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ABSTRACT: Amorphous silica (a-SiO,) surfaces, when grafted
with select metals on the active sites of the functionalized surfaces,
can act as useful heterogeneous catalysts. From a molecular
modeling perspective, one challenge has been generating a-SiO,
slab models with controllable surface roughness to facilitate the
study of the effect of surface morphology on the material
properties. Previous computational methods either generate

Silanol
relatively flat surfaces or periodically corrugated surfaces that do functionalized
not mimic the full range of potential surface roughness of the rough surface

I
f . Cleaving
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amorphous silica material. In this work, we present a new method,
inspired by the capillary fluctuation theory of interfaces, in which Roughness

rough silica slabs are generated by cleaving a bulk amorphous

sample using a cleaving plane with Fourier components randomly generated from a Gaussian distribution. The width of this
Gaussian distribution (and thus the degree of surface roughness) can be tuned by varying the surface roughness parameter a. Using
the van Beest, Kramer, and van Santen (BKS) force field, we create a large number of silica slabs using cleaving surfaces of varying
roughness (a) and using two different system sizes. These surfaces are then characterized to determine their roughness (mean-
squared displacement), density profile, and ring size distribution. This analysis shows a higher concentration of surface defects
(under-/overcoordinated atoms and strained rings) as the surface roughness increases. To examine the effect of the roughness on
surface reactivity, we re-equilibriate a subset of these slabs using the reactive force field ReaxFF and then expose the slabs to water
and observe the formation of surface silanols. We observe that the rougher surfaces exhibit higher silanol concentrations as well as

bimodal acidity.

1. INTRODUCTION variety of force fields”' >’ have been used to create and
Because of its high surface area, diversity of potential active characterize bulk amorphous silica structures, ‘as well as to
sites, and high catalytic activity,’ > amorphous silica has generate hydroxylated surfaces through either ad hoc
proven to be an excellent support medium for metal oxide functionalization or autofunctionalization. Realistic metal-
catalysts.” For example, Cr/SiO, Phillips’ catalysts are used in doped clusters can then be carved out of the silica slabs, a
the ethylene polymerization process for a significant fraction of metal atom at a surface site followed by DFT geometry
commercial polyethylene production,” Nb(V)/SiO, catalysts optimization.”* > Machine learning and ab initio calculations
are used in multiple chemical selective epoxidation pro- can help predict and select catalytic active sites for metal
cesses,’ " and W/SiO, or Cr/SiO, catalysts are employed in grafting, ™
olefin metathesis."" Unlike crystalline silica, amorphous surfaces can vary in
The diverse and distinctive surface sites of amorphous silica surface roughness depending upon the method of preparation;
make it difficult for the selection of active sites and rational therefore, the ability to create silica models with controlled
design of silica-supported catalysts.”* Over the years, there roughness is necessary to fully model realistic systems.

have been attempts to study the surface chemistry of silica.'”
Experimental chemists have utilized spectroscopic methods
such as Raman, IR, and NMR"*™'® to study the concentration
and distribution of silanol and siloxane groups or methods such -
as UV—vis DRS, FTIR, XPS, or ESR to study the structure and Received: July 23, 2023
number of active sites'”*° on the surface. Revised:  September 26, 2023
Computational tools and molecular simulation methods can Accepted: October 11, 2023
provide an atomic understanding of the structure and Published: November 8, 2023
mechanism of materials and material processes of chemical
interest. Molecular dynamics (MD) simulations utilizing a

However, the current methods for the generation of model
silica surfaces are not adequate for this task. For example, the
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Figure 1. From left to right: planar, corrugated, and rough cleaving plane with increasing fluctuation.

most common method of generating silica slabs is the so-called
melt-quench-cleave process in which crystalline bulk silica is
melted at high temperatures (>4000 K) to obtain an
amorphous structure and quenched to room temperature
(298 K) where it is cleaved with a planar cleaving plane. This
method, however, generates relatively flat surfaces with a
limited ability to tune surface roughness. This is problematic
for subsequent grafting and characterization studies because
such artificially flat surfaces reduce surface area, limit the range
of catalytic sites, and affect the structure and hence catalytic
activity of the grafted metal clusters.’

Recently, Wimalasiri et al.”” proposed a method to generate
silica slabs of varying roughness using a melt-cleave-quench
approach, in which bulk silica is first melted at a very high
temperature (8000 K), followed by cleaving the system with a
planar cleaving surface in the melt phase and then quenching
the slabs back to 298 K at a set cooling rate. The surface
roughness of the final slabs results from frozen-in capillary
fluctuations of the liquid surface and is shown to be
controllable through variation in the cooling rate in simulations
using the BKS potential.’” This method, while very successful
at generating silica slabs of higher and more controlled
roughness compared to the aforementioned “melt-quench-
cleave” method, had three major drawbacks: first, besides
giving varying surface roughness, the different cooling rates
also gave differences in the underlying structure of the bulk
region of the slabs. Second, the range over which roughness
could be varied was limited, and finally, the method was not
applicable to potentials for which the hi%h temperature melt
phases are unstable, such as ReaxFF.”***"”

One potential solution to generate rough surfaces without
having to vary the cooling rate (which affects other properties)
would be to modify the melt-quench-cleave method to use a
rough, not planar, cleaving surface. In an early attempt at this,
Lee et al.”’ used a predefined cleaving surface consisting of a
single-mode 2D sinusoidal wave, as shown below

2
z(x, y) = b sin [Zﬂ]sin [ﬂ]
L L

where both the amplitude b of the wave and the cross-sectional
dimensions L, and L,, which control the peak spacing, can be
adjusted. These slabs were then used to study the effect of the
local surface curvature on the adsorption of polyamines to the
surface. However, because only a single Fourier mode was

(1)

9832

used, the surfaces produced by this method are better
described as “corrugated” as opposed to “rough”.

In this work, we describe a method to generate stochastically
rough cleaving planes for the production of silica slabs using
the melt-quench-cleave procedure. This method takes its
inspiration from the capillary fluctuation theory (CFT)
description of surface fluctuations of a rough surface.*' In
CFT, the local height of the surface normal to the interfacial
plane is described as a general Fourier expansion with
amplitudes that are chosen from a Gaussian distribution
dependent on the magnitude of the wavevector. For a normal
fluctuating interface, the width of this distribution is governed
by the stiffness of the interface. CFT has proven useful in the
calculation of interfacial stiffness (and interfacial free energy)™*
and interface step fluctuations*’ and to determine the kinetic
coefficient for near-equilibrium crystal growth.”* Here, we use
the stochastic Fourier expansion of CFT to generate rough
cleaving surfaces in order to create silica slabs with controlled
roughness. The difference among planar, corrugated, and
rough cleaving surfaces is illustrated in Figure 1.

2. CLEAVING USING ROUGH SURFACES

2.1. Generation of Stochastic Cleaving Surfaces.
Inspired by CFT,*"** we define a rough cleaving surface by
extending eq 1 to include multiple Fourier modes

) (mn'x] . [mry]
b,,sin | — | sin [ —
L, Ly )

Here, L, = L, = L are simulation box lengths in the x and y
directions and b, is the amplitude of wave vector k = (k,, k,)
= (mn/L,, nn/L,).

The maximum values m,,, and n,,, are chosen so that the
minimum wavelength of a mode in any direction is
approximately equal to the cutoff Si—O distance of 1.8 A. As
in CFT, we assume that Fourier modes corresponding to
different wavenumbers are independent with amplitudes
randomly distributed according to a Gaussian distribution in
the magnitude of the wavevector k = k> = kI + k; = 7°(m” +

nZ)/LZ
o2 2y
o1 (BT |t
4 (3)

where we have introduced a roughness parameter a. Smaller
values of a correspond to rougher cleaving surfaces. For the

m max max

SODEDIDY

m=1 n=1

a(m* + n?)
2
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case of a dynamically fluctuating solid—liquid interface in CFT,
a is inversely proportional to the surface stiffness 7. Here, we
simply use & as a control parameter to “dial in” specific degrees
of roughness. Other distributions for b,,, are possible, but we
have chosen this one for this study because it does have a
physical basis in CFT; for example, for a surface formed
through the rapid quenching of a liquid slab, whose surface
should fluctuate according to CFT, we would expect the
surface fluctuations to be well described by a Gaussian
function. Without another physical model or experimental
evidence pointing to another distribution, it is difficult to
speculate as to what an appropriate alternate distribution might
be. The current study has as its primary purpose the
introduction of the concept of the use of multimode Fourier
cleaving planes to create rough surfaces and a study of multiple
possible distributions is beyond the scope of this paper.

For a desired value of @, a sample cleaving surface can be
generated by using eq 2 with a set of b, chosen randomly
from the distribution given by eq 3. In this way, multiple
independent cleaving surfaces can be created for the same
value of @, allowing for the creation of silica slabs with
controlled roughness. The rough silica slabs are created by
inserting the cleaving surface inside the simulation box and
shifting all atoms above the cleaving surface up by the z-
direction box length L, (effectively doubling the z-direction
dimension to 2L,). The system is centered by shifting all
atoms, so that the average value of z over all atoms is zero
(after application of the periodic boundary conditions). For an
illustration of the cleavage process, see Figure 2.

z

N

Shift atoms

—

Recenter slab

Bulk System Cleaved Surface

Figure 2. Illustration of silica surface generation with cleaving
surfaces.

2.2. Quantification of Surface Roughness—Mean
Squared Displacement. To characterize the roughness of
the cleaving plane and the resulting silica slab, we utilize the
mean-squared displacement (MSD) relative to the average
interfacial position. The MSD of the cleaving surface itself can
be determined analytically. For a given realization of the
cleaving surface defined by a specific set of wave amplitudes
b,., the MSD is given by

1 L ke 2 2 2
—f f (z(x,y) —2) dedy = 2" — 2
LxLy 0 0

Minax Mmax Minax Mimax 2
DI Y M
- 4 mn 7;4 22

m=1 n=1 m=1,0dd n=1,odd mn

(4)

By averaging eq 4 over the entire probability distribution (eq
3), we obtain the analytical MSD associated with an ensemble
of surfaces generated using a given a
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<£> - /:DOP(bmn)(S_zz b, = <z_2> - <z_2>2

_Z Z 4 =

2.2 2 2
m=1,0dd n=1,odd Tmn (m +n )

(5)

The analytical multiple-configuration MSD, <E> can be

a
used to predict the range of surface roughness of systems

cleaved from a certain @ value. We conducted testings at

multiple & and observed that for a large enough set of cleaving

surfaces, <62z>
a

from data points on the cleaving surfaces with the same a.

To measure the roughness of the cleaved atomic surface, we
define an atomic MSD as the average squared deviation of the
z-coordinate of all surface atoms from their average height z

1 N
2P ) = =Y (z(x,y) - 2)*
< > N 21 ’ (6)

where z(x, y) is the specific height of each atom and N is the
total number of surface atoms on each silica slab. The
calculation of the numerical MSD is illustrated in Figure 3.

is equal to the numerical MSD, calculated

zi(x,y)

Figure 3. Illustration of the calculation of the numerical MSD, with
green circles being the surface atoms and vertical dashed lines
representing the perpendicular distance between the z-positions of
those surface atoms to their average height, as shown by the
horizontal dashed line.

A probing method is used to detect silica surface atoms. The
x—y cross-sectional plane is divided into square grids with a
side width of 0.3 A. At each grid, from the vacuum space above
or below the slab, a spherical probe with contact radii of 1.04 A
for Si and 0.76 A for O approaches the surface with a distance
increment of 0.0S A. The first atom to make contact with the
probe in each grid is designated to be a surface atom.

3. SIMULATION METHODS

3.1. Force Fields. In this work, we utilize two different
silica potentials. The first is the BKS potential due to van Beest,
Kramer, and van Santen.”” The BKS force field is a pairwise
potential commonly used in modeling crystalline and
amorphous silica and is generated by combining ab initio
calculations on small silica clusters, which allows for nearest
neighbor interactions with experimental data on larger systems
to account for interactions beyond nearest neighbors. The
potential has the following form

i

]
6

th Vt;

V("i;) = Aije_b"r‘i -
(7)
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a=0.01 a =0.02

a=0.03

a=0.05 a=0.1

Figure 4. Rough surfaces, cleaved with different roughness parameters (@ = 0.01, 0.02, 0.03, 0.05, and 0.1 A~ from left to right) and re-

equilibrated with the BKS force field.

Equation 7 describes the pair interaction between atom i and j
of interatomic distance r;. The first two terms describe the
short-range interaction in the Buckingham form, while the
third term represents long-range Coulombic interactions.
Atomic charges are defined such that g5 = —¢g;/2 to maintain
charge neutrality of the system. Specific parameters used in this
paper such as qg;, qo, A; by, ¢;; Coulombic term electrostatic
cutoff, and other parameters were taken from our previous
paper.”’

The second potential used in this work is ReaxF
which is a bond-order-based reactive force field developed by
van Duin et al.”> to describe chemical reactions, as well as to
model systems more realistically due to the ability to model
bond formation and dissociation and to update atomic charges
at every step.

The system energy described by ReaxFF is the sum of
multiple energy terms

23,38,
F, 39

Esystem = Ebond + Eover + Eunder + Elp + Eval + Etors

+ EvdW + ECoul (8)

Apart from the nonbonding terms that exist in classical force
fields such as van der Waals term (E,4,) and Coulombic term
(Ecou), ReaxFF also introduces bonding energy terms that
account for bonding (E,,,g), over- and under-coordination
(Eover & Eunger), lone pair (Ey,), valence angle (E,), and
torsion (Ey). These bonding energy terms are calculated
based on the bond order, which is directly calculated from
interatomic distances of atoms. The bond order is updated
continuously, allowing for bond formation and breaking.

Because of its properties, the ReaxFF force field effectively
bridges the gap between computationally expensive quantum
calculation methods and less accurate nonreactive classical
force fields. Multiple MD simulations have used the ReaxFF
force field to study the interaction of silica and water.”*>”* =%
In this paper, ReaxFF was used to model the autofunctional-
ization process of amorphous silica surfaces when exposed to
water. Force field parameters were taken from the 2010
Fogarty et al. paper,”* where trained Si/O/H bond parameters
and angle parameters from the 2003 ReaxFFSiO paper’” were
refitted to include proton—transfer reactions at the silica/water
interface.

3.2. Simulation Details. All MD simulations in this paper
were carried out using the Large scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software package.*

The simulations begin with an initial bulk amorphous silica
sample, consisting of 576 atoms (192 Si and 384 O atoms),
which was generated by heating a f-cristobalite structure at
constant pressure (1 atm) to 8000 K using the BKS force field,
followed by cooling to 298 K at a rate of 1 K/ps.”” This bulk
silica sample was then melted and equilibrated at 4000 K for
200 ps using an NP,AT ensemble and then cooled to 298 K
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with a cooling rate of 1 K/ps using 10 different random
velocity seeds to generate 10 different bulk amorphous silica
structures. For these simulations, the cross-sectional dimen-
sions are held fixed to simplify the analysis, with L, = L, = 21.0
A. In addition, a Berendsen thermostat (damping constant 1
ps) and a Berendsen barostat (damping constant 1 ps, modulus
360,000 atm) were employed.

Using the cleaving algorithm described in Section 2, each of
these 10 bulk samples was cleaved with 10 randomly generated
cleaving surfaces placed at 10 different height positions, with
chosen « values of 0.01, 0.02, 0.03, 0.0, and 0.1 A2 resulting
in 100 silica slabs for each a. The cleaved silica slabs were then
equilibrated for 2 ns by using the NP, AT ensemble. Figure 4
illustrates equilibrated silica slabs cleaved with cleavage planes
of different a values.

We also generated an additional set of 100 silica surfaces
using the standard melt-quench method and a planar cleaving
surface (@ = 00).”* In this set, surfaces were created by cooling
the previously generated bulk liquid silica sample using the
NP_AT ensemble with a cooling rate of 1 K/ps and expanding
the simulation box in the z direction to 80 A, allowing for
planar surface cleaving. The surfaces were then re-equilibrated
at 298 K for 200 ps, also using the NPzAT ensemble.
Coordinates for all generated slabs can be found in the
Supporting Information.

To examine the effect of system size, we generated a larger
bulk silica sample by doubling the length of the simulation box
in the x and y directions (42.0 X 42.0 A%), yielding a system
with four times the number of atoms (2304 atoms). With this
bulk sample, we applied the same cleaving protocol as
described above to rough and planar surfaces. The set of
cleaving roughness parameters (@) for this larger system have
values of 0.008, 0.01, 0.02, 0.03, 0.05, 0.1 A~% and co (planar).
In the next section, the atomic MSDs of surfaces generated
with planar and fluctuating cleaving surfaces will be compared
with those of the smaller size—because the larger size allows
for smaller wavevectors, it is expected that the MSD of the
larger systems will increase roughly logarithmically with the
surface area.”” (This can be seen by approximating the sums in
eq S by integrals and integrating using polar coordinates.)

In order to study the effect of roughness on surface
reactivity, we re-equilibrated our slabs using the ReaxFF
reactive potential. The ReaxFF force field allows for the
breaking and formation of bonds. (For more information on
the ReaxFF force field, see Section 3.1.) Here we expose the re-
equilibrated slabs to water, which will react with under/over-
coordinated atoms at the surface to form surface silanol
groups. In the silica—water reactive simulations, a bulk sample
of 200 water molecules was generated with the initial density of
1.0 g/ cm’ using Packmol software>® in a simulation box with
cross-sectional dimensions identical to that of the silica slabs.
The bulk water sample was equilibrated using the ReaxFF force

https://doi.org/10.1021/acs.jpca.3c04955
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Figure 5. MSD surface roughness of amorphous silica surfaces immediately after cleavage (black) and after re-equilibration (red). Left panel:

smaller system and right panel: larger system.

field with the NP AT ensemble at 298 K for 200 ps. Also using
the Packmol software, 10 equilibrated rough surfaces from the
set cleaved with @ = 0.02 and 0.1 A™* and planar surfaces were
then placed adjacent (in the z direction) to the equilibrated
bulk water sample with an initial interfacial distance of 2.5 A in
the z-direction. These silica—water simulations were run within
the NP,AT ensemble at 298 K and 1 atm using the ReaxFF
force field for 1.5 ns with a time step of 0.5 fs.

4. RESULTS AND DISCUSSION

In this section, we present results that show that we are able to
successfully produce surfaces with controlled roughness. In
addition, we examine the effect of surface roughness on silica
surface structures and the reactivity of the rough surfaces with
water. Section 4.1 presents atomic and numerical MSD data for
both the small and large systems to examine the surface MSD
as a function of roughness parameter o and to assess the effect
of system size. This is followed by an in-depth atomic-level
analysis of the silica surfaces of the smaller system in Section
4.2, including a characterization of the bond-distance and angle
distributions, density profiles, and surface defects, specifically
under/over-coordinated atoms and strained rings. In Section
4.3, we examine the reactivity of these rough surfaces when
exposed to water using the ReaxFF force field in order to
understand the effect of surface roughness on silanol formation
on the exposed surface.

4.1. Surface Roughness. Figure 5 shows the MSD versus
a for the small and large systems, respectively. Here, we
compare three values of interest, the analytical MSD (red), the
numerical MSD of actual silica surfaces before (blue) and after
(green) re-equilibration. MSDs for the planar cleaved surfaces
are 4.01(19) A* (before re-equilibration) and 3.7(2) A* (after
re-equilibration) for the smaller system and 4.4(2) A” (before
re-equilibration) and 4.0(2) A? (after re-equilibration) for the
larger system. Here and in what follows, the numbers in
parentheses represent the error estimates (20) in the last digits
shown.

For both figures, all three data sets follow the same trend:
smaller @ corresponds to higher MSD values, indicating
rougher surfaces. This agrees with our theoretical MSD
calculation shown in eq S. The atomic MSD values for the
actual silica surfaces are lower than the theoretical ones
because unlike the cleaving surfaces, silica surfaces are not
continuous but have a discrete atomic structure. Silica surfaces
are defined by a Si—O bond network with the average bond
distance of 1.62 A.>' Some fluctuations take place in the gaps
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between atoms, making no impact on surface cleaving and
therefore are not captured by atomic MSDs. Note that the
MSD values for the larger system are considerably larger than
those for the smaller system, as expected.

As we approach higher a values (toward o), the cleaving
surface approaches a flat plane and the analytical MSDs
decrease and eventually approach 0, while atomic MSDs
plateau at 1.5 A as a result of the intrinsic discrete atomic
structure of the amorphous silica surface. If this cleaving
method is applied on systems where atoms are more densely
packed, we can expect to see a smaller gap between atomic
MSD and analytical MSD. The atomic MSD of surfaces after
re-equilibration is lower than that of those before re-
equilibration because the process rearranges silica surfaces
and partially resolves dangling bonds formed as a result of
surface cleaving.

Henke et al.”* used atomic force microscopy and observed a
root-mean-squared displacement (rmsd) roughness for fused
silica glass samples with a surface area of S X S um” to be in the
range of 0.2—1 nm. It is slightly difficult to compare rmsd
values for systems of different sizes, but for a Gaussian
distribution, we would expect the rmsd to roughly scale with
the logarithm of the system size; therefore, it is possible to
estimate what the expected roughness would be if we could
extend our method to systems on the order of the experiments.
In this paper, we chose our roughness parameters a to be in
the 0.08—0.1 A~ for our silica system. Using the same range of
a to cleave 5 X 5 um? silica slabs, we can generate silica
surfaces with an estimated rmsd in the 0.61—2.23 nm range,
which is within the range of the experiment. More importantly,
we can tune « to generate surfaces as rough or flat as desired.

In the next subsection, we examine how surface roughness
affects the properties of the amorphous surface.

4.2. Surface Characterization. The current method to
use stochastic, rough cleaving surfaces allows for a systematic
study of the effect of roughness on surface properties that is
possible only to a limited extent using planar or corrugated
cleaving surfaces.

Mass- and coordination-density profiles along the z-
direction of the equilibrated surfaces are shown in Figure 6,
to provide structural insights into surfaces with varying
roughness parameters. These density profiles were calculated
by binning and averaging the atomic mass and the calculated
atomic coordination number of Si and O atoms along the z-
direction with a bin width of 1 A. In both figures, plots of silica
slabs with smaller o have more spread-out tails, a consequence
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Figure 6. Mass density and coordination density profile along the z
direction of silica slabs.

of larger surface fluctuations for rougher surfaces. In the mass-
density profile graph, the regions where mass density has small
fluctuations right below the 2.25 g/ cm? mark are the bulk silica
regions. The bulk density of amorphous silica generated with
the BKS force field agrees well with the mass density of 2.20 g/
cm?® for experimental data.”' For rougher surfaces, the bulk
silica regions are narrower, indicating wider surface widths.
These surface widths in those plots are consistent with the
MSD values in Figure 5. The two sharp peaks on the ends of
the mass density profile of silica slabs with planar cleaving
surfaces reflect the intrinsic shape of the silica surface, which
is washed out in the rougher surfaces in the averaging process.

Atoms in the bulk central region (—10 A < z < +10 A) have
ideal coordination numbers of 4 and 2, for Si and O,
respectively. Rougher surfaces also have more over- and under-
coordinated surface Si atoms (coordination numbers 3 and 5)
as well as O atoms (coordination numbers 1 and 3). These
over- and under-coordinated atoms are surface atoms resulting
from the breaking of bonds in the cleaving process, as
discussed later in this section.

The generated silica slabs can also be characterized by bond-
distance and bond-angle distributions. Full distributions of Si—
O bond distances, Si—O—Si bond angles, and O—Si—O bond
angles are shown in Figure 7 The distribution of the Si—O—Si
angle is bimodal, with a primary peak centered around 145°
and a secondary peak centered around 95°. For rougher silica
surfaces, we observed a minor shift of the primary peak
position toward small angles and a shift of probability density
into the secondary peak.

We also examine the number of .Si—O-—Si—O.. rings
present in each slab as a function of surface roughness. The
size of each ring is defined as the number of Si atoms in the
ring. In Figure 8, we plot the total number of rings in each slab,
averaged over all slabs of a given roughness. Du and
Cormack® showed that an increase in the Si—O-—Si angle
distribution in the secondary peak corresponds to a higher
fraction of two-membered rings, while the shift in the primary

Figure 8. Average total ring count, with the number of Si atoms
ranging from two to seven per ring. The number of members indicates
the number of Si atoms. Rougher surfaces have higher numbers of
two- and three-membered rings. They are strained rings that occur on
the surface, contributing to surface roughness and strained bond
angles, as shown in Figure 7.

peak correlates with an increase in the fraction of three- and
four-membered rings, which have average Si—O-Si bond
angles of 130.5 and 146°, respectively.”> The plot of the
average total ring count in our system (Figure 8) shows that
rougher silica surfaces have higher numbers of strained, smaller
(two- and three- membered) rings, and four-membered rings,
while having fewer larger (five-, six-, and seven-membered)
rings. Previous studies showed that strained rings, along with
coordination defects, tend to appear near the surface of the
slabs 225657

Table 1 summarizes the percentages of various atomic
defects within the silica slabs, including fractions of over-/
under-coordinated atoms and the average strained ring count.
Overall, there is a decrease in all defect parameters as surface
roughness decreases. Comparing the sets of roughest and
flattest (planar) surfaces, we only see a minor increase in the
number of under-coordinated atoms: fewer than 1 atom for
three-coordinated Si and about 2 atoms for NBO. We see a
slightly higher increase in the number of overcoordinated, with
about 3 and 6 atoms for five-coordinated Si and three-
coordinated O, respectively. The defect types that show the
largest change are two-membered rings, with an increase of 15
Si atoms involved, and three-membered rings, with an increase
of up to 33 Si atoms involved. This can be explained by the fact
that surfaces that are roughly cleaved would have higher
surface areas and therefore more dangling surface atoms.
During re-equilibration, the surfaces rearrange and dangling
atoms that are near to each other may recombine to form
strained rings.”**® This surface rearrangement also explains the
decrease in the MSD of the silica surfaces after re-equilibration
seen in Figure S. Three-coordinated Si, NBO, and two-
membered rings are crucial for determining hydroxylation
performance of silica surfaces when exposed to water, and they
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Figure 7. From left to right: Si—O bond distance (A), Si—O—Si bond angle (deg), and O—Si—O bond angle (deg) distributions of silica surfaces.
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Table 1. Percentage of Various Defect Types in the Generated Slabs”

under/over-coordinated atoms

strained rings

a (A7) % 3Si % °Si % 'O
0.01 1.8(2) 2.8(3) 2.42(13)
0.02 1.6(2) 2.8(3) 2.2(2)
0.03 1.6(2) 2.2(3) 2.14(10)
0.05 1.6(2) 2.2(3) 2.0(2)
0.1 1.4(2) 1.9(3) 1.9(2)
planar 1.6(2) 1.0(2) 1.8(2)

%0 2-MR 3-MR
3.0(2) 18.4(9) 39.7(1.4)
2.8(2) 15.5(8) 35.4(1.3)
2.5(2) 14.3(7) 33.8(1.3)
2.4(2) 13.3(8) 31.8(1.2)
22(2) 12.7(8) 31.0(1.2)
1.5(2) 10.8(6) 29.4(1.0)

“Included are percentages of three-coordinated Si (*Si), five-coordinated Si (°Si), NBO ('O), three-coordinated (*0), and the average total count
of two-membered rings (2-MR) and three-membered rings (3-MR). The numbers in parentheses denote the error estimates (95% confidence) in

the last digits shown.

will be discussed in more detail in Section 4.3. Three-
coordinated O atoms were found to be associated with three-
membered rings.’® Levine and Garofalini in their MD
simulation study”” found that five-coordinated Si atoms are
often found in regions with significant surface reconstruction.
Other computational studies also suggested that five-
coordinated Si atoms participate in three-membered
1‘ings.59’60 Si—O bonds that are involved with these °Si form
a trigonal bipyramidal geometry®"®* that can be stabilized
when grafted with zinc oxide species.”> Three-membered rings
contribute greatly to the increase in silica surface roughness as
they are planar rings,”* and instead of laying flat on the
surfaces, they stand axially and hence contribute to surface
fluctuations. Indeed, Brinker et al®® have commented that,
based on a spectroscopy study by DeMayo et al,® three-
membered ring sites are responsible for surface inhomogene-
ities.

4.3. Functionalization of Silica Surfaces through
Reaction with Water. After the silica surfaces are exposed
to water using the ReaxFF force field, we observe the silanol
concentration as a function of the time and surface roughness.
Figure 9 shows the growth in silanol concentration with time
for hydroxolated surfaces cleaved with a = 0.02 A™, a = 0.1
A% and planar cleaving planes. These values are averaged over
ten sample surfaces for each value of a. In the figure, we
distinguish between three classes of silanols: geminal silanols
with two hydroxyl groups on the same Si atom, vicinal silanols
in which two single silanols are formed on two adjacent Si

] E———
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Figure 9. Time-dependent silanols growth for silica with a = 0.02 A~
(pink) and 0.1 A™* (blue) and planar cleaving (black).
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atoms, and isolated silanols. In addition, the total silanol
concentration (the sum of the concentration of all three
classes) is also shown.

After 1.5 ns, surfaces cleaved with @ = 0.02 A~ have the
largest number of silanols formed, followed by those cleaved
with @ = 0.1 A™* and then planar surfaces. This order can be
explained by the fact that the rougher surfaces have higher
defect fractions (as shown in Table 1). These defects are more
reactive when exposed to water, compared to the hydrophobic
siloxanes’ planar silica surfaces. Moreover, during hydroxyla-
tion, surfaces relax and surface energies decrease, as shown in
various computational studies.*”®’~""

The total, geminal, vicinal, and isolated silanol concen-
trations for all three sets are consistent with a previous ReaxFF
study, where 40% of surface defects were hydroxylated.*’
Rimsza et al.”° estimated that it would take up to tens of
nanoseconds to fully hydroxylate silica surfaces with ReaxFF
simulations. When fully hydroxylated, the total silanol
concentration is expected to reach 4.6/nm?” as reported in an
experimental study by Zhuravlev.'>”" An MD simulation study
with ReaxFF by Yeon and van Duin”’ suggested that the rate of
silanol formation can be accelerated by increasing the
simulation temperature to 900—1100 K for optimal silanol
formation. When exposed to water, NBOs, three-coordinated
Si, and strained two-membered rings were observed to quickly
disappear through silanol formation.”” Geminal silanols are
formed on three-coordinated Si atoms that are also bonded to
an NBO. A water molecule can attach its O atom onto an
under-coordinated Si atom and donate one of its H atoms to a
nearby nonbridging or siloxane O atom, as illustrated in eqs 9
and 10. The water molecule can also donate its H to another
water molecule that can subsequently donate an H atom to
form another silanol through hydronium dissociation””

Si+H,0 — Si— OH + H" 9)

(10)

Yeon and van Duin”’ found that hydroxyl formation favors
high-strain sites, for example, two- and three-membered rings,
with the hydroxylation reaction barrier of strained sites to be
10 kcal/mol lower than that of nonstrained sites. Hydrox-
ylation of two-membered rings results in siloxane bond
breakage and formation of vicinal silanols.” These vicinal
silanols can be condensed to form siloxane during high
temperature treatments,' >’ as shown in eq 11. Compared to
nonstrained siloxane sites, three-membered rings, while
considered strained rings, are only 10 times more reactive to
water, while two-membered rings are 10° times more
reactive.’* In fact, D’Souza and Pantano found that the

Si—-O +H" - Si— OH
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hydrolysis of three-membered rings acts as the rate-
determining step for full silica hydroxylation.”” The silanol
concentration of partially hydroxylated silica surfaces before
three-membered ring hydrolysis was determined experimen-
tally to be 2.6 nm™=2.>%7°

Si— OH + H,0 - Si— O + H,0" (11)

Also observed in the simulation is the temporary acid
ionization of the silanol groups. This usually occurs for convex
geminal silanols or out-of-plane vicinal silanols with very low
pK, values.””’® Those silanol O atoms, after losing its H,
quickly receive another H from water through proton
hopping.”” This phenomenon explains the minor fluctuations
in the silanol concentrations in Figure 9.

Figure 10 is a snapshot of a silica slab with a cleaving
parameter of @ = 0.02 A 72, before and after hydroxylation. We

—

Figure 10. Sample silica slab (@ = 0.02 A™2) before and after surface
functionalization.

can see that the slab still maintains its surface roughness. This
is because only two-membered rings are broken, while three-
membered rings are not. Planar three-membered rings occur
on the surface of the slabs and are responsible for many of the
surface fluctuations. The fact that rough silica surfaces do not
change their shapes even after undergoing MD simulations
with ReaxFF, a reactive potential known for its ability to break
and form bonds shows that surfaces cleaved by our cleaving
methods are very stable after re-equilibration with BKS. Both
in-plane (high pK,) and out-of-plane (low pK,) silanols are
observed, indicating bimodal acidicity behavior.”’~"* Figure 11
shows the distribution of the Si—O—H angles for three sets of
data. Observed are a predominant peak centered at 118° and a
smaller peak at 90° representing out-of-plane and in-plane
silanols, respectively, confirming the bimodality in the acidicity
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Figure 11. Silanol Si—O—H angle distributions. Those of roughly
cleaved surfaces (pink and blue) show bimodal acidicity with out-of-
plane and in-plane silanols.
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of silanols. We do not observe in-plane silanols in the planar
cleaved surfaces. A possibility could be the lack of geminal
silanols, if we assume that not all geminal silanols take convex
shape in our simulations, but this possibility is quite low and
more extensive investigations need to be done before a
definitive conclusion can be made.

Similar to our data in Figure 11, the silanol angle
distribution presented in an MD study by Du and Cormack™”
on planar silica surfaces is unimodal with one dominant peak
centered at 122°, indicating no in-plane silanols. This suggests
that the increase in surface roughness may have improved the
structural and chemical diversity of the silica surfaces. Gierada
et al. carried out an ab initio study on amorphous hydroxylated
silica surfaces and concluded that due to the complexity of the
system, the acidicity of silica surfaces can not be simply
determined with any single silanol type (geminal, vicinal, and
isolated) but rather requires a deeper understanding of the
geometries of those silanols and the H-bond network they are
involved in.*" Previously, Jystad et al.’** carried out DFT
studies to characterize the surface acidity of metal-doped
amorphous silica catalysts. In the future, more in-depth studies
on the acidity of rough hydroxylated amorphous silica surfaces
will be useful in the prediction of active sites for metal grafting
in the generation of silica-based catalysts.

5. CONCLUSIONS

In this paper, we present a method, inspired by the CFT of
surfaces,*' to generate model amorphous silica surface slabs of
controlled roughness. The slabs are generated by cleaving bulk
silica slabs using rough cleaving surfaces with Fourier
components (eq 2) generated randomly from a Gaussian
distribution in the wavevector magnitude whose width is
controlled by a “roughness parameter” a; see eq 3. (The
smaller the value of @, the rougher the cleaving surface (a = o0
corresponds to a planar cleaving surface). By varying a, we can
control the roughness of the resulting silica surface. This
method is a generalization of previous methods that used
either a planar cleaving surface or a single Fourier mode
“corrugated” surface. For each roughness parameter value a,
ranging between 0.08 and 0.1 A% multiple different cleaving
surfaces were generated that were then used to cleave bulk
silica samples. The mean squared displacement and structural
properties of silica surfaces cleaved with this method were
compared with those of silica surfaces cleaved with a planar
cleaving plane, a common method used in previous computa-
tional studies of amorphous silica. Calculations of the
theoretical analytical mean squared displacements and surface
atomic numerical mean squared displacements validate our
method and show that we can generate silica surfaces of
controlled roughness through the variation of the single
parameter @, allowing for the systematic study of the effect of
surface roughness on surface properties such as defect
concentrations and reactivity.

Structural characterization, including calculations of density
profiles, bond distance and angle distributions, ring counts, and
atom coordination number, shows a higher concentration of
structural defects, such as under- and over-coordinated atoms
and strained two- and three-membered rings for rougher
surfaces. These structural defects exist almost exclusively at or
near the surface, as rougher cleaving planes with a higher
surface area cleaving bulk silica result in more dangling bonds.
Atoms with these dangling bonds either stay under-
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coordinated or recombine with neighboring atoms to form
two- or three-membered rings with strained siloxane bonds.
When silica slabs generated with a = 0.02, 0.1 A% and oo
(planar) cleaving surfaces are exposed to water using a ReaxFF
reactive force field, it is observed that rougher surfaces react
more quickly and exhibit increased silanol formation upon
reaction with water. This is because rougher surfaces have
higher concentrations of defect sites, which react more readily
with water to form surface silanol groups than flatter interfaces.
Distributions of silanol angles show bimodal acidicity for rough
surfaces, as opposed to silanols on the planar silica surfaces
with a single acidicity mode. Further studies are warranted on
the effect of surface roughness on silica surface chemistry to aid
in the rational design of silicate-based heterogeneous catalysts.
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