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Reactive molecular dynamics simulations are used to model polycondensation of alkoxysilanes 

in solution. Different precursor monomers are compared and steric effects on polycondensation 

kinetics are observed. The impact of the alcohol and water composition in solution are explored.  

Abstract: 

Reactive molecular dynamics simulations were performed to study the polycondensation of 

alkoxysilane in solution with alcohol and water. The dynamic formation of siloxane clusters and 

rings was observed with simulation time. Two mechanisms for the growth of siloxanes were 

observed: monomer addition and cluster-cluster aggregation. The impacts of the alkoxysilane 

monomer chemical structure and solution composition on the rates of hydrolysis and condensation 

were explored. The polycondensation of different precursor alkoxysilane monomers 

(tetramethoxysilane, trimethoxysilane, methyltrimethoxysilane, or tetraethoxysilane) was 

modeled. The steric bulk of chemical groups attached to the monomer, such as silyl or alkoxy 

groups, were found to impact reaction rates. The influence of solution composition was 

investigated by simulating multiple systems with different concentrations of tetramethoxysilane, 

methanol, and water. Reactive molecular dynamics is used for the first time to study the 

polycondensation of alkoxysilanes, creating opportunities for future theoretical studies of the sol-

gel process.   

 

I. Introduction  

Sol-gel processes1 are widely used to generate metal-oxide solid materials through the 

three-dimensional polymerization of monomer molecules. Silicon-based precursor molecules, 

such as alkoxysilanes, can form silica materials with a variety of applications, such as aerogels2-5, 

bio-active6, low dielectric constant7 materials, and coupling agents between ceramics and 

mailto:jddeetz@ucdavis.edu
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polymers8. The diverse range of materials that can be formed results from the precursor molecule’s 

ability to hydrolyze, generating silanol chemical groups in the presence of water which 

subsequently condense to form siloxane linkages9. The hydrolysis and condensation reactions are 

illustrated in Scheme 1. 
 

 
Scheme 1: Reaction equations for hydrolysis, condensation, and alcohol condensation of alkoxysilanes 

 

The chemical structure of alkoxysilanes has been shown to dictate the kinetics of their 

hydrolysis and condensation10-17, manifesting through the steric accessibility16, 17 and polarity13 of 

the reacting Si-O bonds. The size of the alkoxide ligands11, 15, 17 is one structural property of 

alkoxysilane precursor monomers that influences their gelation chemistry. Most commonly these 

groups are methoxy- or ethoxysilanes1, although monomers with larger ligands, such as propoxy-
18, and butoxysilanes15, 19 have also been studied. Increasing the alkoxysilane ligand size leads to 

longer gelation times15 and slower kinetics11, 13, 17, suggesting steric hindrance to reactions. 

Trialkoxysilanes are available with silyl headgroups11, 17, 20 that have diverse chemistries, 

such as alkyl17, mercaptoalkyl21, and aminoalkyl20 headgroups. The headgroup has a strong 

influence on the reactivity of the monomer10, 13, 16, and the solubility17 in organic solvent and water, 

which subsequently dictates the chemical structure of the forming products. Loy et al.17 studied 

the influence of the trialkoxysilane headgroups on reactivity, and product morphology. Their 

findings indicate a strong dependence of the size of the silyl headgroup on gelation time.  

Reaction conditions5 accompanying the sol-gel process, such as the ratio of water to 

alkoxysilane4, 22-24, and the solvent used22, 23, 25, 26, have been shown to determine the rates of 

hydrolysis and condensation27, and subsequently dictate the morphology of the solids formed4. 

The water/silane ratio in solution has a significant influence on gelation times4, 22, and is 

proportional to the rate of hydrolysis28, 29. As a result, water content determines the kinetics of 

polycondensation24, and the solids formed differ in their microstructure28 and pore size 

distribution4, 30. 

In spite of the many studies of alkoxysilanes used in sol-gel processes, the processes of 

polycondensation, clusterization, and cluster growth are not well understood at the molecular level. 

Reactive molecular dynamics simulations can be used to study the influence of sol-gel process 

variables with atomistic resolution. This will provide insight to the mechanisms of 

polycondensation, and aid in the engineering of gels with tailored properties.  

To date reactive molecular dynamics studies14, 24, 31-34 have modeled the polycondensation 

of pure hydroxysilanes, or in solutions in pure water. However, in practice precursor solutions 

contain a mixture of alkoxysilane, solvent1, 15, 27 and water. By only considering hydroxysilanes, 

these studies do not account for modeling the hydrolysis reaction, which under neutral conditions 

is the rate limiting step35 in polycondensation. As mentioned above, typical precursor solutions 
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contain mixtures of alkoxysilane, solvent, and water5, 22, and these compositions have not been 

considered.   

In this study we use a recently parameterized36 version of a reactive force field, ReaxFF37, 

38 to model the early stages of polycondensation in sol-gel systems containing alkoxysilanes, 

methanol, and water under neutral pH conditions. A baseline system of tetramethoxysilane is 

modeled and compared to other precursor alkoxysilanes. To determine the impact of silyl 

headgroups on the morphology of condensed clusters and kinetics of hydrolysis and condensation, 

we model trimethoxysilane and methyltrimethoxysilane, which have hydrogen and methyl 

headgroups respectively. Figure 1 shows the chemical structure of the monomers simulated here. 

The polycondensation of tetraethoxysilane is modeled in order to study the impact of alkoxy ligand 

size. Several precursor, water, and alcohol concentrations are modeled to elucidate the impact of 

precursor solution composition on polycondensation. The structural evolution of siloxane clusters 

is studied in order to draw correlations between monomer structure and solution composition with 

the resulting morphology of the products. To our knowledge, this is the first reactive molecular 

dynamics study of alkoxysilane polycondensation. 

 

Figure 1: Chemical structure of the alkoxysilanes studied in this paper: A) tetramethoxysilane (TetraMS), B) 

tetraethoxysilane (TetraES), C) methyltrimethoxysilane (MethylTriMS), and D) trimethoxysilane (TriMS) 

II. Methods 

IIa. Simulation Procedure 

All simulations were performed using the LAMMPS39, 40 molecular dynamics package in 

the NVT ensemble. The velocity-Verlet integration scheme was used with a timestep of 0.5 fs. 

Temperature was maintained at 2000K using the Nosé-Hoover thermostat41, 42 with a time damping 

constant of 50 fs. The temperatures used in this study are elevated to accelerate hydrolysis and 

condensation reactions so that they occur on the ns timescale. The use of elevated temperatures is 

common to reactive molecular dynamics studies14, 24, 31, 33, 34 of the formation of siloxanes due to 

the high activation energies43 of hydrolysis and condensation.   
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To model chemical reactions, a reactive force field, ReaxFF37, 38, was used. We use our 

recently parameterized version36 of ReaxFF for alkoxysilanes. For computational efficiency, we 

have increased the timestep to 0.5 fs by changing the masses of the hydrogen atoms to 3 amu. It 

was found that the reaction kinetics are not affected by this change. 

 The initial positions of the molecules in the simulation box are determined by Packmol44, 

which randomly places them in a simulation box avoiding unphysical overlap. Simulation boxes 

have volumes ranging from 59.9 nm3 to 140.9 nm3 (Table 1). The size of each simulation box is 

calculated from a weighted average of each molecules pure liquid density under ambient 

conditions. 

 Each system was simulated for 5 ns. We constrain all bonds which do not participate in 

hydrolysis or condensation as it has been shown45 using reactive force fields that PDMS can 

decompose and form methane and hydrogen gas. These reactions are not the object of our study. 

Therefore, all silicon-hydrogen, silicon-carbon, carbon-carbon, oxygen-carbon bonds and carbon-

hydrogen bonds are restrained to 1.48, 1.96, 1.54, 1.43, and 1.10 Å respectively using a harmonic 

bond potential with a coefficient of 50.0 kcal/(mol-Å2).  

 

IIb. Measurement of Concentrations, Reaction Events, and Siloxane Structure  

To monitor the concentrations of chemicals and detect chemical reactions, the bond order46 

between all pairs of atoms was analyzed according to the methodology detailed below. In ReaxFF 

the bond order is defined as:  

𝐵𝑂𝑖𝑗 = exp [−𝛼𝜎 (
𝑟𝑖𝑗

𝑟𝜎
)
𝛽𝜎
] + exp [−𝛼𝜋 (

𝑟𝑖𝑗

𝑟𝜋
)
𝛽𝜋
] + exp⁡[−𝛼𝜋𝜋 (

𝑟𝑖𝑗

𝑟𝜋𝜋
)
𝛽𝜋𝜋

]                  (1) 

The total bond order BOij is a sum of exponentials representing the σ-, π-, and ππ-bonds. The 

parameters α, β, and r, are used to compute the order of each of these bonds. Each of the 

exponentials in Equation 1 scales from zero to unity, depending on the interatomic distance, r, 

between atoms i and j.  
 In order measure the concentration of chemical groups in the simulation, and detect 

reactions, the oxygen atoms are tracked and assigned a state depending on the two atoms they 

share the highest bond order with. By inspecting the reactions detailed in Scheme 1, each of the 

reactant and product molecules are differentiated by the two elements each oxygen atom is bonded 

with. For instance, the alkoxysilane state is detected if an oxygen atom is bonded to a silicon and a 

carbon atom. The number of alkoxysilane (Si-O-C), alcohol (C-O-H), silanol (Si-O-H), and 

siloxane (Si-O-Si) chemical groups are determined by the two bonds to the oxygen atom which 

have the highest bond order and the elements of the corresponding atoms.  

 After the chemical species belonging to each oxygen atom in the system have been 

determined for each timestep, reactions events are detected by instances in which oxygens change 

species. For instance, when an oxygen atom switches from water (H-O-H) to silanol (Si-O-H) a 

hydrolysis reaction has taken place. When silanol (Si-O-H) switches to siloxane (Si-O-Si), a 

condensation reaction has taken place. In order to avoid a flip-flopping transition state artificially 

increasing reaction rates, a reaction event is only counted if the atoms bonding to the oxygen in 

the new state are not the same as it was bonded to in the previous configuration.    

 The morphology of condensed clusters is determined by the silicon atoms belonging to 

condensed siloxane bridges. Through a list of siloxane bridges, the average number of bridges per 

silicon atom and cluster sizes are determined at each step. Additionally, Perlmol47 is used to 
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implement a siloxane ring-finding algorithm48, 49 which assembles the SSSR (smallest set of 

smallest rings) at each timestep. 
 

III. Results and Discussion   

The polycondensation of a baseline system consisting of 100 tetramethoxysilane 

(TetraMS), 400 methanol, and 400 water molecules is discussed in section IIIa. Each of the other 

systems in Table 1 is a mixture of alkoxysilane, methanol, and water. In section IIIb, the baseline 

system is compared to solutions containing identical molar ratios of water and methanol, but with 

different monomers: trimethoxysilane (TriMS), methyltrimethoxysilane (MethylTriMS), and 

tetraethoxysilane (TetraES). In section IIIc, several solutions containing different solution 

compositions of TetraMS, methanol, and water are compared.  

Table 1: Precursor Solution Compositions 

Precursor 

Composition 

Precursor:Methanol:Water   

System Size 

(nm3) 

Tetramethoxysilane (TetraMS) 
1:4:4, 1:8:4, 1:12:4, 1:4:8, 

1:4:12, 1:8:8, 1:12:12 
63.2-140.9 

Trimethoxysilane (TriMS) 1:4:4 59.9 

Methyltrimethoxysilane 

(MethylTriMS) 
1:4:4 62.4 

Tetraethoxysilane (TetraES) 1:4:4 75.7 

  

IIIa. Modeling Polycondensation in Methanolic Tetramethoxysilane Precursor Solution  

In this section we discuss the polycondensation of a tetramethoxysilane (TetraMS) baseline 

system. The initial concentrations of TetraMS, methanol, and water in this solution are 2.62, 10.5, 

and 10.5 M respectively. Figure 2 shows the concentrations of chemical species as a function of 

time normalized by the initial concentration of alkoxysilane groups (Si-O-C). Over 5 ns of 

simulation time, the precursor concentration decreases by over sixty percent, while the number of 

siloxane bridges increases. This indicates the alkoxysilanes are condensing to siloxane bridges. 

The concentration of all components in Figure 2 is consistent with the stoichiometry in Scheme 1. 

The concentration of methanol increases proportionally with the depletion of precursor, 

accompanied by a slight consumption of water. Figure 2 does not show an appreciable growth in 

the concentration of silanol (Si-O-H). It has been shown that at neutral pH hydrolysis (Reaction 1 

in Scheme 1) is the rate limiting step to polycondensation.13, 35 Thus, silanol species do not have a 

significant presence at this pH. 

Multiple replicas of the baseline system were simulated by differently randomizing the 

initial positions of the molecules. The concentration profiles of alkoxysilane (Si-O-C) and siloxane 

(Si-O-Si) groups for the three replications of the baseline system are shown in Figure 3. The 

profiles do not show much difference and follow the same trends as Figure 2. Variations in the 

concentrations of various reactants and products are expected of a small system due to the random 

nature of molecular collisions and nucleation of siloxane clusters.          
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The distribution of Si atoms with different numbers of siloxane bridges is shown in Figure 

4. Fully condensed silicon atoms from TetraMS have four bridges. As monomers condense and 

form siloxane bridges, the percentage of uncondensed silicon atoms decreases. Silicons with one 

siloxane bridge dominate from around 0.5 ns to 2.5 ns, making up around 25 percent of all silicon 

atoms. Silicons with two bridges become the most common species around 3.5 ns. At this time, 

three-bridged and four-bridged silicons are also present, and ninety percent have at least one 

bridge. After 5 ns, seventy percent of silicon atoms have two or three siloxane bridges. Figure 4 

demonstrates the progressive evolution of more highly bridged species. Single bridged species 

form quickly. Three and four bridged silicon species are formed more slowly. This is most likely 

due to the slower diffusion of clustered species, reduced quantities of precursor monomer, and 

reduced steric accessibility of reacting groups. The general characteristics of Figure 4 (i.e. the 

progressive evolution of higher-bridged silicon atoms with increasingly longer timescales of 

condensation to form these species) are observed in simulation14, 24, 32, 50, 51 and NMR10, 16 studies.  

The siloxane cluster size distribution is illustrated in Figure 5. At around 0.5 ns mostly 

dimers are formed, with a small number of clusters containing three to five silicon atoms. As 

further condensation takes place and more siloxane bridges are formed, progressively larger 

clusters are generated. Around 3.5 ns into the simulation, clusters containing between six and 

twenty silicon atoms are the most frequent, accounting for around seventy percent of silicons. At 

4.8 ns the percentage of silicon atoms in this size category sharply drops, leading to the formation 

of clusters with more than twenty silicon atoms. The sharp drops in the percentage of clusters 

between six and twenty silicon atoms shown in Figure 5 can be associated with cluster-cluster 

aggregation. The timescales of cluster formation are slower than those for hydroxysilane 

clusterization14 due to the added hydrolysis step, which limits siloxane nucleation. For 

condensation to occur, hydrolysis must first form silanol. 

Figure 6 shows the evolution of the largest siloxane cluster size for the three replications 

shown in Figure 3. With increasing simulation time, the size of the largest siloxane cluster grows. 

At early reaction times siloxane dimers are formed which can subsequently grow with the addition 

of monomers. Monomer addition is the dominant growth mechanism in the beginning stages of 

polycondensation. With longer timescales, cluster-cluster aggregation events are observed. Sudden 

large increases in the maximum cluster size in the simulation box indicate the fusion of clusters. 

One interesting aspect of Figure 6 is that it portrays the stochastic nature of cluster-cluster 

aggregation. With neutral pH, the hydrolysis reaction is the rate-limiting step to polycondensation. 

Thus, silanol species will have low concentration, and there will be subsequently fewer monomers 

able to nucleate to form siloxane clusters. The development of siloxane clusters depends on these 

random events, which partially explains the differences observed between the replications in 

Figure 6. The time between random collisions of clusters influences the timescales of cluster-

cluster aggregation events. As our simulations only have a few such large clusters, aggregation is 

significantly influenced by random collisions. 

Although there are differences between the maximum cluster sizes, the systems depict 

similar behavior in which cluster growth is dominated by monomer addition at small time scales, 

and cluster aggregation at later times. 

Figure 7 shows the percentages of silicon atoms in siloxane rings, as well as condensed 

silicon atoms that do not participate in rings. At 0.5 ns, condensed species are formed, but very 

few rings are present. At this time, mainly dimers and linear clusters are formed. Around 2.5 ns, 

nearly half of the silicon atoms in the system are condensed, but do not belong to any siloxane 

ring, while a third of silicon atoms have already condensed to rings. By 5 ns eighty percent of the 
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silicon atoms belong to siloxane rings and the average cluster size is greater than ten, and most 

silicon atoms have at least two siloxane bridges. The fluctuations in the percentages of condensed 

non-ring silicon correspond to the ring closure and cleavage reactions. Siloxane rings formed from 

condensation of hydroxysilanes have been predicted by Monte Carlo50, 51 and molecular 

dynamics14, 24, 32 simulations to have four to five silicon atoms. In this work, after 5 ns, the average 

number of silicon atoms in each siloxane ring is predicted to be about 4.2. Rings containing four 

silicon atoms are the most frequent, representing a third of all siloxane rings.         

A snapshot of the simulation after 5 ns is depicted in Figure 8. The representation consists 

of spheres, showing the positions of silicon atoms, and sticks, showing the positions of silicon-

oxygen bonds. The majority of silicon atoms have polymerized into small clusters. This 

representation consists only of the condensed siloxane skeleton. This molecular graphic was 

constructed using VMD 1.9.2.52  

These simulations have only taken place during the early stages of polycondensation, in 

which alkoxysilanes form small siloxane clusters. In experiments, siloxane clusters grow in a sol 

to reach sizes varying from 1-100 nm53 in diameter depending on the reaction conditions. The 

internal structure of the sol particles, whether they are loosely networked or densely rigid, will be 

influenced by the process of polycondensation. For neutral pH, the hydrolysis is rate limiting, 

which inhibits particle ripening in the siloxanes. On the timescales of cluster growth, this allows 

for the siloxane particles to form dense internal structures prior to gelation. Although these 

simulations run only for five nanoseconds, it is anticipated that the effects observed on 

polycondensation will influence sol formation, gelation, and hence the final morphology of the 

silicate matrix developed.  

 
Figure 2: Concentration of chemical groups in system normalized by the initial number of alkoxysilane groups. 

The initial system composition is a 1:4:4 molar ratio of TetraMS, methanol, and water. 
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Figure 3: Concentration of precursor and siloxane chemical groups in system normalized by the initial number of 

alkoxysilane groups. Multiple simulation runs, each with randomized initial positions and coordinates, are 
shown as the solid, dashed, and dotted lines. 

 

 
Figure 4: Distribution of silicon atoms with different numbers of condensed siloxane Si-O-Si bridges. The initial 

system composition is a 1:4:4 molar ratio of TetraMS, methanol, and water. 

 
Figure 5: Siloxane cluster size distribution for system with initial composition of a 1:4:4 molar ratio of TetraMS, 

methanol, and water. 
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Figure 6: Maximum siloxane cluster size for system initially containing a 1:4:4 molar ratio of TetraMS, methanol, 
and water. Multiple simulation runs, each with randomized initial positions and coordinates, are shown as the 

solid, dashed, and dotted lines. Cluster growth and cluster-cluster aggregation is observed. 
 

 

 
Figure 7: Percentage of silicon atoms which are uncondensed, condensed in siloxane rings, or condensed but not 

in rings in a system with an initial composition of a 1:4:4 molar ratio of TetraMS, methanol, and water. 
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Figure 8: Simulation snapshot of silicon (spheres) and oxygen atoms (sticks) after 5 ns from a system with initial 

composition of 100 TetraMS, 400 water, and 400 methanol molecules. The solvent and other atoms are 
represented by the faint background.  

 

IIIb. Effects of Alkoxysilane Chemical Structure: Silyl Headgroups and Alkoxy Ligands 

 Polycondensation is compared between four different alkoxysilane monomers: 

tetramethoxysilane (TetraMS), trimethoxysilane (TriMS), methyltrimethoxysilane 

(MethylTriMS), and tetraethoxysilane (TetraES) at equivalent water and methanol dilutions as 

shown in Table 1. A summary of the characteristics of polycondensation for each monomer is 

contained in Table 2. A reaction rate coefficient for hydrolysis was derived from the initial 

disappearance rate of alkoxysilane groups (Si-O-C), according to Equation 1: 

 

𝑘ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =
𝑑[𝑆𝑖𝑂𝐶]

𝑑𝑡
(0)/([𝑆𝑖𝑂𝐶]0[𝐻2𝑂]0)                                        (1)  

 

This formulation assumes the rates of the alcohol condensation and the reverse reactions are 

negligible at low reaction time. These are valid assumptions due to the low concentration of silanol 

at the beginning stages. Temporal characteristics of polycondensation, such as the percent 

alkoxysilane remaining are presented in Table 2 after five nanoseconds.    
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Table 2: Summary of Polycondensation Characteristics for Different Precursor Monomers  

 After 5 ns of Simulation Time 

Precursor 

Identity 

khydrolysis, 

L/(mol ns) 

Percent 

(Si-O-C) 

Remaining 

Percent of 

Si atoms 

condensed 

Number of 

Si-O-Si 

per Si atom 

Number of 

Si atoms 

per ring 

Percent of 

Si atoms in 

rings 

TetraMS 0.0191 31.8 95 2.41±1.07 4.60±1.64 76 

TriMS 0.0267 14.7 87 2.05±1.09 3.77±1.57 62 

MethylTriMS 0.0149 38.0 88 1.74±0.96 3.92±0.76 35 

TetraES 0.0127 51.0 80 1.66±1.04 4.10±1.51 50 

 

Figure 9 shows the concentration of alkoxysilane for each system. The initial rate 

coefficient for hydrolysis in Table 2 indicates that the depletion of alkoxide groups occurs most 

quickly for TriMS. Compared to the molecular structure of TetraMS, the TriMS monomer has a 

hydride group attached to the silicon atom in the place where TetraMS has a methoxy group. This 

small hydrogen group offers little shielding to the central silicon atom from nucleophilic attacks 

by an approaching water. Conversely, the bulky methyl and ethoxy groups attached to 

MethylTriMS and TetraES slow the reaction of the alkoxy groups by blocking water. The depletion 

of alkoxysilane groups is slightly slower for MethylTriMS than for TetraMS, which is explained 

by the bulky methylsilane close to the central silicon atom. The hydrolysis of the ethoxysilane 

(TetraES) groups occurs more slowly than for methoxysilane (TetraMS), likely due to the steric 

bulk of the former.  

The hydrolysis rate coefficient is correlated with the percentage of unreacted alkoxysilane 

chemical groups after five nanoseconds of simulation time. More than eighty-five percent of the 

TriMS molecules have reacted by this time. TetraES is the slowest to react, with only around fifty 

percent of its alkoxy groups reacted after 5 ns. In spite of the alkoxy groups of TriMS hydrolyzing 

more quickly than TetraMS, a smaller percentage of silicon atoms of the TriMS monomers have 

condensed after 5 ns, which implies these monomers are hydrolyzed, but have not condensed yet.  

The average number of siloxane (Si-O-Si) bridges per silicon atom is shown in Table 2. As 

shown in Figure 4, the average number of bridges per silicon atom increases with simulation time. 

After 5 ns, the system containing TetraMS has the greatest number of siloxane bridges per silicon 

atom. Due to the presence of silyl headgroups of TriMS and MethylTriMS, there are fewer 

potential bridging sites. Thus, trialkoxides are expected to form solids with fewer siloxane bridges. 

MethylTriMS does not react as quickly as TriMS. The silicon atoms of the TriMS system are more 

highly bridged with siloxane after 5 ns. The distribution of siloxane bridges of TriMS is shown in 

Figure 10. Compared with the evolution of bridges for TetraMS shown in Figure 4, the formation 

of silicon atoms with two and three bridges occurs slightly faster for TriMS. Additionally, 

saturation of silicon with siloxanes (three bridges for TriMS, four for TetraMS), occurs much more 

quickly for TriMS.   

Figure 11 shows the percentage of silicon atoms in rings as well as the percentage of 

condensed silicon. A similar percentage of silicon atoms for TriMS and TetraMS exist in 

condensed siloxane rings. For the MethylTriMS a lower percentage of silicon atoms exists in 

siloxane rings, which indicates that MethylTriMS may have a preference for more branched 

structures, as opposed to TriMS and TetraMS. This is due to the steric bulk of the methyl 

headgroup, which interferes with the formation of siloxane bridges and rings. Ring formation also 

occurs more slowly for TetraES than it does for TetraMS, which is ascribed to the slower 

hydrolysis rate of the alkoxy groups. Interestingly, all of the precursor molecules form siloxane 
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rings of different sizes, as indicated by Table 2. In comparison to other precursor monomers, the 

siloxane ring size of MethylTriMS follows a more narrow distribution. This might be due to the 

size of the methyl headgroup.      

In comparison to TetraMS, the polycondensation of TriMS occurs more aggressively, 

owing to the small size of the hydrogen headgroup as seen in increased rates of hydrolysis and 

condensation. Loy et al.17 indicates longer gelation times for solutions containing TetraMS and 

TetraES when compared with TriMS and triethoxysilane.   

Ethoxysilane groups are depleted markedly slower than methoxysilanes. These differences 

can be attributed to the limited accessibility of the central silicon atom of TetraES due to the larger 

ligand size. The development of siloxane bridges for TetraES is much slower compared to 

TetraMS, but it is not clear if this difference manifests due to steric hindrance of the ethoxy groups, 

or by reduced diffusion owing to the larger size of the monomer. It has been indicated in literature 

that the kinetics of polycondensation of TetraES is slower11, 17 than that of TetraMS. Loy et al.17 

found longer gelation times for ethoxysilanes under neutral and acidic conditions when compared 

to methoxysilanes. 

The timescale of these simulations is only for the early stages of polycondensation, but it 

is expected that the characteristics of the siloxane clusters formed will influence the structure of 

sol particles developed prior to gelation. Hence, the physical properties of the gel produced from 

the sol-gel process will be determined by the nature of polycondensation. Due to the lower number 

of bridging sites on methyltrimethoxysilane and trimethoxysilane, it is expected that they will form 

clusters which are loosely bound with siloxane bridges that lower elastic moduli than solids 

developed from tetra-alkoxysilanes. Due to the interference of the methyl headgroup with the 

formation of siloxane bridges and rings, methyltrimethoxysilane is expected to have a longer 

gelation time and to produce siloxanes with a greater uniformity in siloxane rings (as demonstrated 

in Table 2), such as silsesquioxanes16.  

The rate of polycondensation of tetraethoxysilane is slower than tetramethoxysilane. The 

bulky ethoxy group sterically hinders hydrolysis by blocking access to the central silicon atom. By 

slowing hydrolysis, there are fewer nucleation events in solution. This results in the formation of 

larger sol particles as these nuclei consume all of the monomers in the solution. After gelation 

solids with larger pore diameters will be formed. 

 
Figure 9: Concentration of alkoxysilane groups (Si-O-C) in different systems (TetraMS, TriMS, MethylTriMS, 

TetraES) normalized by the initial number of alkoxysilane groups. 
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Figure 10: Distribution of silicon atoms of trimethoxysilane with different numbers of condensed siloxane Si-O-Si 

bridges. The initial system composition is a 1:4:4 molar ratio of TriMS, methanol, and water. 

 

 
Figure 11: Percent of silicon atoms condensed compared with the percent in siloxane rings.    

 
 

IIIc. Effects of Alkoxysilane, Water, and Alcohol Composition in Solution 

Different solution compositions of tetramethoxysilane (TetraMS), methanol, and water 

were simulated. As discussed in IIIa, a 1:4:4 molar ratio of TetraMS:methanol:water was used as 

a baseline system for comparison to other solution compositions. In order to determine the effect 

of changing the water composition in solution, the initial molar ratio of TetraMS:methanol:water 

is varied from 1:4:4 to 1:4:8 and 1:4:12. The effects of methanol content on polycondensation is 

determined by comparing the 1:4:4 ratio system with 1:8:4 and 1:12:4 systems. Lastly, the impact 

of alkoxysilane concentration is probed by modeling three systems with different levels of 

tetramethoxysilane dilution: the 1:4:4, 1:8:8, and 1:12:12 systems. 

Table 3 summarizes the characteristics of polycondensation for each of these compositions. 

Quantities which depend on reaction time in Table 3 are presented as their value after five 

nanoseconds of simulation time. The reaction rate coefficients calculated using Equation 1 are 

nearly equivalent for all compositions. This means that the concentrations of alcohol, water, and 
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silane at our compositions do not have as pronounced of an effect of the reaction rate coefficient 

as the chemical structure of the precursor molecule does (Table 2).  

The concentration of water has a pronounced effect on the kinetics of polycondensation. 

By increasing the ratio of H2O:TetraMS from 4:1 to 8:1 to 12:1, there are clear differences in the 

rates of hydrolysis and condensation. As water concentration increases, the percent of alkoxysilane 

(Si-O-C) remaining in the simulation box decreases at a much faster rate. The average number of 

siloxane bridges per silicon atom and the percent of silicon atoms in siloxane rings both increase. 

It has been shown previously28 that increasing the ratio of water to precursor monomer promotes 

hydrolysis and condensation. Figure 12 shows the concentration of precursor chemical groups as 

a function of simulation time. Clearly, the depletion of alkoxysilane in the 1:8:4 composition is 

much faster than the 1:4:4 system. The difference between the 1:12:4 and 1:8:4 systems is not as 

pronounced. This agrees with classical kinetics. At large concentrations of a reactant in a 

bimolecular second order reaction, the reaction transitions to pseudo first order.  

Increasing the H2O:TetraMS ratio accelerates polycondensation. As hydrolysis is a 

prerequisite to condensation (Scheme 1), accelerating hydrolysis will accelerate condensation. 

Figure 13 shows the cumulative number of hydrolysis and condensation reactions during the 

simulation. Increasing water concentration proportionally increases the rates of hydrolysis and 

condensation at higher concentrations. Although the time derivative of the concentration profiles 

shown in Figure 12 begin to decrease, indicating an approach to equilibrium, the frequency of 

hydrolysis and condensation reactions do not slow down according to Figure 13. This indicates 

that at equilibrium there is competition among forward and reverse reactions which allows further 

hydrolysis and condensation to take place.  

Rao and Gelb24 have shown that increasing the water to silicon ratio resulted in accelerating 

the rate at which the silicon atoms are saturated with siloxane bridges. After 5 ns, the 1:4:4, 1:4:8 

and 1:4:12 compositions have 2.4, 2.9, and 3.1 siloxane bridges per silicon atom respectively. As 

the maximum number of available bridging sites available to TetraMS is four, this implies a high 

degree of condensation for all solutions.  

Ring formation is facilitated at high water concentrations. The average size of siloxane ring 

as a function of simulation time is shown in Figure 14. The average ring size in the 1:4:4, 1:4:8, 

and 1:4:12 compositions is qualitatively similar. Initially small two membered rings are formed, 

but are soon replaced by larger rings. Over the course of the simulation, the average size of siloxane 

rings increases. Two-membered rings have excess strain54 from the O-Si-O and Si-O-Si angles. 

The average size of siloxane rings increases over time as additional monomers are available to 

form rings. Five-membered rings have been reported as the most frequent from hydroxysilanes 

simulations14, 24, 32. It has also been shown that the average number of silicon atoms per siloxane 

ring increases32 over the course of polycondensation. Although the simulations are not equilibrated 

after 5 ns, it is clear the average ring size at all H2O:TetraMS ratios have more than four silicons. 

Changing the molar ratio of the alkoxysilane:methanol in our simulations from 1:4 to 1:12 

slows the depletion of methoxysilane groups. Siloxane bridges are formed more quickly in the 

1:4:4 mixture than for the 1:8:4 and 1:12:4 systems. High methanol:TetraMS ratios have been 

reported elsewhere to increase gelation times22 and promote esterification of alcohol with silanol5, 

29. There is a dilution effect in which methanol reduces the concentration of reactant methoxysilane 

and water. Low molar ratios of alcohol to precursor monomer have been shown28 to promote 

hydrolysis during the early stages of polycondensation. Alcohol solvents have been shown29, 55 to 

engage in re-esterification reactions in which alcohol can react with silanol to form alkoxysilane. 
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The number of siloxane bridges per silicon increases most slowly in Table 3 for the 1:12:4 system. 

Ring formation occurs more slowly for solutions with high methanol:TetraMS ratios.  

 We have already shown that increasing water concentration accelerates hydrolysis and 

condensation, whereas increasing methanol slightly inhibits reactions. By changing the 

TetraMS:methanol:water solution composition from 1:4:4 to 1:8:8 and 1:12:12, the concentration 

of TetraMS is reduced. In spite of the increase in methanol concentration, methoxysilanes are 

hydrolyzed more quickly at 1:8:8, and siloxane bridges form faster. The reaction rates are slightly 

faster for 1:8:8 than for 1:8:4, but much slower than 1:4:8. It is possible that alcohol hydrogen 

bonds with the excess water preventing its reaction with alkoxysilane.   

 Hydrolysis and condensation are greatly accelerated for 1:4:8 compared to 1:4:4. Adding 

methanol to the 1:4:8 system to form the 1:8:8 slows polycondensation, either by diluting the 

precursor monomers, or by esterification of the silanols generated from hydrolysis. A reverse 

esterification reaction has been shown29 to inhibit condensation in this manner. 

 Although these simulations only last five nanoseconds and have clearly not equilibrated, 

some of the characteristics of polycondensation are expected to influence the structure of the 

siloxane gel. High H2O:Si ratios accelerate the rate of the hydrolysis reaction, which leads to a 

higher concentration of silanol, and the formation of a greater number siloxane nuclei than at low 

water concentrations. The ratios between the maximum and average siloxane cluster sizes after 5 

ns for the 1:4:4 and 1:4:8 dilutions are 2.7 and 1.5 respectively. If this trend is continued consuming 

all remaining monomer, the 1:4:8 dilution will form smaller clusters, compared to the 1:4:4 

solution, leading to the formation of a gel with high surface area. 

Table 3: Summary of Polycondensation Characteristics for Different Solution Compositions  

 After 5 ns of Simulation Time 

TetraMS: 

methanol: 

water 

khydrolysis, 

L/(mol ns) 

Percent 

(Si-O-C) 

Remaining 

Percent of 

Si atoms 

Condensed 

Number of 

Si-O-Si 

per Si atom 

Number of 

Si atoms 

per ring 

Percent of 

Si atoms in 

rings 

1:4:4 0.019 31.8 95 2.41±1.07 4.60±1.64 76 

1:4:8 0.022 16.8 100 2.89±0.96 4.15±1.38 92 

1:4:12 0.019 10.2 100 3.08±0.94 4.39±1.43 88 

1:8:4 0.020 40.5 86 1.98±1.15 3.80±1.50 63 

1:12:4 0.022 50.8 83 1.63±1.12 3.93±1.39 33 

1:8:8 0.020 28.3 95 2.48±0.99 4.08±1.64 73 

1:12:12 0.018 28.3 94 2.46±1.02 4.10±1.66 79 
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Figure 12: Normalized concentration of alkoxysilane groups (Si-O-C) in different systems (1:4:4, 1:4:8, and 1:4:12 
tetramethoxysilane:methanol:water). Concentration is normalized by the initial number of alkoxysilane groups. 

 

 
Figure 13: Cumulative hydrolysis and condensation reactions normalized by initial number of alkoxysilane 

groups. 
 

 
Figure 14: Average number of silicon atoms in each siloxane ring for the 1:4:4, 1:4:8, and 1:4:12 systems. 

  

IV. Conclusions 

Reactive molecular dynamics has been used to study the polycondensation of alkoxysilane 

systems. We have used ReaxFF to investigate the hydrolysis and condensation reactions of systems 

containing alkoxysilane, alcohol, and water. In principle, this force field is not limited to the 

specific molecules we have modeled and could be extended to simulating the polycondensation of 

other monomer alkoxysilanes, and solutions containing other solvents.  

Both hydrolysis and condensation reactions were observed in all solutions. The rates of 

reaction of trialkoxysilanes correlates directly with the size of their silyl headgroups. The small 

size of the hydrogen headgroup of trimethoxysilane offers little resistance to hydrolysis by water 

molecules. In contrast, the bulky nature of the methyl headgroup of methyltrimethoxysilane 

impedes it. The condensation reaction appears to be more significantly affected by steric hindrance 

than hydrolysis. The steric bulk of the methyl headgroup inhibits the formation of completely 
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condensed silicon atoms, as the monomers of methyltrimethoxysilane are slower to form siloxane 

bridges and rings.  

The effects of alkoxy ligand size were studied by modeling systems of tetramethoxysilane 

tetraethoxysilane with equivalent amounts of alcohol and water. Polycondensation was slower for 

the ethoxy solution, although it isn’t clear whether this is due to slower diffusion of the 

alkoxysilane monomer, or steric hindrance of the ethoxy ligands.  

The 1:4:4 molar composition of precursor:methanol:water was diluted with water and 

methanol to form the 1:4:8, 1:4:12, 1:8:4, 1:12:4, 1:8:8, and 1:12:12 solutions. Increasing the 

water:silane ratio increases the rates of hydrolysis and condensation. Saturation of silicon atoms 

with siloxane bridges and ring closure are also accelerated at high water concentrations. Increasing 

water content in the precursor solution accelerates cluster growth. Systems containing different 

concentrations of tetramethoxysilane were modeled with the 1:4:4 and 1:8:8 systems. The higher 

water concentration of the 1:8:8 and 1:12:12 systems accelerates the kinetics of hydrolysis and 

condensation.  

In all systems, it is seen that although the concentration profiles of precursor (Si-O-C) 

chemical groups and siloxane (Si-O-Si) bridges begin to approach equilibrium, the rates of 

hydrolysis and condensation do not decrease. This implies that, at equilibrium, forward and reverse 

reactions will be competing such there are no significant changes to the concentrations of chemical 

components of the system. 

Polycondensation has been explored under neutral conditions in this study, but often basic 

or acidic pH are used to catalyze reactions. Our results are limited to the initial stages of the sol-

gel process. Morphological effects resulting from varying rates of diffusion, hydrolysis, and 

condensation could be seen more clearly over longer timescales and lengthscales. 

 

Supporting Information Available:  

Additional figures relating to all systems simulated in this study are available online at 

http://pubs.rsc.org/en/Journals/JournalIssues/SM. 
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