012 Å; the time step was scaled up by a factor of
5 or down by a factor of 10 to satisfy this criterion, and these maximum displacements
were checked after the tenth iteration. Although the time step was allowed to vary
between successive iterations of the entire system, the same time step was always used to
calculate the trajectories of all atoms within each step.
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To counteract the large amount of momentum introduced with each simulated PKA, the
atoms occupying the bottom 5 Å of the system were frozen and not allowed to move.
This was found to be sufficient to prevent the system from forming any net momentum.
Similarly, the large amounts of kinetic energy put into the system were allowed to
dissipate through the atoms residing 3 Å above this frozen layer by rescaling their
velocities every tenth iteration to coincide with T = 298.0 K. Finally, all three directions
in the system were periodic; although the simulation was nominally aperiodic in the z
direction, reflective boundaries would have had the potential to reflect high-energy
particles back down at the surface and obfuscate the effects of self-irradiation. By
preserving periodic boundaries in z, any high-energy atoms that reached zL would simply
be braked by the frozen 5 Å of glass and cause no additional damage to the glass after it
had left the surface.
The "hit-and-relax" process of initiating a PKA and then allowing the system to relax for
2.0 ps was repeated seventeen times for a total of 34.0 ps of irradiation. An initial 2.0 ps
of simulation preceded this hit-and-relax process, resulting in a total simulation time of
36.0 ps.
5.3

Results and Discussion

In the results that follow, NBOs are defined as oxygen atoms bonded to exactly one
silicon atom at a distance rSi-O < 2.0 Å; NBOs may or may not be protonated and exist as
SiOH, SiOH2+, or SiO- as in Chapter 3. Hydrogen is considered bonded to an oxygen if
rO-H < 1.2 Å. Oxygen atoms bonded to exactly two silicon atoms will be hereafter
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referred to as bridges, and bridges supporting an adsorbed proton, Si-(OH+)-Si, will again
be referred to as "bridging OH" or simply "BOH." In describing the irradiation process,
each initiation of a PKA will be referred to as a "hit;" the simulation presented here
consisted of seventeen hits.
5.3.1

Radiation-Induced Alteration of the SiO2 Network

Each hit resulted in the rupture of bridges, causing the rapid formation of NBOs and
complementary undercoordinated Si sites. In the majority of cases, these complementary
defects recombined, resulting in significant structural recovery during the 2 ps following
each hit (Figure 5.2). This healing is incomplete though, and there is a net decrease in
bridging oxygen concentration over the course of the 36 ps of irradiation; this behavior is
consistent with the data presented in Chapter 4 and in others' work[160].
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Figure 5.2 Bridge formation over time

This accumulation of damage was found to occur in a region of the defect track after
much of the initial recoil energy had already dissipated, and these observations are
consistent with past irradiation studies of vitreous silica[195]. This region of reduced
bridge density is apparent when comparing the spatial distribution of bridges before and
after irradiation (Figure 5.3) and resides between 7 Å and 3 Å below the water-silica
interface. The choice to irradiate the volume described in Section 5.2.2 was made with
the intent of the collision cascades ending just beneath the interface though, and as such,
the location of this region of maximum damage was anticipated.
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Figure 5.3 Density of bridging oxygen as a function of distance below the silica
surface

Figure 5.2 shows a slight decrease in curvature for t > 28 ps which is evidence of defect
saturation[160]. However, examining the x-y distribution of the PKA oxygen locations
and the defects they form (Figure 5.4) reveals that neither the PKA position nor the
defects they cause are uniformly distributed over the simulated surface. This is an
artifact of the pseudorandom number generator employed for this simulation, and this
localization of defects in the x-y plane causes the change in defect distribution in z
(Figure 5.3) to be somewhat understated since each point in Figure 5.3 represents the
density over the entire x-y plane.

90

Figure 5.4 Distribution of PKAs and consequent net damage in the x-y plane. All
PKAs were chosen randomly from the non-shaded region. Ruptured bridges shown
reflect the positions of bridges that ruptured following a decay event and did not reform into a bridging site during the 2 ps following that decay.

In addition to changes in bridge concentration, radiation damage in silica can manifest in
the form of changes in the ring size distribution[189].

Changes in this ring size

distribution can occur independently of the bridge concentration since ruptured bridges
readily recombine with any adjacent complementary defect and not necessarily their
original neighbors. During the course of this irradiation simulation, a total of 397 rings
with four, five, six, or seven silica members (which comprise the majority of rings in
unirradiated bulk silica) were permanently destroyed. This destruction was offset by the
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net formation of 93 rings having eight or more members (i.e., small voids) and 15 threemembered rings (strained rings commonly found on silica surfaces). These changes in
the ring size distribution are very similar to the observations of others who have utilized
different interatomic potentials to model radiation damage in silica[176].
The observed net destruction of bridging oxygens (Figure 5.2) and the loss of bridging
oxygen density near the interface (Figure 5.3) are indicative of a net increase in free
volume, a loss of density, and the formation of new surface in the irradiated region[189].
Also observed is the presence of interconnected void space, or 'channels', as depicted in
Figure 5.5 that show side views of regions at and below the surface.
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Figure 5.5 (a) Side view of region showing interconnected void space less than 2.6Å
from any Si or O ions for pre-irradiated (yellow) and post-irradiated (blue) system,
indicating more channel-like openings in latter. (b) Post-irradiated channel with red
Si-O bonds included. Surface is at the top of (a) and (b) (water not shown).

To examine the spatial distribution of this interconnected void space in the pre-irradiated
silica in comparison to the post-irradiated silica, a random space-filling procedure was
carried out on the system configuration at the beginning of the irradiation simulation and
after the 36 ps of irradiation. Positions less than 2.6 Å from any Si or O atom were
generated randomly, filling space that enabled a view of interconnected channels into
which water could penetrate. Figure 5.5a shows that there are far fewer deep channels in
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the pre-irradiated (yellow) silica in comparison to the post-irradiated (blue) glass. Figure
5.5b includes the Si-O bonds in another region containing a deep channel (~20 Å).
5.3.2

Water-Silica Reactions during Irradiation

Water was found to readily react with the glassy network during the irradiation process as
well, evidenced by a dramatic increase in SiOH concentration during irradiation. At the
atomic configuration immediately preceding the first hit (t = 2.0 ps in Figure 5.2), the
system contained 476 SiOH sites which corresponds to a surface density of 4.37
SiOH/nm2 and is consistent with experiment[23, 169]. After seventeen hit-and-relax
cycles (t = 36.0 ps), this concentration had increased to 977 SiOH.
These excess SiOH sites formed as bridges ruptured during the irradiation, producing a 3coordinated  Si  and Si-O- site and then reacting with H2O as shown in Figure 5.6.

Figure 5.6 Adsorption-dissociation reaction mechanism between H2O and a
ruptured bridge

94
The concentration of nonbridging oxygen (NBO) defects over time (solid line in Figure
5.7) is complementary to the bridge concentration over time (Figure 5.2); increases in
NBO concentration mirror decreases in bridge concentration. However, decomposing
this NBO concentration into protonated (SiOH and SiOH2+; red line in Figure 5.7) and
dry (SiO-; dotted blue line in Figure 5.7) sites reveals that the spikes in NBO
concentration are caused by the formation of dry NBOs. These dry NBOs either heal
back to bridging sites or form protonated NBOs very rapidly, and the net change in dry
NBO sites remains fairly constant over the time scale of the simulation.

Figure 5.7 Change in non-bridging defect concentration during irradiation
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Unlike the dry NBO concentration, the protonated NBO concentration increases steadily
and shows no sharp changes coincident with each hit. This behavior is consistent with
the long-held knowledge that clean, fresh silica surfaces are highly reactive with
water[88], and once exposed, must be heated to ~900°C to deprotonate the surface[23].
In the present simulation, water readily reacts with freshly exposed defects created in the
collision cascades, but additional hits (and the accompanying increase in temperature) do
not readily deprotonate these sites once formed. The net result is the steadily increasing
concentration of SiOHx (where x = 1 or 2) sites.
5.3.3

Effect of Radiation Damage on Subsurface H+ Concentrations

The distribution of H+ in the silica subsurface is significantly altered as a result of
irradiation, and this change is pronounced in the density profile of H+ in the silica (Figure
5.8).

The concentration of subsurface H+ increases at all depths below 3 Å, and

integrating these two density profiles in Figure 5.8 for depths greater than 3 Å indicates
that this is an 86% increase in subsurface H+. Additionally, the maximum depth of
penetration increases during irradiation; the H+ density profile goes to zero at a depth of
11 Å before irradiation and increases to 17 Å of penetration after.
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Figure 5.8 Density of hydrogen in the silica subsurface

Free H+ is highly unstable and rapidly associates with neighboring O to form some type
of OH in both H2O and SiO2[154], and decomposing the hydrogen density function
(Figure 5.8) into contributions from various forms of OH (Figure 5.9) reveals that the
majority of the radiation-induced change in H+ density depicted in Figure 5.8 takes the
form of dissociatively chemisorbed water on the silica, not molecular H2O.
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Figure 5.9 Density and coordination of H as a function of distance into the silica
subsurface before and after radiation damage

The concentration of SiOHx after irradiation (dashed red line in Figure 5.9) deviates
significantly from the sigmoidal shape of the pre-irradiated SiOHx density function (solid
red line in Figure 5.9); the irradiation caused a pocket of anomalously extensive SiOHx
formation near the surface accompanied by an increase in SiOHx concentration of up to
10x (e.g., at a depth of 4 Å). The position of this pocket coincides with the region of
decreased bridging oxygen density at the surface (Figure 5.3) and indicates that radiation
damage plays a significant role in the formation of this highly depolymerized and
hydroxylated near-surface region.
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The deepest subsurface OH groups were a combination of SiOHx and bridging OH (or
BOH) sites, and none of the original water was present as molecular H2O at subsurface
depths greater than 11 Å despite H+ being present as deep as 17 Å. Additionally, no
oxygens originally coordinated as H2O were present at depths greater than 11 Å below
the surface during irradiation. Thus, the deepest SiOHx sites observed did not form via
the adsorption-dissociation reaction of the original H2O as shown in Figure 5.6; rather,
they are the result of excess protons diffusing through the silica network from the nearsurface reaction region (minor formation of H2O from O in the silica occurs and will be
discussed below). The excess H+ on SiOH2+ and BOH sites are acidic and highly
mobile[31, 127, 149, 154-155], and this mobility facilitates the increase in both
subsurface H+ concentration and penetration depth.
The high mobility of these excess H+ also provides a means to prevent healing of the
network during the collision cascading despite the lack of H2O to fuel the adsorptiondissociation reaction shown in Figure 5.6. As bridges rupture and form NBOs, excess H+
are free to hop to these NBOs to form SiOH, which are far less mobile and far more
thermally stable, and inhibit the reformation of the ruptured bridge. While it is possible
for SiOH to form a protonated bridge with a neighboring undercoordinated Si (i.e.,
 Si  ), instances of this healing mechanism were found to be extremely rare relative to
H+ adsorption to deprotonated NBOs.
Oxygen ions originally incorporated in the silica network were found to transform into
molecular H2O in small quantities at depths as great as 10 Å below the surface as well.
These H2O molecules formed when network oxygen (either bridges or NBOs) were
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dislodged following a PKA and then quickly bonded to nearby excess H+, highlighting a
source of subsurface H2O independent of H2O diffusion from the surface. Once formed,
they exhibit a range of expected behavior including molecular diffusion farther into the
subsurface, participation in H+ transport via H3O+ formation, and dissociative
chemisorption on defect sites formed by subsequent PKAs.
5.3.4

Effect of Elevated Temperature

The average system temperature between hits was around 515 K towards the end of the
irradiation simulation despite the 3 Å of atoms thermostated to 298.0 K.

This

temperature is within the range of conditions expected in waste repositories[196], and it
is likely to have an effect on the kinetics of H2O diffusion into the silica surface and how
the subsurface H+ concentration changes during irradiation. To this end, the irradiation
simulation was repeated in the absence of irradiation; that is, the starting configuration
for the irradiation simulation (see Section 5.2.2) was simulated for 36 ps within the
canonical (constant temperature and volume) ensemble at 573 K, which is the upper limit
of expected relevant repository temperatures[196]. The periodic boundary in z was
replaced by a reflective boundary to prevent water vapor from interacting with the frozen
underside of the silica component of the system.
This high-temperature, unirradiated simulation showed a greater subsurface concentration
and a greater penetration depth of molecular H2O when compared to the irradiated
system. This suggests that the additional ingress of molecular H2O observed during
irradiation is largely a thermal effect and will occur regardless of whether or not the
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defect tracks caused by the collision cascades form channels to the silica surface. Thus,
high repository temperatures make waste glasses susceptible to H2O-induced inhibition of
healing by providing a means for the passivation reaction depicted in Figure 5.6 to occur
in the subsurface. The fact that this unirradiated simulation was carried out at a constant,
high temperature rather than the gradual increase in temperature experienced in the
irradiated system precludes the absolute values of H2O concentration from being directly
compared, but these observations still hold qualitative importance.
Unlike the H2O concentration, the SiOHx concentration increased only marginally in the
absence of irradiation at 573 K. The SiOHx density profile retained its sigmoidal shape
after the 36 ps of non-irradiation simulation, and it lacks the pocket of increased SiOHx
concentration evident in the irradiated system (red line in Figure 5.9). The penetration
depth remains approximately constant as well. Thus, the increase in subsurface SiOHx
observed after irradiation is not a thermal effect and arises as a result of radiation damage
to the silica network near the water-silica interface.
5.3.5

Discussion

The presence of liquid water during the self-irradiation of silica has a definite adverse
effect on the ability of silica to recover from radiation damage, and the irradiation process
is accompanied by the ingress of a significant amount of H+. The majority of these
protons are bound in the form of SiOH, SiOH2+, or Si-(OH+)-Si, and they exist far deeper
into the subsurface after irradiation than in systems not exposed to self-irradiation.
However, H2O molecules were unable to diffuse deep into the subsurface under the
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conditions simulated here, indicating that these deep protonated sites form as the result of
the hopping of protons along radiation-induced defect channels. Additionally, a small
concentration of deep subsurface H2O forms as network oxygens are displaced from the
network and capture excess protons.
These excess protons form near the water-silica interface as a result of either radiolysis or
dissociative chemisorption (Figure 5.6) on bridges ruptured as the collision cascade
reaches the interface. Although these excess protons cannot passivate both halves of a
ruptured bridge as depicted in Figure 5.6, the high acidity of SiOH2+ and Si-(OH+)-Si
sites allows these excess protons to rapidly move to non-bridging defects (Si-O-) as they
are formed by radiation damage. Once adsorbed to such a non-bridging site to form
SiOH, that SiOH is very stable, and the incidences of SiOH reforming a bridge (whether
it be a dry bridge or a protonated bridge) are very rare. Thus, the net result is permanent,
residual depolymerization of the silica network and an opening of the network structure.
The 1 keV hits simulated here create defect regions with a large number of strained sites
that are amenable to proton adsorption. Consequentially, protons rapidly diffuse along
these defect tracks into the subsurface by hopping between adjacent defects as suggested
by the findings in Chapter 3 and the work of others[154-155]. These excess subsurface
protons will readily passivate neighboring NBOs formed by subsequent collision
cascades as well, and the net result is the inhibition of structural healing in the subsurface
caused by H+. Despite the fact that H2O molecules are not able to diffuse down these
defect tracks, its presence at the surface still causes increased damage accumulation away
from the interface.
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H+ diffusion into the subsurface is analogous to proton conduction and suggests that
radiation damage may increase the proton conductivity of silica near water-silica
interfaces; similar phenomenon has been observed in mesoporous silica[52-54, 59]. This
effect would provide a means to directly measure the extent of the radiolytic damage of
glass surfaces by measuring changes in conductivity. Additionally, radiation-induced
enhanced proton conductivity may enable, in a fashion not unlike so-called
radioparagenesis[197], the synthesis of proton-conductive glasses via radiation-induced
structural modifications.
The high temperatures associated with radioactive waste glass promote the ingress of
H2O into the glass subsurface, and the radiation damage promotes the formation of SiOH.
Since radioactive waste glasses are much more compositionally complicated than pure
silica, the results shown here are perhaps indicative of a "least reactive" case. In real
waste glasses, the network modifier ions (alkali, alkaline earth, and other low cation field
strength species) that are present would be more mobile than Si and allow for a more
open network with modifier-rich channels as described in the "modified continuous
random network model" established by Greaves [198]. This, in turn, would facilitate
enhanced leaching and reactions with moisture [189].
Because the mobility and passivating reactions of H2O are dissimilar to SiOH2+ and Si(OH+)-Si, modeling the true degradation of repository waste glasses (whether it be via
experiment or simulation) must account for both the high temperatures and the radiation
damage simultaneously to capture the most realistic behavior. Experiments that irradiate
silica glass under dry conditions before exposure to water will show (1) greater healing
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during irradiation and therefore a lower subsurface SiOHx and Si-(OH+)-Si concentration,
and (2) lower concentrations of subsurface H2O after exposure unless elevated
temperature is maintained during water exposure. Behavior of complex waste glasses
under such conditions would be more complicated because of the presence of modifier
ions and multi-coordination species (such as B) in a manner that c only be conjectured at
this point.
5.4

Conclusions

The presence of liquid water has a definite adverse effect on the ability of silica to
recover from radiation damage, and the irradiation process results in significant ingress of
H+ into the silica subsurface. The high temperatures accompanying the irradiation of
silica glass promotes the diffusion of molecular H2O into the subsurface where it can
passivate ruptured bridges via an adsorption-dissociation reaction, and the damage to the
silica network as the result of collision cascades provides a defect channel along which
rapid H+ transport occurs. Excess H+ in the deeper subsurface occurs in the form of
SiOH2+ and Si-(OH+)-Si, and the acidity of these sites allows them to rapidly react with
any radiation-induced NBOs to form SiOH. Once formed, SiOH is very stable against
both thermal deprotonation and reacting with undercoordinated Si to re-form bridges,
resulting in an overall limited ability for vitreous silica to recover from radiation damage.
Radiation damage may also increase the proton conductivity of hydrated silica via the
formation of these acidic sites, suggesting that it may be possible to quantify the
radiolytic degradation of silica via conductivity measurements.
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Chapter 6. Lifetimes of Excess Protons in Water
6.1

Introduction

Water is undoubtedly important to a wide range of physical and life sciences, and proton
transport is intimately related to many of water's critical functions. The behavior of
protons in water and aqueous solutions governs a wealth of fundamental processes in the
chemistry of the water-silica interfaces in particular, so it follows that a comprehensive
examination of the water-silica interface is incomplete without a rigorous analysis of
proton transport in bulk water as a frame of reference. Shedding light on the fundamental
nature of excess protons in solution is also topic of tremendous work in its own right, so
applying the Dissociative Water Potential to characterize proton transport in water
benefits both our understanding of the dynamics of the water-silica interface and the
broad range of chemical phenomena underpinned by the behavior of protons in solution.
Our understanding of proton transport in water has a long history, with experimental
evidence of water's abnormally high proton conductivity being reported over a century
ago [199]. Several important theories on the matter emerged to describe the solvation
structures surrounding the excess proton in solution (the Eigen and Zundel
configurations, depicted in Figure 6.1, are acknowledged as the two most important), and
the high diffusivity of H+ in solution has been ascribed to the Grotthuss mechanism
whereby the excess charge migrates via proton hopping between adjacent water
molecules[200]. However, these models remained uncorroborated until the relatively
recent advent of accurate computer simulations and accompanying computer hardware.
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Figure 6.1 The Eigen (left) and Zundel (right) solvation structures. The Eigen
cation features H3O+ strongly hydrogen bound to three H2O neighbors, and the
Zundel is marked by two H2O sharing the excess H+.

Atomistic simulation has confirmed that the Grotthuss mechanism is indeed the
prevailing means by which excess protons move in liquid water [121, 201]. The general
consensus is that the mechanism for these transfers involves the first-shell waters
surrounding the hydronium ion in an Eigen complex breaking one of its hydrogen bonds,
allowing formation of a Zundel complex [121, 156, 201-203]. A decrease in the barrier
to transfer occurs at closer O*-O interatomic spacings (where O* is the oxygen on the
hydronium ion) so that the proton can then transfer very easily, resulting in a net
movement of excess charge (called "structural" diffusion) with comparatively little net
molecular translation (motion of an intact hydronium ion is called "vehicular diffusion").
The process is shown in Figure 6.2.
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Figure 6.2 Depiction of the Grotthuss mechanism. The oxygen associated with the
H3O+ ion in an Eigen complex, labeled O* in (a), approaches another O within the
Eigen complex, converting to a Zundel complex (b). The reduced O*-O distance
reduces the free energy barrier to proton transfer, the transfer to occurs, and a new
Eigen complex forms around the new O* as the new O* and old O* separate (c).

This Eigen-to-Zundel interconversion and proton transfer occurs readily in water[121,
204]. However, only transfers followed by the severance of the hydrogen bond along
which the transfer occurred result in the net migration of charge[205-206]; otherwise, a
rapid back-and-forth process occurs that has been called "proton rattling."[201-202] The
prevalence of this rattling behavior should give rise to a finite but transient population of
Zundel states within liquid water, and indeed, recent ultrafast spectroscopic experiments
have verified the presence of both Eigen and Zundel complexes in liquid water[204].
Details of the chemical processes surrounding H+ transport in water become hazy beyond
this. The experimental methods of probing this ultrafast behavior are still emerging, and
the simulation techniques traditionally used to model proton transport are sufficiently
computationally expensive that system sizes on the order of 2 nm per side have been the
limit of practicality(e.g., refs [205, 207]). In this sense, the Dissociative Water Potential
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is an ideal approach to exploring how excess protons behave in solution at statistically
meaningful quantities. The intent of this chapter's work is not only to benchmark this
interatomic potential against the available knowledge from experiment and other
simulations, but to extend this understanding into larger systems and longer timescales
and develop a comprehensive view of the time-dependent behavior of proton transport
and what factors contribute to it.
6.2

Computational Procedure

The form of the Dissociative Water Potential applied in the work presented in this chapter
is identical to that described in Section 2.3.1. The short-range correction applied in the
irradiation simulations (Chapter 4 and Chapter 5) are not used in this or any of the
subsequent chapters.
6.2.1

Systems

To obtain a broad sampling of hydronium behavior in water, a total of thirty liquid water
systems were simulated. Twenty of these systems contained 792 H2O molecules and one
H3O+ ion, and the remaining ten contained 4,000 H2O molecules and one H3O+ ion.
These systems were created by first inserting either 792 or 4,000 H2O into a cubic
simulation box sized to a density of 0.95 g/cc in random locations such that no moleculemolecule pair had an oxygen-oxygen spacing less than 2.8 Å. This random mix of
molecules was then simulated for 100 ps under constant temperature (298.0 K) and
pressure (1 atm) by allowing the z dimension to change, and the atomic motion was
propagated using the fifth-order Nordsieck-Gear method with a 0.1 fs time step.
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The final dimensions of each of these thirty systems was slightly different due to the
density fluctuations that occur during constant-pressure simulations, so to ensure each
system of both sizes all represented the same thermodynamic macrostate, the z
dimensions of these final configurations were rescaled so that all systems had the same
density of 0.99704 g/cc. For the 792-molecule system, the system dimensions were
29.219 Å × 29.219 Å × 27.872 Å, and for the 4,000-molecule system, the dimension were
50.132 Å × 50.132 Å × 47.769 Å. A single H3O+ molecule was then added to each of the
thirty systems in a random location such that its oxygen was no closer than 2.8 Å to any
neighboring oxygens, and these resulting systems were all simulated under constant
temperature (T = 298.0 K) and volume for 100 ps to allow the system to re-equilibrate to
the adjusted density and the additional H3O+ molecule.
Following this 100 ps of constant-volume simulation, the systems were all simulated for
1.0 ns under constant volume and constant energy, and the data presented below is
derived from these 1.0 ns runs. The 1 ns runs took 39 hours for each of the 793-molecule
systems and 159 hours for each 4,000-molecule systems on a single Intel Xeon X5672
processor utilizing all 4 cores and 8 threads. In the interest of conciseness, the 793molecule system will be referred to as the "small system" and the 4,001-molecule system
will be the "large system."
6.2.2

Lifetimes Analysis

Calculating the lifetime of an excess proton in water is not a straightforward process
because the excess proton can assume a solvation structure analogous to the Eigen
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complex (where the excess proton is clearly associated with one oxygen), the Zundel
complex (where the excess proton is shared between two oxygens), or anything in
between[201]. Thus, attributing a specific instant at which the proton is said to have
transferred is arbitrary to some degree but does require a consistent definition.
To determine the lifetime of a given excess proton H+ in this work, the H+ is associated
with its two closest oxygen atoms. The closest oxygen neighbor to H+ is defined as its

donor oxygen (hereafter denoted as O*, or three-coordinated oxygen consistent with the
hydronium ion), and the second-closest neighbor is defined as its acceptor oxygen. At
the end of each time step, the donor and acceptor oxygens of every proton are reidentified and compared to those of the previous time step. A proton transfer is said to
have occurred at that time step if:
1. the proton-acceptor interatomic spacing becomes smaller than the proton-donor
spacing (i.e., rOH  rO*H , so the identity of O* changes), and
2. the proton has only one oxygen (its new O*) within 1.2 Å
The time between the transfer where an oxygen accepts an excess proton (to become an
O*) and the transfer where it donates its excess proton is said to be its lifetime. O* that
existed either in the initial or final configuration of the 1.0 ns simulations have lifetimes
that are not exactly defined; these lifetimes are disregarded.
The use of autocorrelation functions, a method originally developed to measure hydrogen
bond lifetimes[208], is commonly used to characterize O* lifetimes[202-203]. These
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autocorrelation functions, collectively denoted cx(t), express the probability that an O*
that exists at t = 0 will also be O* at some later time t:

cc (t ) 

ci (t ) 

h(0) H (t )
h

h(0)h(t )
h

6.1

6.2

where H(t) and h(t) are step functions equal to unity when the given oxygen satisfies
some sort of criteria for protonation at time t and is zero otherwise. Two common forms
of the autocorrelation functions are the continuous cc(t), where H(t) = 1 only if the
oxygen of interest has hosted the excess proton continuously from t = 0 to some later
time t, and the intermittent ci(t), where h(t) = 1 if the oxygen of interest is hosting an
excess proton at some later time t irrespective of its protonation state between t = 0 and t.
In the treatment presented below, t = 0 is defined to be the time at which a proton transfer
occurred and formed a new H3O+ ion.
Upon calculating cx(t), it can be integrated over all time to get a mean lifetime, or it can
be fitted to a kinetic model from which relaxation times can be extracted. However, in
choosing a form of cx(t) (intermittent or continuous) and kinetic model (e.g., exponential,
biexponential, and triexponential fits have all been used[202-203]), assumptions must
still be made, and these assumptions affect the resulting lifetimes. So as not to make any
statements as to the merit of one approach over another a priori, the results of all of these
lifetime metrics are presented here.
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In addition, the choice of which proton transfer events to include in these calculations is
important. QM has shown evidence of proton "rattling" occurring between adjacent
molecules where a H2O molecule transfers a proton to a neighboring H2O resulting in
adjacent H3O+ and OH-[209]. Because the hydrogen bond (HB) along which this transfer
occurs does not break, the complementary pair rapidly recombines and results in no net
displacement of charge. We observe a small amount of such transient autoionization, and
the recombination step (H3O+ + OH- = H2O) registers a lifetime on the order of 100 fs
that can skew the short-time decay behavior of the calculated cx(t). To exclude this skew,
only H+ transfers where the acceptor oxygen is H2O are examined here. This eliminates
any autoionization reactions from the lifetime measurements since the recombination step
is, by definition, a three-coordinated O* donating a proton to a hydroxyl rather than
molecular water.
6.2.3

Potential of Mean Force

The free energy associated with proton transfer between H3O+ and an adjacent H2O in
bulk water was calculated via the potential of mean force. The final O* at t = 1.0 ns that
originated from the initial O* at t = 0.0 in each of the twenty small systems was first







identified, and one of its hydrogen bonds ( O*  H    O, defined by rO*H, rOH, and rO*O)
was arbitrarily chosen. The RATTLE algorithm[210] with the velocity Verlet integrator
was then used to impose constraints on both rO*O and rO*H to within 0.00001 Å. For a
constrained rO*O, the associated rO*H was constrained to a specific distance and simulated
for 1.0 ps under conditions of constant volume and energy. The mean restorative force
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(i.e., the additional force on H required to satisfy the rO*H bond constraint, denoted

G rO*H ) was calculated over the final 500 fs of this 1 ps constraint interval, then rO*H
was increased by 0.01 Å, and finally the process was repeated.
Each of the twenty systems underwent this procedure with five values for rO*O ranging
from 2.3 Å to 2.7 Å, and for each rO*O, rO*H was varied from 1.00 Å to ( rO*O - 1.00 Å).
Because this analysis only imposed constraints on rO*O and rO*H for a single hydrogen
bond of O*, there were some simulations where one of the unconstrained protons on O*
incidentally transferred away during the simulation of a given rO*O. In these cases, the
resulting mean force calculation then represented the autoionization energy of H2O rather
than the energy of excess proton transfer from an H3O+; as such, simulations exhibiting
this behavior were discarded. Given the long (1.0 ps) interval per rO*H, such incidental
transfers were pervasive: of the 100 PMF simulations (five values of rO*O for each of
twenty systems), only 39 completed the entire range of rO*H without losing a different
proton.
The potential of mean force was then calculated by taking a mean G rO*H  function for
each rO*O and integrating it with respect to rO*H. This integral, expressed as a function of
the reaction coordinate   rO*H  rOH [201], represents the free energy profile associated
with proton transfer between O* and O molecules with the given rO*O.
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6.3

Results

6.3.1

Lifetimes

Both intermittent and continuous autocorrelation functions were calculated in both small
and large systems (Figure 6.3). As would be expected, ci(t) decays much more slowly
than cc(t), and there is negligible difference between the small and large systems in the
time scales shown, indicating no finite-size effects.

Figure 6.3 Continuous and intermittent cx(t) for both system sizes
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Following the biexponential model proposed by Tuckerman[205] and the triexponential
model proposed by Markovitch[203], the following equation is fit to cx(t)
 t 
 t
c x (t )  a1 exp    a 2 exp 
 1 
 2

 t 

  a3 exp  

 3 

where a1 + a2 + a3 = 1.0 and, in the biexponential case, a3 = 0. The resulting fits are
shown in Figure 6.4, with the parameters of such fits shown in Table 6.1 for both the
continuous and intermittent cx(t).
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Figure 6.4 Calculated cx(t) and multiexponential fits

Table 6.1 Multiexponential fitting parameters

System a1
0.633
small
0.568
Continuous
0.637
large
0.587
0.687
small
0.641
Intermittent
0.673
large
0.631
c(t)

1 (ps)
6.53
7.53
7.13
7.94
11.0
12.1
12.0
13.0

a2
0.367
0.214
0.363
0.200
0.313
0.201
0.327
0.197

2 (ps)
0.139
0.0600
0.148
0.0598
0.136
0.0520
0.153
0.0536

a3
0.
0.218
0.
0.213
0.
0.159
0.
0.171

3 (ps)
N/A
0.575
N/A
0.528
N/A
0.822
N/A
0.749
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Figure 6.4 shows that the exponential fits match the calculated correlation functions in
the 1-10 ps regime, similar to the findings of others[202, 205, 207]. Also, as shown in
Figure 6.5, the multiexponential models for the intermittent correlation function diverge
from the calculated ci(t) after t ~ 10 ps, and the long-time behavior (t > 102 ps) follows
power-law behavior (Figure 6.5 inset) similar to the findings of MS-EVB3 MD
simulations[207].

Figure 6.5 Intermittent ci(t) showing deviation from multi-exponential fit for t > 101
ps. Inset shows that long-time behavior follows power-law fit of t-3/2.

Of note, however, is the overall larger ci(t) in the small system for this 102 < t < 103
region that indicates a higher propensity for long-time intermittent autocorrelation in
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smaller systems. This is an artifact of the system's finite size, as the probability of a
diffusing proton's hopping path crossing over itself at least once increases with time and
therefore lim ci (t )  0 . Explicitly counting all cases where a proton hopping path loops
t 

back on itself after at least five hops confirms that the smaller system has a greater
population of very large loops with very long autocorrelation times (Figure 6.6). Such
results would imply an inherent problem in long-time quantum mechanical computations
because of the obviously small system sizes. This makes the evaluation of hydronium ion
lifetimes using the intermittent correlation function less reliable than the continuous
functions.
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Figure 6.6 Probability that a loop of given size forms (that is, closes to form a loop)
within time t. In both system sizes, the distribution of small loops (2-hop meaning
the excess proton hops from oxygen A to oxygen B, then back to A again; 4-hop
would be ABCBA or ABCDA) forming over time is the same. Very large loops,
where a proton hops more than five times before crossing back on itself, show a
higher probability of occurring in small systems as the length of the simulation
increases.

However, cc(t) is not affected by the system size in the same way, and ~99% of O* have
continuous lifetimes less than 30 ps (Figure 6.3). Furthermore, the triexponential fit
provides a reasonable approximation of the decay behavior of cc(t) for these 99% of O*
(Figure 6.4) and indicates that proton transfers can be described according to three
relaxation times τ of approximately 60 fs, 550 fs, and 7.7 ps (Table 6.1). The shortest
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two τ values are on the same order as those reported using quantum mechanical and MSEVB3 simulation techniques[205, 207]. However, the relaxation time of 7.7 ps is unique
to this study and represents the exponential section of cc(t) between 1 ps < t < 10 ps.
The average lifetimes over all data is 4.5 ps in the small systems and 4.8 ps in the large
systems, and this is a factor of 2.5 larger than the experimental value. The resulting
diffusion constant would be consistent with the result presented by Hofer et al. using this
Dissociative Water Potential[211] where the diffusion constant for the excess proton (D
= 0.39 Å2/ps) was compared to the various versions of the MS-EVB model. MS-EVB
offers results closer to experiment (D = 0.35 Å2/ps, 0.77 Å2/ps, and 0.83 Å2/ps with MSEVB versus 0.93 Å2/ps experimentally) but MS-EVB2 (D = 0.29 Å2/ps) and MS-EVB3
(D = 0.36 Å2/ps) are farther from the experimental value than the Dissociative Water
Potential applied here.
6.3.2

Local Structure

Given the set of O* and their lifetimes calculated in Section 6.3.1 above, the O*-O and
O*-H pair distribution functions (PDFs) were calculated around each O* over its lifetime.
Because the O* included in Section 6.3.1 only consider O* that deprotonated by
transferring the excess proton to H2O (as opposed to OH-), the following PDF data
exclude transient H3O+ that formed from proton rattling between adjacent H2O
molecules. Additionally, PDF sampling was performed every 50 fs, so any extremely
short-lived O* that formed and deprotonated between sampling intervals are not included.
Finally, although these analyses were performed on both small and large system sets,
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only results from the small systems are presented as the large-system data was negligibly
different.
6.3.2.1. Average Structure

Figure 6.7 shows the overall local structure surrounding O* in comparison to the average
structure surrounding all O, the vast majority of which is H2O. As indicated in previous
work with this potential[126], the Dissociative Water Potential produces PDFs for liquid
water that are in excellent agreement with experiment[212]. The O*-O PDF shows a shift
to shorter distances for the first peak and an increase in the distance for the second peak
in comparison to O-O peaks from all oxygen. This is also consistent with the slightly
elongated O*-H first peak in comparison to the overall O-H peak. The greater width of
the first O*-H peak enables a stronger interaction with second-neighbor oxygen, resulting
in the shorter O*-O spacing surrounding O*. This shorter O*-O distance is consistent with
the results from the MS-EVB3 potential[203].
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Figure 6.7 Radial distribution functions for oxygen coordinated as H3O+ (O*)and
coordinated in any form (O) from small systems. All systems were sampled every 50
fs.

The second-neighbor O*-H HB acceptor peak around r = 1.8 Å is significantly lower
around O* due to the fact that H3O+ can only accept one HB whereas H2O can accept two.
Integrating the PDF over this second peak indicates that the H3O+ accepts an average
0.66 HB whereas the system-wide HB acceptor average is 1.89 per molecule overall.
The magnitude of the inward O*-O shift is significantly less than the 0.2 Å inward shift
predicted by the empirical potential structure refinement (EPSR) of neutron scattering
data[213]. However, the EPSR method prescribes a rigid molecular geometry for both
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H2O and H3O+ a priori, and this limitation prevents the EPSR-derived PDFs from
reflecting the intermediate-range effects of O-H bonds responding to changing solvation
patterns. As a consequence, the Zundel structure, experimentally observed via other
means[204, 214], is not represented in these EPSR-derived PDFs, and the loss of these OH dynamics may cause the exaggerated inward shift of this O-O peak shown in EPSR.
6.3.2.2. Lifetime-dependent Structure

Because the cx(t) fitting described in Section 6.3.1 above suggests the existence of several
timescales over which O* deprotonates, calculating the O*-X PDFs over species that only
show short- or long-lived behavior may elucidate the structural properties that govern
these different lifetimes.
The results of such an analysis for the O*-H pair are given in Figure 6.8 which shows that
protons surrounding short-lived O* sample a much greater volume between neighboring
oxygens than long-lived O*. The shortest-lived O* (t < 0.2 ps) demonstrate a split first
O*-H peak, indicative of the Zundel cation structure predicted by quantum
mechanics[156]. However, the disappearance of this second peak around longer-lived O*
indicates that the excess proton does not spend the majority of its time in a Zundel
complex. Rather, the Eigen form shows greater stability and contribution to the overall
O*-H PDF during the lifetime of O*, and the Zundel exists as an intermediate form that
occurs during the proton transfer process. These observations are consistent with both
computational and experimental findings[200, 203, 215].
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Figure 6.8 First and second peaks in the O*-H PDF calculated over O* that showed
different lifetimes t

The O*-O PDFs given in Figure 6.9 show that the short-lived O* exhibit a shift in this
first solvation shell towards shorter O*-O spacings relative to longer-lived O*.
Additionally, they occupy very short ( rO*O < 2.44 Å) distances with greater frequency
(inset of Figure 6.9) which is again indicative of Zundel-like structure. By comparison,
the long-lived (t > 10 ps) O* show overall greater structure in this first solvation shell.
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Figure 6.9 First peak of the O*-O PDF. Inset shows the lower limit of O*-O spacing
observed

The shortest-lived O* have appreciably shorter O*-O spacing at intermediate distances as
well (Figure 6.10) and it follows that the overall atomic density surrounding these shortlived ions is higher. This higher-density environment extends at least 5.5 Å from O*
which indicates that the transfer process alters the both the first and second solvation
shells. This is in very good agreement with experiments that have shown that the excess
proton affects the structure of two solvation shells (~19 molecules)[122].
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Figure 6.10 Second and third peaks in O*-O PDF over O* that showed different
lifetimes t

Unlike the first O*-O peak, the difference in local density between intermediate- and
long-lived O* is far less pronounced. The second and third O*-O PDF peaks for lifetimes
between one and three picoseconds are only marginally closer than those ions lasting
more than 10 ps, suggesting that all ions with lifetimes t > 1.0 ps deprotonate according
to a common mechanism. This is consistent with the findings of Section 6.3.1 where cc(t)
exhibits only one decay behavior with a characteristic relaxation time τ > 1 ps.
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6.3.3

Barrier to Transfer

The free energy barrier for proton transfer in bulk water was calculated using the
potential of mean force for various rO*H (Figure 6.11).

For rO*H = 2.7 Å, which

corresponds to the first-neighbor maximum in the O*-O PDF (Figure 6.9) the barrier for
deprotonation approaches 1.6 kcal/mol (3kT) at O-H distances corresponding to 1.23 Å.
The metastable region around δ = 0.0 that is present at this distance (as well as smaller
distances in the vapor phase Zundel, not shown) is an artifact of the two constraints; two
H2O sharing an excess proton at rO*H = 2.7 Å would quickly contract to shorter O*-O
spacings and cause this metastable point to disappear.
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Figure 6.11 Potential of mean force for proton transfer between H3O+ and H2O,
symmetrized around δ = 0, where   rO*H  rOH is the reaction coordinate

The barrier begins to decrease for rO*H < 2.5 Å and shows evidence of going to zero for
very small rO*O which is consistent with theory[216]. In the simulations conducted here,
the minimum typical rO*O immediately preceding proton transfer is 2.4 Å, which
corresponds to an activation barrier of 0.8 kcal/mol. This barrier is in generally good
agreement with QM calculated with classical protons which gives a value of 0.6
kcal/mol[156].
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6.4

Discussion

The simulations verify that this Dissociative Water Potential, despite being designed to
simulate bulk water, has properties that enable descriptions of proton transfer that are
consistent with a number of results from either quantum mechanical calculations or
potentials specifically designed for proton transfer (e.g., MS-EVB).
The simulations presented here reveal two general time domains for proton transfer: one
on the order of tens to hundreds of femtoseconds and the other on the order of
picoseconds. The femtosecond-scale lifetimes, also seen in QM and MS-EVB MD, are
the result of rapid back-and-forth rattling of protons and can be decomposed into
subdomains on the order of 101 fs and 102 fs.

The local structure around these

femtosecond-scale O* indicates that these sites maintain a Zundel-like environment
marked by a bimodal O*-H first-neighbor peak in the PDF caused by the transferring
proton.

These short-lived O* also feature a shorter O*-O first-neighbor distance as

evidenced by the O*-O PDF (Figure 6.9), and these shorter O*-O distances reduce the
barrier for transfer and allow the observed rattling to take place (Figure 6.11).
A significant number of O* remained continuously protonated with lifetimes on the order
of picoseconds though, and while this is the behavior observed in experiment, it has not
been observed in previous simulations. These longer-lived O* exhibit structure more
consistent with an Eigen-like complex with three strongly hydrogen-bonded acceptor
neighbors, confirming that the Eigen cation is the more stable solvation structure around
the excess proton in solution.
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Until this point in the discussion, it remains unclear what causes some O* to have very
long lifetimes; all that can be said is that those O* with very short lifetimes are cases of
proton rattling. However, the second peak in the O*-H PDF (Figure 6.8) is invariant with
respect to the lifetime of the central O* and indicates that both Eigen and Zundel
complexes accept fewer than one HB on average. While this observation is intuitive in
the case of the Eigen cation which donates three HBs, it also indicates that both oxygen
ions in the Zundel complex accept less than one HB; if this was not the case, the PDF of
short-lived O* would show a higher second-neighbor O*-H peak due to the identity of O*
switching during rattling.
This notion that rattling occurs when both donor and acceptor oxygens are HB-deficient
follows the QM-derived model of presolvation[217], where transfer only occurs when the
environment around the acceptor O is similar to O*. To confirm this, the coordination of
each acceptor O can be calculated immediately before the formation of what will be a
short-lived O* (lifetime < 200 fs) and compared to the average coordination around O*
and O (Figure 6.12). Indeed, immediately (less than 50 fs) before a short-lived O*
accepts its excess proton, this accepting H2O oxygen already shows reduced HB
coordination, and the average HB coordination continues to decrease immediately after
the transfer event.
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Figure 6.12 Average proton and hydrogen bond coordination around O and O*
immediately before and immediately after proton transfer. Structural sampling was
conducted every 50 fs, so "immediately" means within 50 fs, and for a given transfer
event, the sum of the time "before" and "after" transfer equals this 50 fs transfer
interval.

The formation of long-lived O* (lifetime > 10 ps) shows similar indicators of presolvation
where the average HB coordination immediately preceding the transfer is reduced.
However, the coordination of long-lived O* changes much more rapidly immediately
after the transfer, and it already resembles the overall Eigen-like average HB
coordination within 50 fs post-transfer. Thus, the long-lived O* are long-lived by virtue
of the fact that the HB along which the proton transfer took place is rapidly severed
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within 50 fs of the transfer, preventing the reverse transfer and the observation of proton
rattling. Only 9.1% of these long-lived O* transferred back to their original donors; by
comparison, 75% of short-lived O* transferred back.
6.5

Conclusions

While not originally designed for proton transfer, results of proton transfer using this
Dissociative Water Potential are consistent with the behavior observed in ab initio
calculations and simulations using potentials specifically designed to reproduce proton
transfer. Fitting exponential models to the resulting proton autocorrelation functions
reveals that the lifetimes of O* are best represented by several timescales: two in the
femtosecond scale and one in the picosecond scale.
The femtosecond scale lifetimes are consistent with the lifetimes observed in both
quantum-mechanical and empirical valence bond calculations. These short lifetimes are
the result of protons rattling between the two oxygens of Zundel complexes and are
marked by an inward shift of the O*-O PDF that is clearly evident in both first and second
solvation shells. This closer O*-O spacing results in a reduced barrier to transfer and
permits the proton to rapidly transfer back and forth with no net transport of charge.
The picosecond-scale O* are the result of the severing of the hydrogen bond along which
the transfer occurred within 50 fs of the transfer and are marked by an outward shift of
atomic density and a higher barrier to transfer. Transfers via these long-lived O* are what
contribute to net migration of charge, and the long-time behavior of this motion
(expressed in the intermittent autocorrelation function) matches the predictions of the
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MS-EVB models including the non-exponential decay at times > 102 ps with the -3/2
power-law behavior. At very long times (1 ns), artifacts caused by system size begin to
enter in systems with dimensions < 30 Å per side.
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Chapter 7. Proton Transfer and Lifetimes at the Water-Silica Interface
7.1

Introduction

As established in Chapter 6, water shows abnormally high proton conductivity as a result
of the Grotthuss mechanism, whereby the excess charge moves via proton transfers
between neighboring water molecules (structural diffusion) rather than the diffusion of a
single H3O+ molecule (vehicular diffusion). This structural diffusion mechanism has
been studied extensively using quantum mechanical calculations[121], multistate
empirical valence bond (MS-EVB) molecular dynamics (MD) simulation[203, 207, 218],
ultrafast spectroscopy[204], nuclear magnetic resonance[219], and this Dissociative
Water Potential (Chapter 6), and a consistent picture of how this proton transfer process
occurs has emerged.
While the protons of a hydronium ion readily "rattle" between molecules in the ion's first
hydration shell[202-203, 220], the transfer only takes place when a hydrogen bond in the
second solvation shell breaks, allowing the hydronium ion and one of its first solvation
neighbors to approach and form a Zundel complex. In addition, ultrafast spectroscopy
and molecular dynamics have revealed that the effect of excess protons in solution
extends to at least the second solvation shell[122, 221], and these observations underline
the importance of the local hydrogen bonding environment in understanding the dynamic
behavior of solvated protons.
The processes governing proton transport are much less well defined near interfaces,
where the hydrogen bonding network is disrupted[46, 50, 222-223] and the potential
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energy landscape is dramatically different from bulk water[49]. In particular, the study
of proton transport at the water-silica interface has proven to be quite challenging due to
the amorphous nature of vitreous silica and the extreme degree of atomic-level
heterogeneity at its surfaces. As detailed in 0 though, the importance of proton transport
near the water-silica interface has a wide breadth of scientific relevance.
Understanding the behavior of excess protons near the silica surface is of fundamental
importance in engineering materials to capitalize upon or minimize certain properties in
these applications. Significant effort has been made to characterize the water-silica
interface both experimentally and computationally, and the traditionally held view that
the hydrated silica surface is comprised of silanol (SiOH) groups has been greatly
expanded upon in the last two decades. SiOH can be classified into one of two groups
based on the structure surrounding the Si: Q3 silanol, where the Si has three bridging
oxygen neighbors, or Q2 "geminal" silanol, where the Si has only two bridging oxygen
neighbors. These sites show distinct NMR chemical shifts[5, 8, 76, 78] and have been
postulated to be relevant to the bimodal pKa observed of the silica surface[82, 224].
However, SiOH sites can also be classified according to whether or not they are hydrogen
bonded, and this distinction has also been put forward as a cause of this bimodal
behavior[85-86, 225]. This vicinal/isolated distinction only becomes more complicated
when silica surfaces are exposed to liquid water (as opposed to the more conventional
water vapor), as silanol can then hydrogen bond not only with other hydrogen bonds, but
interfacial water molecules[120].
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Most recently, simulation and experiment have provided evidence of two additional
acidic sites on silica surfaces that have been studied far less. SiOH2+ has been observed
in experiment[81] and later simulations[127] (including this work), and the protonated
bridge, Si-(OH+)-Si, has been observed in QM simulations of silica surfaces[19, 26] as
well as this work. However, these two sites remain largely uncharacterized despite their
potential importance in many fundamental processes that give rise to the transport
behavior of protons along the silica surface.
To this end, the behavior of the protonated sites that exist at the water-silica interface are
examined in this chapter using the same approach as in Chapter 6.

That chapter

established that the Dissociative Water Potential accurately reproduces the processes by
which protons transfer in solution.

Because the Dissociative Water Potential is

computationally efficient and can simulate the extended amorphous silica surfaces
required to fully sample the atomic-scale heterogeneity of these materials, it is ideally
suited for capturing the wide range of variations in local environment inherent along the
amorphous interface.

This combination of reactivity and computational simplicity

enables the simulation of proton dynamics at the water-silica interface without having to
specify the surface chemistry a priori, providing a comprehensive yet unbiased view of
the interfacial properties.
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7.2

Computational Method

7.2.1

Systems

Four interfacial systems were simulated: (1) a 3 nm film of water confined between two
amorphous silica slabs, (2) a 3 nm diameter cylindrical pore in amorphous silica filled to
0.908 g/cc H2O density, (3) a 3 nm diameter cylindrical filled to 0.996 g/cc H2O density,
and (4) a large silica surface covered with 2 nm of water with a vapor phase above. A
summary of their dimensions is provided in Table 7.1. The density of water in the pore
systems was determined by simply calculating the density within a cylinder defined by a
radius of 15.25 Å from the x-y center of the system and the full height of the system.
Table 7.1 Simulated systems. xL, yL, and zL are the system dimensions in x, y, and z.
zL for flat systems indicates the approximate size of the H2O portions of the system,
although H2O penetration into the SiO2 surface makes the latter measure somewhat
indeterminate.
System
(1) 3 nm Film
Confined
(2) 3 nm Pore,
0.9 g/cc
(3) 3 nm Pore,
1.0 g/cc
(4) 2 nm Film
Surface

SiO2
Atoms

H2O
Atoms

xL (Å)

yL (Å)

11,668

14,553

63.64

63.82

15,960

5,811

64.18

64.18

70.74

15,960

6,261

64.18

64.18

70.74

36,678

21,900

104.4

104.4

zL (Å)
42.64 Å of SiO2
+ ~32 Å of H2O

50.09 Å SiO2
+ ~19 Å H2O
+85.00 Å vacuum

All four systems were generated using variations of the same five-step process shown in
Table 7.2. Silica glasses were first generated via a melt-quench process under constant
volume, annealed to minimize residual strain under constant pressure, and cut into the
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desired geometry. Following this, the void created by the cutting step was filled with
randomly placed water molecules then allowed to equilibrate and react under constant
temperature.
Table 7.2 Method to create each water-silica interfacial system. NPT indicates
hydrostatic pressure; NPzT indicates only the z dimension was allowed to respond to
pressure. r is the radial offset from the x-y center of the system. The Fill step for
pore systems was done in two stages separated by a 100 ps NVT simulation because
the random packing of H2O was unable to achieve the desired densities without this
intermediate condensation simulation.
System
(1) 3 nm
Film
Confined

(2) 3 nm
Pore
0.9 g/cc
H2O
(3) 3 nm
Pore
1.0 g/cc
H2O
(4) 2 nm
Film
Surface

Melt
Quench

Anneal

40 ps,
NPT

Cut
No
atoms
removed

Fill

+4851
H2O
+1427
H2O
100 ps
NVT
+550
H2O
+1427
H2O
100 ps
NVT
+660
H2O

100 ps,
NPzT

r<15.25
removed

100 ps,
NPzT

r<15.25
removed

40 ps,
NPT

z>50.009 +7300
removed H2O

See
Table
7.3

Equilibration Production
(200 ps)
(NVE)

NPzT 200 ps

1.0 ns

NVT 200 ps

1.0 ns

NVT 200 ps

1.0 ns

NVT 200 ps

200 ps

The melt-quench procedure is similar to that described in Chapter 3, where a crystal of βcristobalite was melted at 6,000 K and then quenched to 300 K via intermediate steps as
detailed in Table 7.3. The resulting glasses were then annealed under a constant pressure
of 101.325 kPa, and the systems' dimensions were averaged over the final half of this
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annealing simulation to determine their zero-strain dimensions in a fashion similar to that
applied in Chapter 6. These final dimensions are given in Table 7.1.
Table 7.3 Melt-quench procedure. Each temperature step was simulated under
constant volume and energy (NVE), but with the first portion actively thermostated
for the duration indicated. The volume during each step was constant, but it was
adjusted between steps according to the thermal expansion coefficient of silica,
5.5×10-7 K-1.

6000 4000 3000 2000 1000 300
Temperature (K)
100 100 100 40
60
Simulation Time (ps) 30
10
20
20
20
20
20
Thermostat Time (ps)

These zero-strain glasses were then "cut" to create vacuum into which water could be
inserted. This was achieved by removing stoichiometric SiO2 units to create the desired
system geometry while maintaining overall neutral charge (systems 2, 3, and 4) or
dividing the silica in half along an arbitrary z plane and moving the top half up by 50 Å
(system 1).
Water molecules were then randomly inserted into these cut silica systems such that (a)
no two oxygen atoms were within 2.8 Å of each other and (b) every randomly inserted
molecule was wholly within the free volume created during the Cut step. Following this
Fill step, all atoms in all systems were randomly assigned a Gaussian velocity
distribution, then simulated under constant temperature for 200 ps to allow the randomly
inserted H2O to condense and react with the silica surfaces.
Following this Equilibration step, the dimensions of the confined film system (system 1)
were rescaled to the average dimensions over the final half of its equilibration simulation.
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This procedure was unnecessary for the other three systems since they were equilibrated
at constant volume. These resulting water-silica interfacial systems were simulated under
constant energy for the duration indicated in Table 7.2, and the data presented is wholly
derived from these Production simulations. The system geometries simulated for this
Production step are depicted in Figure 7.1.
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Figure 7.1 Schematic of each system simulated: (a) confined film, (b) surface film,
(c) cylindrical pore filled to 0.9 g/cc, (d) cylindrical pore filled to 1.0 g/cc. System
periodic boundaries are outlined in black; interfaces are also highlighted in black.
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7.2.2

Lifetimes Calculations

Proton autocorrelation functions, generically referred to as cx(t), are a convenient way of
characterizing the lifetimes of protonated sites[202-203], and they are calculated here in
the same way as in Chapter 6 to ensure the consistency of the results presented. Briefly,



t = 0 is always defined as when a given site first accepts a proton.



A transfer is defined as the iteration at which the identity of a proton's donor and
acceptor have switched and the proton-acceptor distance rHA > 1.2 Å.



All transfers where the acceptor oxygen is OH- are discounted to prevent transient
autoionization of H2O from skewing c(t).



Cases where only one bounding limit of a site's lifetime (either the protonation or
deprotonation, but not both) were observed during the Production simulations
were discarded.

The reader is referred to Section 6.2.2 for a more comprehensive discussion of these
points.
Unlike the procedure used in Chapter 6 though, sites that neither protonated nor
deprotonated during the entire Production step (i.e., very stable protonated sites) are
included here. These sites simply shift all points in h(t) (see Equations 6.1 and 6.2) by a
constant amount and ensure that the overall long-term stability of each site is reflected in
its c(t). This distinction was irrelevant in the study of proton transfer in water as
presented in Chapter 6 because H3O+ exhibited an undetectably small probability of
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remaining continuously protonated for 1.0 ns; however, this is not necessarily the case for
the water-silica interface.
7.3

Results & Discussion

7.3.1

Lifetimes in 3 nm confined film

The 3 nm confined film system is the simplest case due to its lack of interfacial curvature
and lack of a second, water-vapor interface. It has also been studied in the past (e.g., ref
[49] and in Chapter 3) and provides a good baseline for interfacial phenomena. After 1.0
ns of simulation under constant energy, this system contained 442 SiOH, 58 bridging OH,
and 6 SiOH2+. Of the 442 SiOH, 134 were geminal sites (attached to Q2 Si), and 12 were
attached to five Q1 sites. While not a focus of this study, it is worthwhile to indicate that
these five Q1 sites were stable throughout the 1 ns simulation and resulted from the
cutting process indicated in Table 7.2 rather than hydrolytic reactions. No Q0 sites
(silicic acid, or Si(OH)4) ever formed during this time.
These surface concentrations are within experimental expectation: the SiOH
concentration corresponds to 5.4 SiOH/nm2 under the assumption of zero surface
roughness and penetration (this assumption provides an upper limit to the true value[49,
226]), and the 30% geminal population is within the range reported for silica[79]. A
population of transient H3O+ near the interface also existed throughout the simulation of
this system and is consistent with observations in molecular dynamics (MD) and quantum
mechanical (QM) simulations[127, 149].
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The behavior of excess protons in solution are reasonably well characterized from
experiments[204, 219] and simulations[201, 207] (including the data presented in
Chapter 6). As such, examining the lifetime distribution of H3O+ within 6 Å (the width
of the interfacial region in the core-shell model of this system geometry[49]) of this flat
water-silica interface quickly highlights the effect of the interface (Figure 7.2).

Figure 7.2 Continuous cc(t) for H3O+ in bulk solution (from Chapter 6) and within
6.0 Å of the water-silica interfaces in the 3 nm confined film system. These
interfaces are defined to be at z = 21.0 Å and z = 53.0 Å.

The interface significantly shortens the mean lifetime of H3O+ from 4.5 ps in bulk
solution (see Chapter 6) to 1.81 ps, and this reduced probability of continuous
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protonation is present at all time scales. Notably, the interface induces extremely shortlived (< 10 fs) hydronium ions not present in bulk solution as well as an increased
deprotonation probability for lifetimes shorter than 1.0 ps. For lifetimes t > 1.0 ps, the
slope of cc(t) for hydronium ions in bulk water decreases more rapidly than cc(t) near the
interface, indicating that the interface promotes the proton rattling that contributes to the
femtosecond-scale lifetime population[205, 207].
The cc(t) calculated for the other protonated sites in this 3 nm confined film system are
shown in Figure 7.3. All sites of excess charge, SiOH2+, interfacial H3O+, and Si-(OH+)Si, show lifetime probabilities with very similar behavior, and all of these sites exhibit
considerably greater probabilities of sub-picosecond lifetimes than H3O+ in bulk solution
and in the absence of interfacial effects. The two protonated sites attached to the rigid
SiO2 network, SiOH2+ and Si-(OH+)-Si, show inflections in cc(t) around a precipitous
drop in protonation probability between t = 0.010 ps and t = 0.100 ps. These two sites
also exhibit a small but finite probability of very long lifetimes (t > 100 ps); neither the
inflections nor long-lived tails are present for H3O+ and suggest behavior unique to the
far less-mobile sites embedded within the silica network.
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Figure 7.3 Comparison of continuous autocorrelation functions for sites of excess
charge at the water-silica interface. H3O+ in bulk solution also included for
comparison.

On the other hand, SiOH is considerably more stable and only a fraction of all SiOH sites
(12.3% in the 3 nm confined film) ever demonstrated the capacity to deprotonate during
the 1.0 ns Production step. A significant majority (see second column of Table 7.4) of
this 12.3% of "reactive SiOH sites" deprotonate to bridging oxygen as the result of SiOH
forming very close to an existing bridging oxygen (rOO < 2.55 Å) and being unstable as a
result. This mechanism will be discussed in Section 7.3.4.
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Table 7.4 Number of acceptor sites for reactive SiOH sites in each system. The first
number indicates how many SiOH sites exhibited proton donation to the given
acceptor site, and the percent of total reactive sites is given in parentheses.
Acceptor Site

3 nm Confined

SiOSiOH
Si-O-Si
H2O

5 (9.1%)
9 (16.4%)
39 (70.9%)
2 (3.6%)

7.3.2

Cylinder, 0.9
g/cc
0
13 (17.3%)
57 (76.0%)
5 (6.7%)

Cylinder, 1.0
g/cc
8 (11.9%)
20 (29.9%)
37 (55.2%)
2 (3.0%)

2 nm Surface

14 (17.3%)
24 (29.6%)
43 (53.1%)
0

Effect of curvature

The c(t) for H3O+ within 6 Å of the interfaces in all four simulated systems listed in Table
7.2 are shown in Figure 7.4.
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Figure 7.4 Continuous cc(t) for H3O+ within 6 Å of the interface in each of the four
simulated systems

In this case, all systems exhibit cc(t) shifted towards shorter lifetimes relative to H3O+ in
solution. However, the flat systems (red and dashed blue lines) show a slightly greater
tendency to longer lifetimes than the pore systems (thin black and magenta lines) for t >
30 fs. Given that the effect of the interface is to shift cc(t) to shorter lifetimes, this
difference due to curvature may be a simple effect of the interfacial region represented
here (9.25 Å < r < 15.25 Å) having a larger volume closer to the interface (e.g., 12.25 Å <
r < 15.25 Å) than farther away (9.25 Å < r < 12.25 Å).
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The behavior of Si-(OH+)-Si, on the other hand, shows very similar behavior in the
cylindrical pores while the two flat systems are more divergent (Figure 7.5). Because this
site is dependent upon the atomic connectivity of the silica surface on which it forms, the
similarities between the two cylindrical systems (which share the same original silica
matrix) are anticipated. However, the two flat interfaces show no clear trend towards
longer or shorter protonation lifetimes with respect to the curved interfaces; thus, it is
likely that the lifetimes of Si-(OH+)-Si are more dependent upon the actual features
(localized roughness, pits and channels, etc.) of the surface than overall curvature or
mesoscale topography.

Figure 7.5 Continuous cc(t) for Si-(OH+)-Si in each of the four simulated systems
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As shown in Figure 7.6, SiOH2+ sites show less clear trends in cc(t) with respect to
surface curvature: the confined film and low-density pore show similar cc(t), and the
surface film and high-density pore also show similar cc(t). However, these two pairs of
systems show some divergence in the broad range of 10-1 < t < 101 ps, with the 1.0 g/cc
pore and 2 nm surface film showing increased tendencies to deprotonate for t > 100 fs.

Figure 7.6 Continuous cc(t) for SiOH2+ each of the four simulated systems

While this behavior is not easily rationalized in terms of geometric or topographic
differences between the systems, its origin is very consistent with the hypothesis that
SiOH2+ is extremely sensitive to temperature: at the end of the 200 ps Equilibration step
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during the system synthesis (Table 7.2), the 2 nm surface film and 1.0 g/cc pore had not
yet reached thermal equilibrium with the 300 K thermostat while the 0.9 g/cc pore and 3
nm confined film had. This resulted in the average temperature during the Production
step of these systems being different. The two systems with shorter cc(t) values, the 1.0
g/cc pore and 2 nm surface film, maintained an average temperature of 303.6 K and 303.4
K, respectively, while the 0.9 g/cc pore and 3 nm confined film maintained average
temperatures approximately 3 K cooler, or 300.8 K and 299.2 K, respectively. These
observations are consistent with a mechanism where a small amount of additional kinetic
energy in the system is sufficient to drive SiOH2+ sites towards more rapid deprotonation.
As with the confined 3 nm film, the majority of SiOH never deprotonated in the
cylindrical systems. However, the fraction of reactive sites (those that exhibited any
deprotonation) increased from 12.3% and 13.8% in the confined and surface films to
16.6% and 20.4% in the 0.9 g/cc pore and 1.0 g/cc pore. The geometry of cutting a
curved interface from the silica network results in a greater number of closely spaced
silica O-O in contact with water as well as a greater number of non-bridging oxygen
before the glass is even exposed to water. As shown in Table 7.4, this difference in
surface structure results in a smaller fraction of SiOH sites donating to bridges and a
larger fraction donating to non-bridging oxygen.
7.3.3

Effect of subsurface depth on lifetimes

It is convenient to divide the flat systems into slices in z to ascertain whether the depth at
which these sites exist below the silica surface is causing the wide range of lifetimes
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exhibited. Because the 2 nm surface film system has a very well-defined interface at z =
50.09 Å (the location at which the SiO2 was cut during the Cut step of system assembly)
and the largest surface area of the four systems simulated, the results of this depth
analysis presented here are from that system. However, the same analysis was performed
on the 3 nm confined film system and the results were consistent.
In the case of SiOH2+ (Figure 7.7), SiOH2+ protruding into the water ("above the surface,"
or +3 Å > (dz = z - zinterface) > +0 Å above the interface) tend to retain protons for longer
times than SiOH2+ sites "at the surface" (+0 Å > dz > -3 Å) and "below the surface" (-3 Å
> dz > -6 Å). This indicates that subsurface SiOH2+ is far less stable than SiOH2+ that is
above the surface. The key differentiating factor between the above-surface and at- or
below-surface volumes is the presence of mobile water molecules; thus, it follows that
SiOH2+ that is solvated by water tends to retain its proton continuously for longer times
than SiOH2+ that has, by virtue of being in the subsurface, few (if any) neighboring H2O
molecules. The mechanisms underpinning the rapid deprotonation of subsurface SiOH2+
follow in the next section.
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Figure 7.7 cc(t) of SiOH2+ sites in the 2 nm surface film system as a function of
subsurface depth. The surface was cut at z = 50 Å, so "+3 to 0" corresponds to a
volume element bounded by 50 Å < z < 53 Å, "0 to -3" is 47 Å < z < 50 Å, and "-3 to
-6" is 44 Å < z < 47 Å.

Si-(OH+)-Si does not exist above the interface by definition of the interface (i.e., the zplane above which all silica atoms, including all bridging oxygens, were removed), so
only sites "at the surface" and "below the surface" could contribute to the calculated cc(t)
(Figure 7.8). These sites show a median time to deprotonation of between 64 fs (-3 Å >

dz > -6 Å depth) and 99 fs (+0 Å > dz > -3 Å). By comparison, cc(t) for SiOH2+ shows a
median time to deprotonation of between 67 fs (+0 Å > dz > -3 Å) and 100 fs (-3 Å > dz
> -6 Å).
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Figure 7.8 cc(t) of Si-(OH+)-Si sites in the 2 nm surface film system as a function of
subsurface depth

Unlike SiOH2+, though, Si-(OH+)-Si occurs at subsurface depths between -6 Å > dz > -9
Å where no SiOH2+ is ever present, which is an observation consistent with the
mechanism for proton transport into the silica subsurface presented in Chapter 5. These
bridges show an appreciably higher tendency to remain protonated for lifetimes t > 0.1
ps, and because of the absence of any other protonated sites at these depths, the
deprotonations contributing to cc(t) in this case must be bridge-to-bridge transfers. The
work presented in Chapter 3 demonstrated that protons preferentially bind to bridges with
strained bridges with Si-O-Si angles of ~135°, and it is likely that the two lifetime
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populations within -6 Å > dz > -9 Å (those with lifetimes t < 0.1 ps and 0.1 ps < t < 50
ps) are the result of protons either rapidly hopping between bridges with angles not
favorable for proton adsorption or stably adsorbing to strained bridges and exhibiting
limited mobility thereafter.
7.3.4

Proton transport mechanisms in the silica subsurface

Whereas H3O+ in solution and near the interface invariably deprotonates (with the
majority not exhibiting continuous protonation for longer than 10 ps), both SiOH2+ and
Si-(OH+)-Si exhibit the capacity, albeit uncommonly, to remain protonated for hundreds
of picoseconds. These sites tend to exist in parts of the silica subsurface that are largely
immobile due to steric effects. An example of such a site is shown in Figure 7.9, where a
deep pit in the silica surface that formed during the melt-quench process became filled
with single molecules of H2O.
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Figure 7.9 Orthographic projection of subsurface channel filled with sterically
immobilized water molecules from 3 nm confined film system. Site A is a SiOH and
Site B a Si-(OH+)-Si; these two sites formed as the result of the dissociative
chemisorption of a water molecule at Site A which originated as a 3-coordinated Si.
Dashed line corresponds to the z plane defined as the interface (z = 54 Å), and the z
direction is shown.
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These sites form as molecular H2O diffuse into the subsurface via surface-connected
channels. Upon coming into contact with an undercoordinated Si that is a residual defect
from the melt-quench process, they chemisorb to form SiOH2+ in a process analogous to
that observed on silica surfaces exposed to water vapor[127].
Unlike at the surface though, the oxygen environment around the newly formed SiOH2+
is rigid. It is often the case that this newly formed SiOH2+ is closer to a network oxygen
(most often bridging oxygen) than the typical 2.6 Å to 3.0 Å experienced in liquid
water[126, 212], and these short O-O distances drive down the barrier to proton transfer
as shown in Chapter 6 and in QM calculations[156]. Thus, the excess proton readily
transfers to a neighboring bridge to form Si-(OH+)-Si and SiOH (as pictured in Figure
7.9). However, if this bridge does not have the necessary angular strain near ~135° to
metastably support a proton as described in Chapter 3, the proton will readily transfer
again via either the reverse reaction back to the original SiOH or an uncorrelated transfer
to another bridge. The net result are many very short lifetimes that manifest in the very
sharp drop of cc(t) for both SiOH2+ (Figure 7.6) and Si-(OH+)-Si (Figure 7.5) for t < 0.05
ps that does not exist in cc(t) for H3O+ (Figure 7.4).
In principle it is possible for the connectivity of the oxygen network surrounding such a
subsurface SiOH2+ to be such that proton transfer never occurs and the subsurface
protonated oxygen is arbitrarily long-lived. However, thermal motion within the silica
network's atoms and the flexibility of the Si-O-Si bridge permit considerable fluctuations
in local network geometry. The environment surrounding the oxygens labeled A and B
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in Figure 7.9 (hereafter denoted OA and OB) are shown in Figure 7.10 during a time in
which the proton transfers from the bridge to the silanol and then back again.

Figure 7.10 Geometry of the bridging oxygen and silanol sharing an excess proton
depicted in Figure 7.9. Site B is the bridging oxygen and site A is the non-bridging
oxygen. rB-H is the distance between OB and the excess proton; rA-H is the distance
between OA and the excess proton; Si-O-Si Angle is the bridging angle of OB.
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Despite being embedded in the silica network, the Si-(OBH+)-Si angle shows some
flexibility while protonated (t < 823.0 ps). The lowest angles experienced before transfer
(~137°) are near the range of preferred angles for proton adsorption, but the widest angles
(~146°) are an unstable angle for adsorption as per the findings in Chapter 3. Despite
vibrating to these wide angles virtually every picosecond, they alone do not prompt
proton transfer to the SiOAH site.
Examining the bonding environment immediately before the successful transfer (Figure
7.11) reveals that the transfer is coincident with a widening of the bridging angle (thick
grey line), but the transfer of H+ from OB to OA (solid black and red lines, respectively)
between t = 822.75 ps and t = 823.00 ps precedes this widening. However, the OA-OB
spacing (dashed line) falls below 2.5 Å, which is the O-O distance below which proton
transfer between H3O+ and H2O occurs in water. This narrowing of OA-OB is not caused
by the Si-OA distance increasing though; this Si-OA distance (dotted blue line) is
remarkably stable throughout the transfer process.
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Figure 7.11 Geometry during transfer from bridge to SiOH. The O-O spacing, rAB,
is represented above as (rAB - 1.0 Å) to bring all data to the same length scale. rSi-A is
the distance between OA and its neighbor Si.

From this, it is clear that the transfer of H+ from OB to OA is initiated by a narrowing of
the OA-OB spacing, and this OA-OB distance is narrowing despite both the Si-OA bond not
stretching and the Si-OB-Si angle actually widening and bending away from OA. This is
only possible via some longer-range collective motion within the silica network where
the entire SiOAH and Si-(OBH+)-Si complexes are moving towards each other in a
breathing-like vibration mode. The widening of the Si-(OBH+)-Si raises the energy of the
adsorbed H+, and the reduced OA-OB distance drives this barrier to transfer sufficiently
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low that the proton transfers and forms SiOH2+. This site persists for 4 ps before both the
OA-OB distance is short enough and the Si-(OBH+)-Si angle narrow enough for the reverse
reaction to occur. The fact that the SiOH2+ transfers back to Si-O-Si so quickly suggests
that SiOH2+ may be less stable overall than Si-(OH+)-Si; this is confirmed quantitatively
in Chapter 8.
This transfer process, moderated by the coincidence of several transient structural
characteristics, is representative of the mechanism that contributes the longer-lived
lifetimes in cc(t) for both SiOH2+ and Si-(OH+)-Si. The amorphous nature of the silica
also makes the environment surrounding each metastably adsorbed subsurface proton
prone to different localized breathing modes that moderate the frequency of these
transfers. In fact, all four of the simulated systems here exhibited a small number of
subsurface sites with equilibrium OA-OB spacing near 2.5 Å. By virtue of the fact that
these sites spend a significant amount of time with rAB < 2.5 Å, the proton transfers back
and forth repeatedly throughout the entire 1.0 ns Production runs.
Thus, the short-time portion of cc(t) for SiOH2+ and Si-(OH+)-Si are comprised of rapid
H+ transfers between unstable subsurface sites analogous to "proton rattling" observed in
H+ transport in water. Once adsorbed to a metastable subsurface site, both SiOH2+ and
Si-(OH+)-Si have the capacity to remain protonated for long lifetimes. The only time
during which H+ can transfer from these long-lived sites is via a collective breathing
motion of the silica that both brings the transferring OA and OB close enough to transfer
and the bridge is either at a wide enough angle to deprotonate (in the case of Si-(OH+)-Si
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acting as the proton donor) or narrow enough to accept the proton (in the case of SiOH2+
being the proton donor). This causes the long-lived tail of cc(t) for these sites.
Neither the long tail nor precipitous elbow-shaped drop at very short times are present in
the H3O+ cc(t) because H3O+ is far more mobile. While proton transfer from H3O+
molecules does involve the concerted motions of molecules in the H+ second solvation
shell[201], the connectivity of the hydrogen bond network is far less rigid than that of the
silica network, allowing the necessary geometric criteria for transfer to occur much more
frequently. It follows that proton transport in regions in contact with the hydrogen bond
network will be faster than proton transport in the silica network, and this is consistent
with the observation of enhanced proton conduction in hydrated high-surface area silicas
but not bulk silica with high water content.
The importance of collective breathing within the silica network to moderate proton
transport also emphasizes the importance of using large, extended silica systems to
accurately capture the dynamics of protons within silicate networks via simulation. The
majority of simulations on these systems are performed with either crystalline silica or
cluster models due to the computational expense of quantum simulations, yet such
systems lack the network connectivity and topographic heterogeneity that underlie these
interfacial and subsurface proton transfer mechanisms.
7.3.5

Implications for proton conduction

Both QM and MD have shown that the formation of interfacial H3O+ is a likely
contributor[127, 149] to the abnormally high proton conductivity of hydrated mesoporous
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silicas[52-54], and the work presented in Chapter 3 suggests that the Si-(OH+)-Si site can
also act as a pathway for proton conduction along the surface. Given the similarities in
lifetime populations shown in Figure 7.3, it follows that all three sites of excess charge
(H3O+, SiOH2+, and Si-(OH+)-Si) can contribute to proton transport along the water-silica
interface due to their acidity.
Furthermore, the majority of proton transfers observed in all systems occur in the
immediate vicinity of the interface. Examining the sites to which each SiOH2+ and Si(OH+)-Si donate their excess protons reveals that H3O+ is the predominant acceptor in
both film systems and the low-density pore (Figure 7.12a and b), reinforcing the role that
hydronium is a key component in interfacial proton transport. However, the frequency
with which H3O+ transfers its proton to a surface site rather than H2O is significant
(Figure 7.12c), and the formation of SiOH2+ plays an equally significant role in
interfacial proton mobility.
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Figure 7.12 Distribution of acceptor sites receiving protons from SiOH2+ sites (a), Si(OH+)-Si sites (b), and H3O+ (c). Alternatively, these data express the probability
that any given site will donate its proton to the given acceptor.

Finally, the differences in curvature between the flat and cylindrical systems appear to
result in proton transfers favoring surface-to-surface mechanisms over surface-to-water.
The densely filled cylindrical pore actually favors SiOH as a proton acceptor over H2O
due to the increased ratio of surface area to interfacial liquid volume. With that being
said, anhydrous non-bridging sites (SiO-) appear to play a negligible role in proton
mobility near the interface, as once these sites accept a proton to form SiOH, they are
highly stable against deprotonation until a second proton adsorbs and forms SiOH2+.
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7.4

Conclusions

Molecular dynamics simulations utilizing a Dissociative Water Potential reveal that the
interface between liquid water and amorphous silica is chemically, structurally, and
dynamically diverse.

The lifetimes exhibited by H3O+ near the silica surface are

significantly shorter than H3O+ in bulk solution, and SiOH2+ and Si-(OH+)-Si sites that
form at this interface exhibit similar lifetime distributions. The curvature of water-silica
interfaces has a minor effect on the lifetimes of these sites insofar as curved interfaces
present a different surface-to-volume ratio of interfacial liquid as well as a different
distribution of surface defects to which protons can adsorb.
Protons exhibit very different transport mechanisms in the subsurface though; while most
of the proton mobility manifests near the interface where mobile H2O can act as an
acceptor, limited concentrations of H+ exist in the subsurface as SiOH2+ and Si-(OH+)-Si
which form as H2O diffuses down surface-connected channels and dissociatively
chemisorbs. Once formed, these sites show either very short lifetimes as the excess
proton rapidly rattles between various closely spaced, unstable SiOH and Si-O-Si
adsorption sites, or very long lifetimes once they adsorb to a strained bridge with a
narrow (~135°) bridging angle. The collective motion of the silica network is also
responsible for facilitating subsurface proton transfer, but transport by these mechanisms
is expected to be much less frequent than in regions exposed to mobile water molecules
due to the rigidity of the oxygen network relative to liquid water.
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Chapter 8. Deprotonation Barriers of Interfacial Sites and Future Work
8.1

Introduction

The work presented in Chapter 7 underlines the complexity of the water-silica interface.
Whereas the behavior of proton transport in water is relatively well understood from
quantum-mechanical calculations[121, 156, 202, 220], MS-EVB molecular dynamics
simulations[207, 218, 221, 227], NMR [219], ultrafast spectroscopy[122, 204], and now
molecular dynamics using the Dissociative Water Potential, proton transport along the
silica surface is complicated not only by the presence of a new phase (silica), but by the
fact that this phase is extremely heterogeneous and shows the capacity to exhibit a wide
range of transport mechanisms.

Factors such as the silica surface chemistry and

topography (which was altered by introducing curvature in Chapter 7) and the subsurface
depth at which protonated sites existed were both shown to contribute to the overall shape
of the proton autocorrelation function, cc(t).
Thus, while cc(t) contributes valuable information towards understanding how protons
behave when associated as these sites, the picture offered by cc(t) alone is incomplete
because cc(t) examines the behavior per transfer rather than per site. That is to say, each
proton transfer contributes an H(t) term to Equation 6.1, so a single pair of oxygen sites
(e.g., Figure 7.10) that have a sufficiently low O-O spacing by virtue of the melt-quench
process can contribute hundreds of H(t) values to cc(t) while another surface site may
only contribute one.
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The intermittent autocorrelation function ci(t), as described in Chapter 6, does partially
address this problem of proton rattling by contributing only one h(t) per site since
multiple protonation/deprotonation events all contribute to the same history-independent

h(t) term. While this is perfectly suitable in the case of proton transport in homogeneous
liquid water, it is less suited to studying sites on the silica surface. This is due to the fact
that, unlike in a homogeneous liquid where all oxygen sites are equivalent, certain
oxygens are predisposed to accepting protons as described in Chapter 3. Thus, while cc(t)
will over-represent highly reactive sites that donate the same proton to the same site
repeatedly, ci(t) will under-represent highly reactive sites that receive different protons
from different donor oxygens over the course of long simulations.
For this reason, it is advantageous to examine proton transport along the silica surface
from an entirely different perspective. Calculating the potential of mean force (PMF)
associated with deprotonation of these surface sites provides complementary insight into
the energetics of each site. Furthermore, this analysis can be performed on individual
sites with specific local environments to explicitly determine the effect of certain
topographic features on the surface. In turn, direct and quantitative insight can be derived
for the variety of surface sites thought to contribute ongoing mysteries of the water-silica
interface such as the bimodal pKa[83-87]. Realistically, such an undertaking is far
beyond the scope of this current work because a significant number of sites would have
to be analyzed, compared to the various low-energy surfaces of crystalline SiO2
polymorphs, and the contributions of strain, local network connectivity, surface structure,
and other relevant variations along the interface would have to be compared with existing
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experimental knowledge. Of course, experiment has targeted a wide variety of silica
surfaces, both crystalline and amorphous, each with unique concentrations of surface
sites that are a function of the processing employed to synthesize the samples[79].
Designing simulated surfaces to match this variety of experimentally examined surfaces
is not trivial, and experimental understanding of the exact structure of many mesoporous
silica surfaces is not well established.
Thus, there remains significant work to be done towards understanding the interface
between amorphous silica and water. As a first step towards these site-specific analyses,
a process for calculating the free energy barrier to deprotonation for individual sites has
been established and the cursory results from applying this process to a water-silica
interface are presented in this chapter. The barriers presented here do not attempt to
delineate the effects of any variables other than the coordination of the protonated surface
site because the mean PMF for deprotonation of each type of site still offers a general
overview of how these protonated sites compare to each other with respect to acidity. As
such, the relative acidities of SiOH, SiOH2+, and Si-(OH+)-Si are established here.
8.2

Experimental Method

The system examined is a 3 nm film of liquid water confined between slabs of silica as
shown in Figure 7.1a. Specifically, the water-silica system was derived from the final
configuration of the 3 nm confined system used in Chapter 7 after the 1.0 ns Production
step as described in Section 7.2.1. Oxygen atoms coordinated as SiOH, SiOH2+, and Si(OH+)-Si were arbitrarily chosen from near (±4 Å) the water-silica interfaces with the
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only specific selection criteria being that these protonated sites must be donating a
hydrogen bond to some nearby oxygen (hereafter denoted OA) that could act as a proton
acceptor (i.e., OA must be H2O, Si-O-Si, or SiOH). These chosen protonated surface
oxygens, hereafter referred to as O*, were then subjected to a PMF simulation similar to
those described in Chapter 6 where the RATTLE algorithm[210] was applied to hold the
O*-OA separation constant while the O*-H distance was slowly increased to sample the
equilibrium forces at each point along the O*-H reaction coordinate.
For each O* chosen, five O*-OA separations of 2.3 Å, 2.4 Å, 2.5 Å, 2.6 Å, and 2.7 Å were
applied and the PMF of the proton crossing each of these separations was calculated. The
starting configurations for each O*-OA distance were generated during a single
preparatory simulation whereby the O*-OA distance was gradually decreased from an
initial O*-OA distance of 2.8 Å to a final distance of 2.3 Å. This was accomplished by
setting the O*-OA constraint to 2.8 Å, letting the system relax for 0.1 ps, reducing the O*OA constraint by 0.01 Å, letting the system relax for 0.1 ps, and repeating. Every
picosecond when the O*-OA distance was a multiple of 0.1 Å, the system's configuration
was saved and used as the starting configuration for the PMF calculation at that O*-OA
separation. This preparatory simulation process is depicted schematically in Figure 8.1.
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Figure 8.1 Schematic of simulation process to generate starting configurations for
each of the five O*-OA distances used for PMF calculations. All OH bonds attached
to both O* and OA were held rigid during this step to prevent deprotonations from
occuring. Figure not drawn to scale.

While perhaps complicated, this approach ensured the following:
1. the starting configuration for each PMF calculation would not be at some
spuriously high energy as the result of having been instantaneously moved to the
specified O*-OA distance without letting the surrounding environment respond
2. the surrounding environment was allowed to respond to the different O*-OA
distances, but not given sufficient time to become uncorrelated from the starting
configuration for the previous O*-OA's starting configuration. This ensures that
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the different O*-OA distances for the same site maintain comparable local
environments.
This preparatory step generated five starting configurations corresponding to five O*-OA
distances for each O*. The PMF was then calculated in a fashion identical to that
described in Section 6.2.3. Namely, the O*-OA bond was held at a fixed distance while
the O*-H was fixed for 1 ps, incremented by 0.01 Å, and the process repeated. No other
bond constraints were imposed during this PMF calculation step.
It is important to reiterate that only sites with a valid acceptor oxygen were evaluated
here. This specifically excludes all non-vicinal silanol sites, as such excluded sites would
become hydrogen-bonded (vicinal) as soon as OA was brought within the fixed O*-OA
distance.
8.3

Results & Discussion

A total of four SiOH O* sites, six Si-(OH+)-Si O* sites, and four SiOH2+ O* sites were
analyzed. The resulting free energy profiles of each type of site were averaged together
to obtain a net deprotonation barrier for each O*-OA distance. As discussed in Chapter 6,
proton transfer in water occurs during the formation of a Zundel structure where the O*OA distance is ~ 2.4 Å. While this Zundel structure is not immediately relevant in the
study of proton transport along silica surfaces, the work detailed in Chapter 7 found
similar behavior where protons tend to transfer more readily when rO*O < 2.5 Å, either as
the result of collective network breathing modes or strain residual from the melt-quench
process. As such, the free energies calculated here for rO*O = 2.4 Å are expected to be
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indicative of the real barriers to deprotonation. These free energy profiles are shown in
Figure 8.2.

Figure 8.2 Free energy barrier for deprotonation of surface sites to acceptor
oxygens at a distance of 2.4 Å from the donor site

When compared to the free energy barrier for proton transfer in water (Figure 6.11), it is
clear that all three sites are highly acidic for rO*O = 2.4 Å and have a transfer barrier less
than half of that calculated for H3O+ deprotonation. However, it should be noted that the
free energy minima for SiOH and SiOH2 exists below the calculated range of rO*H values
at rO*O = 2.4 Å. Therefore the corresponding minimum-energy rO*H for these sites was
not explicitly found and must exist below rO*H = 0.97 Å, which was the first data point
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collected along this rO*H reaction coordinate. Because the free energies presented in
Figure 8.2 are shifted such that this minimum free energy for the reactant site
corresponds to ΔG = 0, the barriers shown are slightly lower than the true barriers. This
is exacerbated in the free energy profiles calculated for rO*O = 2.3 Å, so the free energy
profiles for rO*O = 2.3 Å are considered unreliable and not presented here.
This problem vanishes for rO*O = 2.5 Å though (Figure 8.3), indicating that the
equilibrium rO*H for SiOH and SiOH2+ is driven down as the result of the very short rO*O.
The fact that such significant compression of the equilibrium rO*H occurs at for rO*O = 2.4
Å suggests that this value of rO*O is unlikely to occur for the average SiOH and SiOH2+
site. Similarly, the Si-(OH+)-Si free energy profile indicates that ΔG for deprotonation is
negative and that the site is thermodynamically unfavorable at such short rO*O (2.4 Å).
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Figure 8.3 Free energy barrier for deprotonation of surface sites to acceptor
oxygens at a distance of 2.5 Å from the donor site

The free energy profile at rO*O = 2.5 Å is much more straightforward and shows that
SiOH2+ is more acidic than Si-(OH+)-Si, and that SiOH is the least acidic of these surface
sites. Furthermore, the barrier to deprotonation for SiOH2+, ~0.44 kcal/mol, is less than

kT (~0.59 kcal/mol at 298 K), suggesting that SiOH2+ readily deprotonates for rO*O = 2.5
Å whereas Si-(OH+)-Si may not.

This behavior is consistent with the hypothesis

presented in Section 7.3.2 where the differences in SiOH2+ lifetimes shown in the
different system geometries were attributed to small variations in temperature rather than
differences in topography. By comparison, cc(t) for Si-(OH+)-Si showed much more
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consistency across slight variations in average temperature, and the free energy barrier to
deprotonation for this site is appreciably higher than kT. As a matter of perspective
though, Si-(OH+)-Si at this rO*O exhibits acidity approximately equal to that of H3O+ in a
Zundel complex (Figure 6.11).

This high level of acidity at longer O*O distances

undoubtedly plays a role in bridges' role in subsurface proton conduction, where the rigid
oxygen network renders close approaches of neighboring oxygens far less frequent than
in liquid water yet protons still exhibit mobility once adsorbed to many subsurface
bridges.
A final interesting point that becomes evident at rO*O = 2.5 Å but not rO*O = 2.4 Å is that
the equilibrium (minimum energy) rO*H for SiOH remains at relatively short distance
(~0.99 Å) whereas the equilibrium rO*H for SiOH2+ and Si-(OH+)-Si move out to ~1.01 Å.
As discussed in Chapter 3, this is indicative of a stronger O-H bond in SiOH than SiOH2+
and Si-(OH+)-Si.

It follows that even if an acceptor oxygen OA can approach O*

sufficiently closely so that the deprotonation barrier drops to negligible levels (e.g., rO*O
= 2.4 Å), the proton will be more strongly held by SiOH than the other two sites when the
OA rebounds away, making it more likely that SiOH will retain its proton as rO*O (and the
deprotonation barrier) increases.
At rO*O = 2.6 Å (Figure 8.4), the trends evident at rO*O = 2.5 Å are simply magnified. As
would be anticipated, the deprotonation barrier increases as the distance between O* and
OA increases. SiOH2+ still maintains the lowest deprotonation barrier (0.708 kcal/mol)
and remains more acidic than the Zundel complex.
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Figure 8.4 Free energy barrier for deprotonation of surface sites to acceptor
oxygens at a distance of 2.6 Å from the donor site

The free energy profiles for rO*O = 2.7 Å follow this same general trend, but performing
these PMF calculations at these large O*O distances becomes problematic. In many
cases, the proton was found to pop out of the O*-OA transfer path and hydrogen-bond
with another nearby O. The free energy profile that results is then that of H+ transferring
from the given O* to an acceptor of an unconstrained distance. While this may seem like
a valid, and perhaps more realistic, free energy profile, the barrier height that results from
simulating unconstrained O*-OA distances is spuriously large. This is the result of the
fact that the true proton transfer process occurs when the O*-OA distance temporarily
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decreases and reduces the transfer barrier.

The PMF method here samples the

equilibrium force experienced by H+ for each rO*O, so unless the O*-OA distance is
constrained to these short distances, its equilibrium position (and therefore the calculated
equilibrium force on H+) corresponds to the overall average O-O distance of ~ 2.7 Å.
8.4

Conclusions

These free energy profiles establish that, on average, SiOH2+ is the most acidic of the
protonated surface sites and SiOH is the least acidic. The barrier to transfer in SiOH2+ is
below kT for rO*O < 2.6 Å which allows it to readily deprotonate, and Si-(OH+)-Si and
SiOH2+ are more acidic than the Zundel cation and have the capacity to transfer protons
to acceptor oxygens over a larger O*-O distance. This establishes the capacity for these
sites to participate in proton transfer along the water-silica interface by both readily
accepting and donating excess protons, serving as a hopping points in addition to H3O+ in
the structural diffusion of H+ in the vicinity of these surface sites. These results are
preliminary yet reaffirm the results and hypotheses presented in this dissertation.
Applying this PMF method to more surface sites and discriminating between Q2, Q3,
vicinal, isolated, and surface/subsurface sites would elucidate which sites and what
conditions are most likely to affect proton transport along the interface. In turn, applying
this fundamental understanding to processing may enable the engineering of silica
surfaces in porous silicates that maximize the conductive pathways. Such a material
would have obvious use as an efficient mesoporous silica proton conductor.
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Chapter 9. Summary
9.1

Fundamental Findings

Molecular dynamics simulations utilizing the Dissociative Water Potential have been
applied to study the interface between amorphous silica and liquid water. In addition to
the formation of SiOH in concentrations anticipated from experimental results, SiOH2+
and bridging OH (Si-(OH+)-Si) were found to form as highly acidic sites. The bridging
OH site was analyzed and found to show behavior similar to that predicted by quantum
mechanical simulations: the bridges most likely to be adsorption sites have a bridging
angle between 125° and 135°, and these preferred angles are appreciably smaller than the
average angle of 150° in bulk silica. The rigidity of the silica network allows very
limited flexing of this angle, indicating that the formation of these bridging OH sites is a
result of the amorphous structure and pre-existing variation in Si-O-Si angles rather than
a response to water exposure.
To explore how this site (as well as SiOH2+ and SiOH) contributes to proton transport at
the water-silica interface, the proton transport properties that arise from the Dissociative
Water Potential were determined in bulk water. Again, results compared favorably with
existing knowledge of proton transport behavior in water.

Two femtosecond-scale

lifetimes in the vicinity of ~60 fs and ~550 fs were revealed, consistent with the known
behavior of protons rattling between the oxygens of Zundel complexes observed in
quantum mechanical simulations and experiment.
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The third time-scale for proton transport is on the order of picoseconds and results from
the hydrogen bond along which the transfer occurred breaking within 50 fs of the
transfer. These picosecond-scale lifetimes are what contribute to measurable proton
transport, and the long-time behavior of proton transport in water matches the behavior
predicted by MS-EVB MD simulations but in a fraction of the simulation time. Finally,
the potential of mean force indicates that the barrier for proton transport in water is
similar to that predicted by quantum calculations, and the interconversion between Eigen
and Zundel complexes, accompanied by a reduced O-O distance and lower transfer
barrier, are what moderate proton transport in liquid water.
Applying the same sort of analysis to the water-silica interface highlighted the chemical,
structural, and dynamical diversity there relative to bulk water. The interface greatly
shortens the lifetime and proton autocorrelation probability for H3O+, and excess protons
readily transfer not only to neighboring H2O molecules, but to Si-O-Si and SiOH sites
that display similarly short lifetimes and similar timescales of autocorrelation. This
affirms that proton transport at the water-silica interface is the result of far more than
only the interactions between H3O+ and H2O.

Potential of mean force calculations

indicate that SiOH2+ and Si-(OH+)-Si are both highly acidic and are capable of
transferring a proton to a neighboring oxygen without having to reduce the O*-O distance
as much as in the Zundel complex. SiOH2+ is the most acidic of these surface sites and
shows measurably shorter lifetimes with small increases in temperature due to the proton
transfer barrier being ~ kT.

Si-(OH+)-Si is slightly less acidic, but still readily

deprotonates and maintains a transfer barrier less than that of H3O+ in solution.
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Protons that find their way into the silica subsurface, whether it be via site-to-site
hopping or molecular diffusion into surface-connected channels followed by dissociative
chemisorption, exhibit very different transport mechanisms. These sites show bimodal
behavior, where sites either rapidly deprotonate or remain protonated for long periods of
time.

The rapid deprotonation is a result of the excess proton associating with an

energetically unfavorable SiOH or Si-O-Si site and simply bouncing around between
such unfavorable sites or being caught between two closely-spaced network oxygens that
have a permanently reduced transfer barrier. Long-lived sites are the result of protons
adsorbing to bridges with favorable adsorption angles (~130°) or having no nearby
oxygen to which the proton can readily transfer. Transfer is still possible in the latter
case, where collective breathing-like motion of the silica network can infrequently create
conditions where the adsorption angle of a bridge is unfavorable to adsorption and the OO distance is simultaneously close enough to lower the transfer barrier and permit
transfer.
9.2

Applied Findings

The Dissociative Water Potential, when applied to amorphous silica, demonstrates the
same resilience and rapid self-healing in response to ballistic radiation shown in other
models. However, the inclusion of moisture was found to have deleterious effects on this
ability for the glassy network to heal by passivating one or both ends of bonds ruptured
during irradiation. This manifests in an increased rate of defect accumulation and an
alteration of the glassy network's ring distribution, favoring the formation of small and
large rings at the expense of the intermediate-sized rings that normally comprise the
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majority of the silica network.

These large and small rings are indicative of void

formation into which additional water can enter, and this fresh water can then further
accelerate damage accumulation and dramatically alter rate at which simulated waste
glasses will appear to degrade.
Simulation of a large silica surface in contact with water showed similar results, where
significant quantities of H+ were found to move into the irradiated subsurface. This
ingress of H+ is a product of the combined increase in temperature and defect channels
that are produced by irradiation damage: the higher temperature promotes H2O diffusion
into the subsurface, and the radiation damage provides highly reactive ruptured sites to
which H2O dissociatively chemisorbs. The excess H+ exists as SiOH2+ and Si-(OH+)-Si
and rapidly react with any SiO- sites that form during the damage process in the
subsurface. Once formed, the resulting SiOH is very stable against thermal deprotonation
and reformation of bridging oxygen. These mechanisms are simply not included in any
of the simulations of radiation damage in silica for waste form research, but this work
establishes that the effect of moisture is not negligible when modeling the durability of
true silicate waste forms.
The fact that radiation damage creates these defect channels and an abundance of
protonated defect sites also suggests that proton conductivity in irradiated silica should
increase. While speculative, this may mean that measuring the proton conductivity of
waste forms may be a convenient way to quantify the level of degradation in existing
waste forms.
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9.3

Concluding Remarks

Although water-silica systems are abundant throughout a wide variety of physical
sciences, our understanding of the chemistry and physics of this interface is far from
complete. Until recently, SiOH was thought to be the only protonated site of interest
there, but new experimental techniques are emerging that have exposed new levels of
complexity that have not been fully appreciated in the past. Computer simulation now
finds itself in a position to provide unprecedented clarity and insight into the
measurements of these experiments, and the Dissociative Water Potential has been
applied in this work to capture the complexity of the water-silica interface and provide
new perspectives on the processes that occur there.
The Dissociative Water Potential represents an evolutionary step beyond the
conventional, non-reactive water models that have been used over the last three decades,
and it obviates the need to impose a model of the protonated silica surface a priori to
compensate for these legacy models' lack of reactivity. The results presented here are the
first comprehensive look at the structure, chemistry, and dynamics of what occurs when
large amorphous silica surfaces come into contact with chemically accurate liquid water,
and they have revealed what quantum calculations and cutting-edge spectroscopic
measurements have begun to suggest. The conventionally held view of the hydrated
silica surface extends beyond SiOH: SiOH2+, Si-(OH+)-Si, and interfacial H3O+ all play a
role in the behavior of this interface. As high-resolution experiments and very highsurface-area materials begin to expose the effects of these sites, the calculations presented
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here establish a metric of relative behavior as a function of surface properties for the
protonated sites that exist at the water-silica interface.
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