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Abstract

Monte Carlo (MC) simulations have become indispensable for modeling silica gelation, yet persistent discrepancies
between simulated and experimental results undermine their predictive utility. This study systematically addresses
these inconsistencies by integrating atomistically informed reaction kinetics with mesoscale computational models, while
establishing rigorous validation protocols. A hybrid stochastic-deterministic framework is developed, coupling discrete
silicate tetrahedron polymerization events with continuum solvation effects via a modified Smoluchowski approach.
Key parameters include hydrolysis rate constants knyg = Anya exp(—Enya/RT) and condensation probabilities Peong =
a[SiOH|)?, where « incorporates pH-dependent deprotonation equilibria. Benchmarking against experimental SAXS
data (ESRF Beamline ID02) revealed that conventional MC models overestimate gelation times by 38+12% due
to inadequate treatment of cyclization barriers. Introducing topological constraints via persistence length corrections
(I, = 0.8 nm) reduced this discrepancy to 9+5%. Dynamic light scattering comparisons demonstrated that cluster growth
exponents 3 in (Ry) o t” shifted from 0.31+0.02 (simulation) to 0.28+0.03 (experiment) upon implementing directional
attachment preferences. A novel multi-fidelity validation metric ® = Y, w;|yf™ — y5*®|/o; was developed, weighting
critical observables (gel time ¢,, storage modulus G’, and pore size distribution P(d)) by experimental uncertainty o;.
This approach reduced ® by 62% compared to conventional least-squares fitting, primarily through improved treatment
of sol-gel transition dynamics. The framework enables predictive modeling of silica networks across length scales (1-100
nm) with j15% error in mechanical properties.

Introduction One of the most intriguing aspects of silica gelation
lies in its strong dependence on external conditions:
pH, ionic strength, temperature, water-to-alkoxide ratio,
solvent composition, and the presence of additives or
templates can all drastically alter the final structure and
physical properties of the gel. Experimentally, characterizing
these conditions is challenging because the underlying
mechanisms involve both chemical reactions (hydrolysis and

condensation) and physical processes (diffusion, aggregation,

Silica gelation represents an extensive and multifaceted sub-
ject that has captured the attention of chemists, materials
scientists, and engineers for over four decades. The process
of silica gel formation is not merely a laboratory curiosity;
rather, it underpins numerous technological applications,
including catalysis, sensor technologies, chromatographic
supports, drug delivery, and biomimetic materials engineer-

ing. The fundamental basis of silica gelation involves the
transition of small silicate precursors—often alkoxides such
as tetraethyl orthosilicate (TEOS)—into a three-dimensional,
cross-linked network. This transition can be viewed as the
polymerization of monomers into oligomers, followed by
growth into larger clusters that eventually percolate to form
an infinite gel network. The complexity and importance of
this process are reflected in the wide variety of experimental
and theoretical techniques devoted to understanding its mech-
anisms, kinetics, and eventual structure (/).
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and phase separation). From a modeling perspective, the
challenge stems from bridging multiple length and time
scales—ranging from the quantum mechanical details of
bond formation to mesoscopic descriptions of particle
aggregation and network evolution.
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Early computational models of silica gelation often relied
on either simplistic kinetic rate equations or on coarse-
grained Monte Carlo (MC) and molecular dynamics (MD)
approaches that did not incorporate the subtleties of chemical
reaction barriers (2). Kinetic models typically treated
the polymerization process as a set of coupled ordinary
differential equations describing monomer concentrations,
oligomer formation, and gelation thresholds. Such models
have helped clarify the general features of the gelation
curve (e.g., the characteristic timescale at which infinite
connectivity appears), but they often struggled to predict
experimentally measured structural parameters like ring
fractions, network density, or fractal dimension. Meanwhile,
purely atomistic simulations using classical force fields
lacked sufficiently accurate descriptions of reaction barriers
and were computationally infeasible for the large system
sizes required to capture gelation phenomena. Consequently,
traditional approaches have led to persistent disagreements
between simulated silica network topologies and the actual
structures observed via experimental techniques such as
nuclear magnetic resonance (NMR), small-angle X-ray
scattering (SAXS), neutron scattering, and transmission
electron microscopy (TEM) (3).

Over time, researchers have identified several critical phe-
nomena that illustrate the complexity of silica gelation and
underscore the limitations of simpler modeling frameworks.
One of these is the pH-dependent transition from branched
polymeric networks to more colloidal-like aggregates at
alkaline pH (above pH 5). In acidic conditions, the reaction
mechanism is dominated by electrophilic catalysis, leading
to more linear or slightly branched chains. As pH increases,
the mechanism shifts to nucleophilic catalysis by hydrox-
ide ions, often promoting the formation of more globular
particles rather than linear chains. Another key factor is the
effect of ionic strength. High salt concentrations can promote
or suppress certain aggregation pathways, influencing the
relative frequencies of ring formation versus open-chain
siloxane linkages. Experiments have shown that under high-
ionic-strength conditions, cyclic structures are suppressed
and network morphologies become more open or branched.
Finally, temperature also plays an important role, but in a
more subtle manner. Many gels display a non-Arrhenius
temperature dependence for gelation time, indicating that
multiple competing processes—each with its own thermal
activation profile—control the overall kinetics of network
formation.

Although reactive force fields, such as ReaxFF (Reactive
Force Field), have improved significantly in recent years, they
still pose substantial computational challenges for simulating
large systems of the order of millions of monomers. The
necessity of accurately calculating reaction barriers for
silicon-oxygen bond formation (or breaking) in a fully
atomistic environment requires large ensembles and extended
simulation times to observe the percolation threshold. This
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computational intractability has inspired the development
of multiscale or hierarchical methodologies. These aim
to incorporate quantum-level data (e.g., density functional
theory (DFT) or ab initio calculations of activation energies)
into coarser grained frameworks such as Monte Carlo
algorithms.

Within this context, the present work proposes and
implements a hierarchical MC approach that integrates
ab initio-derived activation energies for siloxane bond
formation, explicit counterion dynamics via Debye-Hiickel
potentials, and anisotropic cluster diffusion tensors to capture
rod-like growth tendencies. The overarching goal is to
reconcile decades of conflicting results by systematically
incorporating the physical and chemical details that have
proven critical in controlling network topology, growth rates,
and final viscoelastic properties.

Despite four decades of attempts at modeling, few
computational frameworks have managed to replicate all of
the following experimental observations in a unified scheme:

1. The pH-dependent transition from branched to
colloidal aggregation at pH > 5.

2. The suppression of cyclic (ring) structures in high-
ionic-strength environments.

3. The non-Arrhenius temperature dependence of gela-
tion times observed in TEOS-derived gels.

An additional challenge has been the quantitative
correlation of simulation outputs with experimental data such
as oscillatory rheology, SAXS, and cryo-TEM tomography.
The validation aspect is crucial: without stringent checks
against experimental measurements, modeling efforts risk
producing elegant but physically irrelevant results. This work
endeavors to demonstrate that by carefully incorporating
quantum-chemically informed reaction barriers, realistic
electrostatic interactions, and diffusion processes that
account for cluster shape anisotropy, it is possible to achieve
close agreement with experimental data. Moreover, we show
that both the structure factor from scattering experiments
and the rheological crossover times can be reproduced
quantitatively, bolstering confidence in the predictive power
of the proposed model (4).

In the pages that follow, we present the methodological
details and discuss the physical reasoning behind the key
ingredients of the model. We start with an overview of the
chemical kinetics of siloxane bond formation, highlighting
why ab initio computations are necessary to accurately
describe the size-dependent activation energies. We then
lay out the computational MC framework, including the
treatment of diffusion, collision, and condensation, and show
how explicit counterion dynamics and anisotropic diffusion
come into play. We next turn to a detailed account of the
validation process, making comparisons with synchrotron
rheology data, 2°Si NMR, and cryo-TEM tomography.
Finally, we conclude by summarizing the major achievements



of this hierarchical model and indicating potential future
developments for even more accurate and comprehensive
silica gelation simulations (5).

Chemical Kinetics of Siloxane Bond
Formation

Silica gelation proceeds primarily through two sequential
reactions: hydrolysis of the alkoxide groups and subsequent
condensation of the silanol groups to form siloxane bonds.
For alkoxide precursors such as TEOS, the net reactions can
be broadly written as:

Si(OR)4 + H20— > Si(OH)(OR)3 + ROH

(hydrolysis)

where £ is a uniform random number between 0 and 1,
and knyq is the hydrolysis rate constant. For condensation, the
probability of a reaction occurring between two reactive sites
(silanol groups) separated by distance r;; can be expressed
as:

keond At
Peong = min 17L )

1+ (“J‘ )6
To

where 7 is a capture radius (often on the order of 0.5 nm).
The specific functional form 1 + (r;;/79)° has been used to
model short-range attraction with a strong distance penalty,
effectively enforcing that condensation is highly probable
only if the silanol groups come into close proximity.

A key advance in the present work is the incorporation
of size-dependent reaction probabilities. Rather than using
a single kgng for all pairs of reactive sites, we employ

Si—OH + HO - Si— > Si— 0 — Si+ H20 (condensationttivation energies computed from ab initio methods for

Although these stoichiometric equations convey the
overall chemistry, the actual pathways are more intricate,
involving proton transfers, partial charge redistributions, and
intermediate transition states. Experimental measurements
with 29Si NMR suggest that these reactions can exhibit
varying rate laws depending on the pH of the solution. In
highly acidic conditions (pH < 2), hydrolysis is the rate-
limiting step and is promoted by electrophilic catalysis of
the silicon center. In contrast, under basic conditions (pH
> 7), condensation can become dominant, often sped up by
nucleophilic hydroxide ions.

Many early kinetic models used global rate constants (Kyyq
and k¢ong) that encapsulated both intrinsic chemical barriers
and diffusion limitations. However, this approach overlooked
the fact that oligomer size can drastically influence activation
energies. Ab initio calculations (e.g., MP2/6-311+G(d,p) or
DFT-based approaches) have shown that the dimerization
barrier for silicic acid monomers (H45704) can be on
the order of 85 kJ/mol, while larger oligomers can exhibit
lower barriers, sometimes dropping to around 72 kJ/mol for
species like H657207. The reasons for this size dependence
are tied to the electronic structure of the silicon atoms,
the partial negative charge on bridging oxygen atoms,
and the hydrogen-bond networks that stabilize reactive
intermediates. As oligomers grow, their local environment
can either stabilize or destabilize transition states for further
condensations, making uniform rate constants inadequate for
precise modeling.

In a typical Monte Carlo (MC) approach to silica gelation,
each hydrolysis event or condensation event is often treated
as a stochastic process with a certain probability of occurring
within a small time interval At (6). For hydrolysis, one may
define a Poissonian waiting time:

In(1 - ¢)

Thyd = — kh B
y

)
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small oligomers. For larger oligomers, we interpolate
or extrapolate these energies based on empirical trends.
This ensures that early stages of polymerization (dimer,
trimer, tetramer formation) are accurately modeled according
to quantum-chemically derived barriers, whereas later
stages, where clusters become large, rely on a reasonable
extrapolation that captures the relative decrease in barrier
height with oligomer size. This approach is essential for
reproducing the experimentally observed shift from reaction-
limited to diffusion-limited aggregation. In reaction-limited
aggregation, the rate of bond formation is controlled by
the intrinsic chemical barrier, while in diffusion-limited
aggregation, it is dominated by how frequently clusters
encounter each other in solution.

The pH dependence is incorporated by adjusting knyg
and kcona With the appropriate factors related to [H+] or
[OH—]. Below pH 2, we follow the empirical relation
knya o< [H+]%, whereas above pH 7, we adjust kcong o
[OH—]. In near-neutral conditions, both hydrolysis and
condensation may proceed at comparable rates, leading to
a more balanced growth of oligomers and gradual network
formation. Additionally, the interplay between ionic strength
and ring formation can be captured by modifying the
energetic favorability of cyclic structures. In many silica
systems, ring formation is energetically favorable due to
intra-oligomer hydrogen bonding that stabilizes 3- to 6-
membered rings, but higher salt concentrations reduce this
effect by screening charges and altering hydrogen-bond
networks, thus changing the balance between cyclic and
open-chain condensation pathways.

By integrating these complexities into the MC approach,
it becomes possible to reproduce not just the broad features
of gelation kinetics, but also finer details of oligomer growth
pathways and the time evolution of cluster size distributions.
Indeed, ensuring that each of these factors—size-dependent
activation energies, pH control, ionic strength, and ring
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suppressions—is properly implemented is paramount for
realistic simulations that match the experimentally observed
variety of gel morphologies (7).

Computational Framework for Gelation
Dynamics

Modeling silica gelation on mesoscopic scales requires
simulating on the order of 10% to 10° monomers within
a representative volume of the solution. Doing so involves
several interwoven computational challenges. First, one must
track the positions and cluster memberships of a large
number of silicate species. Second, the algorithm must handle
both chemical reaction events and diffusive motions. Third,
the long-range electrostatic interactions cannot be entirely
neglected, because the presence of negatively charged
silanolate (SiO~) groups and counterions significantly
affects the aggregation process, especially under high pH or
ionic strength conditions. Fourth, the diffusion of growing
clusters must be treated carefully, as larger clusters move
more slowly and may adopt anisotropic shapes. Finally, the
simulation must be run for timescales that reach or surpass
the gel point, where an infinite network spanning the entire
simulation box first appears (8).

Lattice Representation. In our MC scheme, the simu-
lation box is discretized into a cubic lattice of size 500 x
500 x 500, where each voxel is 2 A on a side, leading to
a total simulated volume of 100 nm?. This volume is a
compromise between computational tractability and the need
for a representative environment. The initial configuration
randomly distributes 10*~10° monomers (depending on the
desired density) across the lattice. Each monomer is tagged
with a set of attributes: whether it is fully hydrolyzed (i.e.,
Si(OH)4-like) or partially hydrolyzed (remaining alkoxide
groups), and the presence of any charges (SiO~ groups).

MC Step Mechanics. The evolution proceeds in discrete
MC steps. During each step, a cluster is chosen at random
with a probability proportional to its diffusion coefficient
D(N), where N is the size of the cluster. This choice
biases the simulation towards moving smaller clusters more
frequently, reflecting that small clusters diffuse more rapidly.
Once a cluster is chosen, it is displaced in a random direction
by a displacement vector 6r = \/6D(N)At @, where @
is a unit vector sampled from an isotropic distribution. In
principle, one must be wary of large displacements that skip
over potential collisions, so At is dynamically adjusted to
ensure that the average displacement is kept below half the
capture radius, (||67|]) < 0.57. (7, 9).

After the cluster moves, potential reactive collisions are
checked with neighboring clusters (within a distance r. ~
1 nm). If a reaction is deemed possible, the algorithm
evaluates the condensation probability P.,,q based on the
relevant activation energy (which depends on cluster sizes
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and possibly local environment factors such as pH and ionic
strength). If the reaction occurs, the two clusters are merged
into a single cluster, and the relevant internal chemical
attributes are updated (e.g., one less silanol group on each
cluster, one more siloxane bond). Because hydrolysis can
also occur (especially in partially hydrolyzed monomers), we
further allow each step a chance of intracluster or extracluster
hydrolysis events based on the current state. However, for
typical gelation scenarios where an excess of water is present,
hydrolysis is often fast and completes early in the process,
making condensation the main event at later stages.
Diffusion and Anisotropy. The diffusion coefficient of a
cluster in a solution is not just a function of its size but also its
shape. Empirically, one may start with a relation of the form
D(N) = Do(N/Ny)~", where Dy is a baseline diffusion
coefficient for a monomer (or small reference oligomer of
size Ng) and v is an exponent in the range 0.5 to 1 depending
on whether the cluster behaves like a rigid sphere, a random
coil, or something in between. For silica oligomers that can
form semi-flexible chain-like structures, a value around v =
0.6 has proven reasonable. However, experimental studies
and theoretical models of rod-like or plate-like aggregates
suggest that simple isotropic scaling may be insufficient.
Therefore, we incorporate anisotropic diffusion tensors:

D= D“ l’ll’lT-i-DJ_ (I—nnT),

where n is the principal axis of the cluster (e.g., the
major axis for an elongated rod), D) is the diffusion
coefficient parallel to this axis, and D is that perpendicular
to it. For simplicity, we approximate n as the eigenvector
corresponding to the largest moment of inertia of the cluster.
The ratio Dj/Dy can vary with cluster size and shape,
adding complexity but also improving realism, especially
in alkaline conditions where rod-like growth is commonly
observed.

Electrostatics. Electrostatic interactions among partially
charged SiO~ sites and their counterions (usually Na-+,
K+, or protons in acidic environments) can substantially
influence cluster formation. A popular approach for including
long-range Coulombic effects in lattice simulations is to use
Ewald summation or particle-mesh Ewald (PME) methods.
However, these can be computationally expensive on large
lattices. An alternative is to adopt a Debye-Hiickel potential:

ze

(r)

~ dmeeor exp(—£7),

where z is the charge number, e is the elementary charge,
er is the relative permittivity of water, € is the vacuum
permittivity, and x is the inverse Debye screening length.
This potential effectively captures the screening of charges
in an ionic medium. We embed it in our MC framework
by modifying the condensation probability P.onq such that
the effective activation energy depends on the electrostatic



potential experienced by each silanol group. In high-ionic-
strength environments, « is large, so charges are screened
over short distances, leading to weaker electrostatic repulsion
and thus more aggregation. Conversely, at low ionic strength
(small k), charges can act over longer ranges, promoting
network structures with more branching and possibly a higher
fraction of ring closures.

Parallelization and Efficiency. A key technical challenge
is that simulating > 10° monomers over timescales of
microseconds (or even milliseconds) is computationally
intensive. Therefore, we parallelize the simulation using
domain decomposition, splitting the cubic lattice into smaller
subdomains assigned to different processors. Interprocessor
communication handles clusters that cross boundaries
and tracks long-range interactions. We also implement a
Tabu search strategy to prevent repeated back-and-forth
displacements of the same cluster, which can otherwise
inflate computational overhead and lead to spurious
correlations. With an optimized data structure for neighbor
searching (e.g., cell-linked lists or hierarchical grids), we
can maintain real-time track of clusters that reside in each
subdomain and update them efficiently at each MC step.

Validation Against Analytical Solutions. As a prelimi-
nary test, we compare the cluster size distributions N (s, t)
(the number of clusters of size s at time t) with analytical
solutions of the Smoluchowski equation for certain limiting
cases. In the low-density limit with purely reaction-limited
behavior, the Smoluchowski equation can provide closed-
form or approximate solutions for how N (s, t) evolves. Our
MC approach matches these distributions with less than 2%
deviation up to times approaching 10, (where t4 is the
gelation time). Achieving this agreement requires careful
tuning of At, 7., and the activation energies to reflect both
the short-range and long-range aspects of aggregation.

Gelation Criteria. Identifying the gel point in a simulation
can be done in multiple ways. One method is percolation-
based: the moment a cluster spans the entire simulation box
(i.e., forms a percolating network), we define ¢,. Another
approach is to mimic rheological experiments by constructing
a frequency-dependent storage modulus G’(w) and loss
modulus G”(w) from the network connectivity and bond
relaxation times. Near the gel point, G'(w) scales similarly
to G”(w), and the classic Winter-Chambon criterion states
that G’ (w) ~ G” (w) ~ w™ for some exponent n. We observe
that in our simulations, n =~ 0.75 %+ 0.03, comparable to
values reported in real silica gels. Moreover, the difference
in the absolute values of G’ and G at low frequencies is
typically within 12% of experimental observations, further
substantiating the correctness of our approach (/0, 11).

By carefully combining these elements—quantum-
informed activation energies, electrostatic screening,
anisotropic diffusion, and robust parallelization—we
construct a computational framework capable of capturing
the essential features of silica gelation across different
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regimes of pH, ionic strength, and temperature. The next
step is to compare the model outputs with experimental
measurements to ensure that the simulated networks indeed
resemble those observed in real systems.

Experimental-Simulation Correlation
Analysis

Validation is arguably the most critical aspect of any
computational model that aims to represent a complex
chemical process like silica gelation. In this work, we
focus on three primary experimental probes: synchrotron-
based scattering (SAXS or sometimes SANS), rheological
measurements (both oscillatory shear and creep tests),
and electron microscopy (including cryo-TEM). Each
probe provides complementary information: SAXS captures
structure on length scales from approximately 1 nm to a few
hundred nanometers, rheology characterizes the mechanical
properties associated with network formation, and electron
microscopy can provide direct visual evidence of the
topology of the gel network at comparable or slightly smaller
length scales than SAXS (/2).

Scattering Analysis. Small-angle X-ray scattering exper-
iments conducted at synchrotron facilities offer high flux
and excellent signal-to-noise ratios over a broad range of
wavevectors q. For silica gels derived from TEOS, the charac-
teristic power-law decay of the scattering intensity I(g) in the
intermediate g range often indicates the fractal nature of the
growing clusters. The scattering intensity can be connected to
the structure factor S(q) of the system by I(q) o< S(q) P(q),
where P(q) is the form factor of individual clusters. In
sufficiently dilute systems or when clusters are large com-
pared to the ¢ range of interest, S(¢) ~ 1 and I(q) ~ P(q).
More generally, S(q) captures inter-particle correlations and
becomes essential in describing the aggregated state (/3).

In our simulations, the structure factor is computed by:

N . 2
so= (o)

where the average is taken over multiple configurations
once the system has reached certain time intervals. To
make a direct comparison with experimental I(g), we must
approximate or calculate the scattering form factor for each
cluster. Simplifying assumptions can be made for large,
roughly spherical aggregates or elongated rods, but in the
most general case, we can numerically evaluate the sum in
reciprocal space by binning cluster coordinates into a three-
dimensional Fourier transform grid.

Experiments indicate that silica gels often have fractal
dimensions dy in the range 1.7 to 2.2, depending on pH,
ionic strength, and reaction conditions. We extract d; from
the slope of InI(g) vs. Ing in the power-law regime. In
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our earliest simulations without additional bending or ring-
formation penalties, we found dy ~ 2.1, which is somewhat
compact compared to the dy = 2.3 reported in certain acidic
conditions. By adding an explicit bending energy term,

1
Ub = 5/6(;(9 — 90)2,

which penalizes large deviations from a preferred bond
angle 6y, we induce a modest increase in the fractal
dimension. This suggests that the presence of slight rigidity in
the oligomeric network fosters more branched, space-filling
clusters. With x, = 25kgT/ rad?, the mismatch between our
simulated d; and the experimentally observed value dropped
to below 0.05.

Rheological Comparisons. From a practical standpoint,
gelation is often identified experimentally as the time at
which the elastic modulus G’(w) surpasses the viscous
modulus G”(w) in oscillatory shear tests. The frequency-
dependent shear moduli, G'(w) and G”(w), encapsulate
the mechanical response of the material and are especially
sensitive to the connectivity of the network. The time at
which G’ (wg) = G”(wp) for a chosen angular frequency wq
is called the gel time %,,.

In the simulation, rheological properties can be approxi-
mated by analyzing cluster connectivity and bond elasticity.
Each siloxane bond may be treated as an elastic spring with
a nominal spring constant derived from molecular simu-
lations or from typical Si — O — S% bond force constants
(12, 14, 15). The storage modulus emerges from the in-
phase stress response under oscillatory strain, while the
loss modulus arises from mechanisms of energy dissipation,
including bond rearrangements, cluster motions, and internal
friction. Although capturing the entire dynamic spectrum is
non-trivial, we can still map the simulation timeline to an
oscillatory shear response by extracting, for example, the
fraction of percolating clusters or by employing network-
based approaches (e.g., Rouse or Zimm-like theory adapted
to branched and cross-linked networks) (5).

Upon calibrating the simulation with realistic bond force
constants and friction coefficients, we find that the gelation
time t,—where G'(w) and G”(w) cross—occurs about 22%
later in the simulations compared to experiments for purely
homogeneous nucleation. This discrepancy likely stems from
the idealized assumption that no heterogeneous nucleation
sites exist in the solution. Real silica systems often contain
impurities, foreign particles, or even microbubbles that
act as nucleation centers for oligomer growth. When we
artificially introduce ~ 0.1% (by weight) nanoparticles with
preferential attachment probabilities (modeled via Phegero =
1 — exp(—rar.on/A) for alumina nanoparticles, for instance),
the simulated gel time aligns within 5% of the experimental
data. This adjustment demonstrates the sensitivity of ¢4 to
even trace amounts of heterogeneous nucleation sites (/6).

Cryo-TEM Tomography. Electron microscopy, espe-
cially cryogenic TEM, provides direct images of the gel
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structure at various stages of growth. In cryo-TEM, the
sample is rapidly vitrified to preserve the microstructure
without the artifacts introduced by drying or embedding.
Tomographic reconstruction further enables a 3D visual-
ization of the cluster shapes and connectivity. Matching
such images with simulation outputs requires us to replicate
the resolution and contrast conditions of the experimental
imaging. In practice, we create three-dimensional renderings
from the MC simulation’s final configurations by assigning
electron density values to each voxel containing silica. We
then project or slice through these renderings to produce
synthetic images. Qualitative comparisons show that the mor-
phological features (such as the presence of ramified clusters,
open pores, and local densification) align well with real cryo-
TEM images. The differences that do exist often manifest
as slightly smoother or more idealized cluster surfaces in
the simulation, a natural consequence of ignoring certain
molecular-scale roughness or polymerization side reactions
not included in the model (/4).

Non-Arrhenius Temperature Dependence. One of the
persistent puzzles in silica gelation has been the observation
that gel times do not always follow a simple Arrhenius
law,Int, o< 1 /T . Instead, many TEOS-based systems exhibit
curvature in an Arrhenius plot, implying that multiple
temperature-dependent processes convolve to determine .
Our model accounts for this by incorporating distinct
activation energies for different pathways—hydrolysis,
condensation involving small oligomers, condensation
involving larger oligomers, and ring formation. Each pathway
contributes differently as temperature changes, producing
an overall “effective” activation energy that can vary with
temperature.

Empirically, we plot Int, against 1/7 and extract an
apparent activation energy E™ from the slope. In our refined
simulations, Eflim ~ 54 £ 3 klJ/mol, which aligns closely
with the experimentally measured 58 =+ 2 kJ/mol. Moreover,
by allowing the barrier for ring formation to be slightly higher
than for linear chain extension, we successfully reproduce
the weak curvature in the Arrhenius plot. This agreement
boosts confidence that the partial or complete suppression
of ring closure under certain temperature and ionic strength
conditions is an essential ingredient for explaining non-
Arrhenius behavior.

Overall, the correlation analysis suggests that our
hierarchical MC approach, enriched with quantum-derived
activation energies, explicit electrostatic screening, and
anisotropic diffusion, does not merely replicate broad
gelation times and fractal dimensions but also captures
more nuanced details such as partial ring suppression,
non-Arrhenius temperature dependence, and the pH-driven
morphological shifts from branched to colloidal aggregates
(I7). As a result, we attain a level of predictive power
that extends beyond many previous attempts to model silica
gelation.



Conclusion

This work establishes a robust and comprehensive protocol
for simulating silica gelation via a Monte Carlo approach that
incorporates quantum-mechanically informed reaction rates,
explicit electrostatic interactions, and anisotropic diffusion.
We demonstrate that by systematically integrating these
ingredients, we can reproduce a range of experimentally
observed phenomena in silica gelation:

* pH-Dependent Network Morphology: The model
captures how low pH conditions favor more linear or
slightly branched polymeric networks, while higher
pH drives colloidal aggregation. This is achieved by
adjusting hydrolysis and condensation rate constants
in ways consistent with acid-catalyzed versus base-
catalyzed mechanisms. In doing so, the topology of
the network shifts accordingly, reflecting experimental
observations of branched versus roughly spherical
growth.

* Ring Formation and Ionic Strength: The
introduction of ring-formation barriers and explicit
Debye-Hiickel screening explains the suppression of
cyclic structures in high-ionic-strength solutions. The
model’s ability to tune the local environment of each
condensation event ensures that salt concentrations can
strongly shift the equilibrium between ring closures
and open-chain extensions, matching 2°Si NMR data
on ring fractions.

* Non-Arrhenius Temperature Dependence: Multiple
temperature-dependent pathways—reflecting hydrol-
ysis, small oligomer condensation, and ring clo-
sures—collectively produce an overall gelation time
that deviates from a simple Arrhenius plot. The result-
ing curvature and effective activation energy of about
54 £ 3 kJ/mol (close to the experimentally measured
58 + 2 kJ/mol) validate the inclusion of size- and
structure-specific activation barriers.

* Viscoelastic Consistency: Comparisons with oscilla-
tory shear data reveal that both the shape of G’(w)
and G”(w) in the frequency domain and the specific
gelation time ¢, are well-replicated within a mar-
gin of 5%, once heterogeneous nucleation sites are
accounted for. This result underscores the importance
of recognizing that real silica gels rarely form under
purely homogeneous conditions; impurities and het-
erogeneous nucleation centers have a profound impact
on gelation time and final network properties (/8).

* Scattering and Microscopy: The simulation recovers
fractal dimensions in agreement with SAXS data
and predicts morphological features observable by
cryo-TEM tomography, including branched aggregates
and the presence or absence of ring-rich domains,
depending on the imposed ionic strength and pH.
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In uniting ab initio-derived chemical kinetics with
mesoscale Monte Carlo dynamics, we bridge the gulf
between quantum-scale reaction specifics and macroscopic
gelation phenomena. This synergy not only resolves
several historical discrepancies in the field—most notably
the mismatch in ring fraction and the non-Arrhenius
behavior—but also opens new avenues for predictive
materials design. By fine-tuning parameters such as xp
(bending energy), « (Debye length), or k.o for oligomers
of different sizes, one can systematically explore how
the interplay of chemistry and physics sculpts the final
silica network. This capability is especially relevant for
designing functionalized silica materials with targeted
porosity, mechanical strength, or surface chemistry.

Future directions may include incorporating specific
organic templates or surfactants into the MC framework to
simulate sol-gel processes that produce hierarchical silica
structures, such as mesoporous silicas (e.g., MCM-41,
SBA-15). Additionally, one could extend the approach to
investigate aging phenomena—how the gel evolves post-
gelation through processes such as syneresis, coarsening, or
further cross-linking. Another promising path is coupling
this MC simulation with continuum-level fluid dynamics to
model macroscopic flow and mixing, particularly pertinent in
industrial-scale sol-gel operations.

The hierarchical MC model presented here represents a
significant step forward in accurately capturing the mul-
tifaceted nature of silica gelation. By weaving together
quantum-chemical insights, proper treatment of electrostat-
ics, anisotropic cluster diffusion, and detailed kinetic rules,
we achieve an unprecedented degree of realism that aligns
with diverse experimental measurements. As computational
power continues to grow and more refined quantum calcula-
tions become available, we anticipate that models of this kind
will be instrumental in guiding the next generation of silica-
based material innovations, from advanced catalysis supports
to novel biomaterial scaffolds.
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