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ABSTRACT: Reactive molecular dynamics simulations are used to
model the covalent functionalization of amorphous silica with
aromatic hydrocarbons. Simulations show that the surface density of
silanol-terminated phenyl, naphthyl, and anthracenyl molecules is
lower than the maximum value calculated based on molecule
geometry, and the simulation densities decrease faster with the
number of aromatic rings than the geometric densities. The trends
are analyzed in terms of the surface−silanol bonding configurations,
tilt angles, local conformational ordering, and aggregation of surface-
bound molecules under steady-state conditions. Results show that
the surface density is affected by both the size and symmetry of the
aromatic hydrocarbons. The correlations among bonding, orienta-
tion, and surface density identified here may guide the selection or
design of molecules for functionalized surfaces.

■ INTRODUCTION

Modification of silica surfaces with organic molecules is
important for the development of medical, electronic, and
pharmaceutical applications. Chemical bonds that form
between a silica substrate and organic molecules modify the
chemical and physical properties of the surface.1 This opens
the possibility to control or tailor properties such as friction,2

biocompatibility,3 and polarity4 to a specific application.
Examples include the functionalization of atomic force
microscope tips to improve their useful life,5 design of
biocompatible amorphous silica6 in drug delivery systems
and implant applications7 to treat osteoporotic fractures8 and
bone tumors or infections,9 development of sensors for
detecting biological analytes,10 and creation of stimuli-
responsive surfaces.11

Many different organic molecules have been immobilized on
silica through the formation of new covalent bonds with the
surface.12 Among these, aromatic hydrocarbons (AHs) have
been used in solution-based and mechanochemically driven
pericyclic reactions13 and proposed for applications in organic
electronic devices.14 AHs are composed of aromatic carbon
rings, with those in the acene group made up of linearly
bonded rings. In solution-based chemistry, functionalizing
silica with AHs is possible at room temperature.12 However, to
further the development of AH silica functionalization as a
predictable method to control surface properties, the

mechanisms underlying chemical bond formation between
the AH molecules and the silica surface must be understood.
Importantly, chemical bonding affects the density of organic

molecules on the surface, which, in turn, determines the
properties of the functionalized surface.15 Observations of the
change in contact angle of aromatic-modified substrates
suggested that surface density is affected by the orientation
and size of the deposited molecules.16 Studies of the surface
properties of heterogeneous polycyclic AH clusters17 in soot
showed that the surface densities of carbon atoms in solid-like
configurations were affected by the structure of the surface-
bound molecules, with smaller molecules, such as pyrene,
contributing significantly to the surface density. Further,
previous experiments showed that the adsorption of organic
molecules with different functional groups on silica can be
favored by molecular flexibility and good steric access of the
adsorption active groups to the silica surface.18

Surface density can be estimated based on the geometry of a
given molecule or measured using a quartz crystal micro-
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balance (QCM).19,20 Specific to the QCM method, by
estimating the monolayer mass of the deposited molecules, it
is possible to measure surface density. However, this method
does not provide insight into the underlying chemical and
physical processes and, particularly, the effect of the structures
of the deposited molecules. Computational methods can
provide complementary information about molecules and
surface interactions at the atomic level. Some studies have
used ab initio methods7,21 for this purpose. However, the
scaling of quantum calculations [i.e., O(Nelectrons

3)] makes such
calculations unsuitable for modeling systems larger than a
thousand atoms. In contrast, classical molecular dynamics
(MD) simulations based on empirical potentials are more
efficient as they scale with the number of atoms in the system
[i.e., O(Natoms)].
The development of empirical potentials that model

chemical reactions, such as ReaxFF,22 has made it possible to
observe bond formation in a dynamic simulation. The ReaxFF
potential has been shown to accurately describe the geometry,
stability, and chemical bonding of conjugate, nonconjugate,
and radical-containing compounds.23 Relevant to our current
investigation, ReaxFF simulations have been used to study the
formation of alkylsilane self-assembled monolayers (SAM) on
silica24 and shear-activated oxidative chemisorption and
oligomerization of cyclic hydrocarbons on amorphous
silica.25,26 Simulations of the functionalization of crystalline
silicon surfaces with alkyl radicals were able to accurately
reproduce surface densities measured experimentally.27

In our previous work,28 a method to simulate the
functionalization of amorphous silica with 9-anthracenyl
trimethoxysilane was developed to corroborate the surface
density obtained from experimental solution-based depositions
with good agreement between experiments and simulations. In
experiments, the packing of AH monolayers is controlled by
using a closed saturated solvent environment29 (e.g., PhMe)
that promotes reactions between the hydroxylated substrate
and the silane−methyl-terminated AH molecule. This opens
oxygen-reactive sites for the silanol termination on the AH
molecules to form covalent bonds with the surface. To focus
on the covalent bonding of molecules to the substrate and
improve simulation times, the previous simulations were
performed using a model system in which the silica was
dehydroxylated and the depositing molecules were AH-
terminated by a dehydroxylated silanol group, subsequently
termed simply silanols in this article. These simulations
showed the time evolution of surface density, where the
simulated steady-state value was in agreement with the density
measured using QCM.28 However, the study did not provide
insight into the effect of the silanol structure on surface
density, which is key for the selection of chemical species for
surface functionalization for a specific application.
Here, we expand on our previous work by using reactive MD

simulations to understand the effect of molecular structures on
the covalent functionalization of amorphous silica with silanols
and specifically on surface density. We model the condensation
reactions between silica and three silanols with different
numbers of aromatic rings at three different temperatures. We
compare simulation-calculated densities with those estimated
by using simple geometric models based on van der Waals
radii. Then, we analyze surface densities in terms of the type
and number of covalent bonds formed with the amorphous
silica and the orientation and ordering of the silanols, revealing

correlations between surface density and local conformational
ordering of the silanols on the silica surface.

■ MATERIALS AND METHODS

The model system comprised a dehydroxylated silica substrate and
AHs terminated by a dehydroxylated silanol group (silanols). This
simplified model mimics the last step of reactions reported in our
previous experimental study.28 Specifically, in the experiments, a silica
substrate was immersed in a PhMe solution containing 9-anthracenyl
trimethoxysilane to initiate reactions between the methyl termination
of the AHs and the hydroxyl groups on the substrate surface. The
reaction was assumed to proceed through initial steps to form
dangling bonds on the substrate and AHs, leading to chemical
bonding between Sisubstrate and OAH. Therefore, we modeled only the
last step, i.e., the reaction between dehydroxylated silica and
dehydroxylated silanols, to maximize the number of reactions of
interest within the size and time-scale limitations of the reactive MD
method.
The amorphous SiO2 was generated from a cristobalite SiO2 crystal

structure30 that was heated (5000 K) and fast quenched (300 K) in a
simulation box with periodic boundary conditions in all directions and
dimensions 5.6 × 6.0 × 2.1 nm (x, y, and z). The resulting amorphous
structure exhibited Si−O, O−O, and Si−Si peaks and distances
characterized by radial distribution functions (RDFs) (Supporting
Information Figure S1) that showed good agreement with values
reported in literature for amorphous SiO2 thin films.31 Then, the
dimensions of the box were extended to 5.6 × 6.0 × 5.5 nm (x, y, and
z) to create a surface. The density of accessible dangling bonds on the
equilibrated substrate surface before deposition was calculated to be
4.55 nm−2 with 153 open sites available for reaction.
Three silanols were modeled, phenyl, naphthyl, and anthracenyl, as

shown in Figure 1A. The silanols were designed with the Avogadro

chemical editor32 and then placed randomly into the simulation box
at a distance of at least 0.5 nm from the silica surface using
PACKMOL.33 The characterization of functionalized surfaces in the
corresponding previous experiments suggested complete surface
coverage.28 Based on this, the number of silanols per simulation,
150, was determined as the approximate number needed to ensure full
surface coverage within the short time-scale of the simulations. After
this stage, the boundary conditions were periodic in x and y, while the
z boundaries were fixed. The bottommost atoms in the silica slab were
fixed during the simulation, and a repulsive wall was used at the top of
the simulation box to prevent silanols from escaping.
Reactive MD simulations were performed using the large-scale

atomic/molecular massively parallel simulator (LAMMPS)34 package.
Atomic interactions were modeled with a time step of 0.1 fs using the
ReaxFF potential for H/C/O/Si35 parameterized to maintain the
thermal stability of C−Si bonds in silicon surfaces functionalized with

Figure 1. (A) Schematic representations of the AHs used as reactants
in the simulations. Representative side-view snapshots of the model
system with phenyl (B) before and (C) after covalent functionaliza-
tion. Sphere colors correspond to gray, carbon; white, hydrogen; tan,
silicon in the silanols; purple, silicone in the silica; red, oxygen in the
silanols; and blue, oxygen in the silica.
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organic molecules. Initial atom velocities were given by a Gaussian
distribution at three different temperatures (300, 400, and 500 K).
Simulations were run using the NVT ensemble (constant number of
particles, volume, and temperature) using a Nose−́Hoover36 thermo-
stat with a damping parameter of 40 fs.
The simulations were run at each of the three temperatures for at

least 0.2 ns, which was determined to be enough time for the surface
reactions to reach a steady state, as shown in Supporting Information
Figure S2. Snapshots of a representative model system before and
after a dynamic simulation are shown in Figure 1B,C. Each simulation
case was replicated three times by using different random seed values
for the initial atom velocities, such that the repeat simulations were
independent. Trajectory information was output every 5 ps, and the
bond table from ReaxFF that tracks the strength and number of
covalent bonds was output every 0.2 ps. Visualization and analysis of
atomic chemisorption from simulated data were done in the
OVITO37 open-visualization tool and custom scripts written in
Python.

■ RESULTS AND DISCUSSION

During the simulations, chemical bonds were formed between
silicon in the silanols and oxygen on the silica surface. The
number of silanols chemically bound to the surface was tracked
(based on the formation of Sisilanol−Osilica bonds) and surface
density was calculated from the number of surface-bound
silanols divided by the silica surface area (32.9 nm2). The time
evolution of the surface density at each temperature for phenyl,
naphthyl, and anthracenyl is shown in Figure 2A−C,

respectively. Bond formation occurred as soon as the
simulation began, and the surface density increased rapidly
during the first 0.05 ns in all cases. The density reached a
steady-state value after about 0.1 ns. At the end of the
simulation, the silica surface was covered by a monolayer of
chemically bound silanols, e.g., Figure 1C. The trajectories of
the silanols were also tracked, showing that silanol movement
on the surface was negligible after a steady state was reached
(Figures S4 and S5). Therefore, subsequent analyses focused
on characterizing the bonding, conformation, and orientation
of the surface-bound silanols between 0.1 and 0.2 ns.

The steady-state surface density for each silanol and
temperature averaged over three independent simulations are
reported in Figure 2D. The results show that temperature did
not have a statistically significant effect on surface density but
the densities were very different for the three different silanols.
Therefore, subsequent analyses focused on the silanols and
included data from simulations at all three temperatures. The
average steady-state surface densities were 2.06 ± 0.12, 1.38 ±
0.15, and 1.15 ± 0.09 nm−2 for phenyl, naphthyl, and
anthracenyl, respectively. The value for anthracenyl is
comparable to the surface density previously measured using
QCM of 1.12 ± 0.13 nm−2.28 Further, the trend with respect to
the three silanols is consistent with the expectation that the
larger silanols should occupy more surface area and therefore
have a lower density.
The maximum possible density for each silanol can be

estimated based on the size of the molecules. Specifically, the
van der Waals areas of the molecules38 in the xy plane (visual
representations in Supporting Information Figure S3) were
calculated to be 0.438, 0.582, and 0.720 nm2, corresponding to
maximum surface densities of 2.28, 1.71, and 1.38 nm−2 for
phenyl, naphthyl, and anthracenyl, respectively. These values as
well as the densities obtained from simulations and reported
from experiments are given in Table 1. The simulation and

experimental densities are lower than the maximum based on
molecule geometry, which is reasonable since the maximum
value assumes that the silanols are ideally conformationally
ordered, which is not expected to be the case in practice. The
biggest difference between simulated and geometric density is
for naphthyl. Also, the simulation densities decrease faster with
an increasing number of aromatic rings than the geometric
densities. For example, the ratio of the theoretical densities of
anthracenyl and phenyl is 1.65 but was found to be 1.79 ± 0.18
in the simulations.
Analysis of anthracenyl chemisorption studied previously28

showed that there are three types of bonding configurations
possible, depending on how many silicon−oxygen bonds are
formed, as illustrated in the close-up snapshots in Figure 3A−
C. Figure 3D shows the distribution of bonding configurations
for the surface-bound silanols, including data from all three
simulated temperatures. The bond type distribution shows that
the likelihood of a given configuration decreased with the
number of bonds. Specifically, for all silanols, one oxygen bond
(1-O) was the most common, and the least observed bonding
configuration was three oxygen (3-O) atoms. However, the
statistical difference between 1-O and 2-O was the smallest for
naphthyl, and the average percentage of 3-O was the largest for
this silanol.
Since the orientation of the surface-bound silanols can play a

significant role in the properties of functionalized silica
surfaces, the angle of tilt of the silanol with respect to the
surface was analyzed. The tilt angle θ was defined as the angle

Figure 2. Time evolution of the surface density for phenyl, naphthyl,
and anthracenyl chemisorbed on an amorphous silica surface from
simulations at (A) 300, (B) 400, and (C) 500 K. For each data set,
the dark line is the mean and the shaded region is the standard
deviation of three independent simulations. (D) Steady-state surface
density for each case is averaged over the last 0.1 ns of the
simulations, where error bars reflect the standard deviation.

Table 1. Summary of Surface Density Values Estimated
Based on Molecule Geometry, Reactive MD Simulations,
and Previous QCM Measurements28

method surface density (nm−2)

phenyl naphthyl anthracenyl

geometric maximum 2.28 1.71 1.38
MD simulations 2.06 ± 0.12 1.38 ± 0.15 1.15 ± 0.09
QCM experiments 1.12 ± 0.13
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between the plane of the ring(s) in the silanol and the
direction normal to the silica surface, as shown in Figure 4A.

The angle was calculated for each silanol bonded to the
substrate using data from 0.1 to 0.2 ns of simulation time. The
distributions of tilt angles in Figure 4B are positively skewed
where the highest angle probability is 28.4° for all three silanols
(distribution modes are 27.9 ± 0.5, 28.7 ± 0.6, and 30.3 ± 0.8°
for phenyl, naphthyl, and anthracenyl, respectively). This is
consistent with the range of angles for SAM on amorphous
silica, which have been reported to be 16° at full coverage39
and as low as 30° for low coverage.40 The highest angle
probability of 28° for silanols in our study is at the upper end
of the range reported for SAMs, consistent with the fact that
our surface densities are below the geometric value (Table 1).
Lastly, although the distributions are very similar for all three
silanols, there are more small angles for the phenyl. This is

consistent with a previous simulation-based study41 of
alkanethiol SAMs that reported tilt angle increased with
chain length.
Another factor that can affect the surface density of AHs is

the orientation of molecules with respect to each other. Figure
5A−C shows two point vector representations of the surface-
bound silanols in the xy plane for representative simulations.
The vector is defined from the positions of the two edge
carbon atoms on the long axis of the silanol, as shown in Figure
5 insets. The line corresponding to each vector is colored
based on its angle with respect to the x-axis; the x-axis is an
arbitrary direction, but if the silanols are conformationally
ordered, there will be more lines in Figure 5A−C with similar
colors. This qualitative analysis shows some evidence of local
ordering, but clearly the silanols are not ordered into the
closest packed configuration assumed in the geometric density
calculations (Figure S3). This may be correlated to the
preferential 1-O bonding exhibited by all three silanols in
Figure 3D since fewer chemical bonds enable greater flexibility
and rotation ability.
Next, we quantified the local ordering using RDFs41 of the

distance between Si atoms in the surface-bound silanols for all
the frames between 0.1 and 0.2 ns. The results for all
simulations and temperatures are shown in Figure 5D−F. If
the silanols were ordered in their closest packed configuration,
the smallest distance between silanols would be ≈0.3 nm. This
is approximately where the first peak is seen in the RDFs in all
three cases. However, there are also differences among the
three silanols. Particularly, the first peak is the broadest and
shortest for phenyl, indicating these silanols are the least
conformationally ordered. Less conformational ordering is
associated with a larger available volume for conformational
changes, consistent with the smaller tilt angles for phenyl in
Figure 4B.
The RDF peaks at farther distances reflect a longer-range

ordering of the silanols. Interestingly, for phenyl and
anthracenyl, there are distinct peaks around 0.40, 0.47, and
0.55 nm, associated with the preferred orientations of adjacent
chemisorbed species. However, for naphthyl, the RDF peaks
are broader and less distinct, indicating a less long-range order.
The naphthyl also had the least distinction between the

different bonding configurations in Figure 3D and the largest
difference between the simulated and estimated surface
densities in Table 1. The difference between naphthyl and
the other two silanols is symmetry, with only naphthyl being
asymmetric relative to the silicon atom. These results show
that asymmetry decreases long-range order, which, in turn,
decreases the achievable surface density relative to the
maximum possible value.
Finally, surface density may be affected by the interaction

and bonding between silanols, resulting in aggregates.42 An
example is shown in Figure 6A, where two naphthyl molecules
associate via an oxygen bond. This behavior was analyzed for
all three silanols by calculating the distributions of aggregate
size (e.g., 1-silanol, 2-silanol, 3-silanol, etc.) during the steady
state, as shown in Figure 6B. The most commonly observed
configuration is 1 silanol, meaning it is not aggregated.
However, all three molecules form multiple dimers and trimers
as well as even larger aggregates. Comparing the three silanols,
anthracenyl has the fewest and smallest aggregates, while
phenyl has the most and largest aggregates. Since the
association reactions always occur via an Si−O−Si bond, the
trend observed in the aggregation results can be associated

Figure 3. Close-up snapshots of the three possible bonding
configurations between a silanol and the silica substrate that differ
based on the number of Sisilanol−Osilica bonds, shown using naphthyl as
a reference: (A) one bond (1-O), (B) two bonds (2-O), and (C)
three bonds (3-O). Spheres representing atoms other than those in
the representative silanols of interest are faded. (D) Distribution of
the number of bonds between Si in the substrate and O in the silanol
averaged over the three simulations at three temperatures for each
silanol as a percentage of the total number of silanols in the system.
The error bars represent the standard deviation.

Figure 4. (A) Representative snapshot of phenyl showing the
definition of the angle used to quantify the tilt of the silanol with
respect to the surface-normal direction. Spheres representing atoms
other than those in the representative silanol of interest are faded. (B)
Distribution of tilt angles from all observed bonds and all
temperatures and simulations between 0.1 and 0.2 ns of simulation
time. Only slight differences between phenyl, naphthyl, and
anthracenyl are observed, but smaller angles are preferred for the
smaller silanols.
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with molecular size and surface density, where larger silanols
are further apart and less likely to aggregate.

■ CONCLUSIONS

Reactive simulations were used to study the covalent
functionalization of amorphous silica with silanol AHs. Surface
density increased with decreasing molecular size, consistent
with the maximum densities estimated from molecule
geometry in a closest-packed configuration. The simulation
densities were smaller than the estimated maximum values, and
the biggest difference between simulation and estimation was
observed for naphthyl. Three possible chemical bonding
configurations were observed, and it was shown that all three
silanols preferentially formed fewer covalent bonds, facilitating
bending or rotation. Tilt angles were also calculated and shown
to be smaller for the smaller molecules. Local conformational
ordering, analyzed qualitatively and quantitatively, was found
to increase with molecule size. However, the least long-range
order was exhibited by the asymmetric naphthyl silanol, a
result that was correlated to the larger difference between the
simulation and the estimated surface density. Finally, the
analysis of the aggregation of surface-bound species showed
that smaller size and higher density were also associated with

the formation of more and larger aggregates. These results
show that both size and symmetry affect the surface density
achievable in the covalent functionalization of surfaces with
silanol AHs. Future work using ab initio calculations may
corroborate these findings and provide further insight into the
structure-bonding relationship. Generally, these simulation-
based approaches can inform our understanding of how
molecular structure affects surface density, which can guide the
selection or design of molecules to achieve an ideal surface
density and, in turn, ideal properties for a specific surface or
application.
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Figure 6. (A) Representative snapshot of a two-naphthol aggregate.
(B) Distributions of aggregate size (quantified by the number of
bonded silanols) for each silanol calculated from trajectory data
between 0.1 and 0.2 ns.
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