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Highlights  

□ Hydrolysis reactions had a common pathway, independent of pH and 

temperature.  

□ The system is described with six kinetic constants, six activation energies and 

the equilibrium constant for the forth hydrolysis 

□ The activation energy for condensation from Si(OH)4 to form ≡Si─O─Si≡ was 

ca. 10 kJ mol-1 higher than the largest activation energy in the hydrolytic 

reactions. 

□ The pH-independent rate constants at 298.2 K increased as the hydrolysis 

progresses. 
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Abstract 

Tetraethoxysilane (TEOS) is widely used to synthesize siliceous material by the 

sol-gel process. However, there is still some disagreement about the nature of the 

limiting step in the hydrolysis and condensation reactions. The goals of this research 

were to measure the variation in the concentration of intermediates formed in the acid-

catalyzed hydrolysis by 29Si NMR spectroscopy, to model the reactions, and to obtain 

the rate constants and the activation energy for the hydrolysis and early condensation 

steps. We studied the kinetics of TEOS between pH 3.8 and 4.4, and four temperature 

values in the range 277.2 – 313.2 K, with a TEOS:ethanol:water molar ratio 1:30:20. 

Both hydrolysis and condensation rate speeded up with the temperature and the 

concentration of oxonium ions. The kinetic constants for hydrolysis reactions increased 

in each step kh1 < kh2 < kh3 < kh4, but the condensation rate was lower for dimer 

formation than for the formation of the fully hydrolyzed Si(OH)4. The system was 

described according to thirteen parameters: six of them for the kinetic constants 

estimated at 298.2 K, six to the activation energies, and one to the equilibrium constant 

for the fourth hydrolysis. The mathematical model shows a steady increase in the 

activation energy from 34.5 kJ mol-1 for the first hydrolysis to 39.2 kJ mol-1 in the last 

step. The activation energy for condensation reaction from Si(OH)4 was ca. 10 kJ mol-1 

higher than the largest activation energy in the hydrolytic reactions. The decrease in the 

net positive charge on the Si atom contributes to the protonation of the ethoxy group 

and makes it a better leaving group. 
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1 Introduction 

The preparation of siliceous materials by the sol-gel process is widely used for 

coatings, adsorbents, catalyst supports, fiber optic sensors, photovoltaic devices, 

cosmetics and drug delivery [1]. The synthesis of siliceous materials by the sol-gel 

process includes hydrolysis reactions of precursors, condensation of hydrolyzed species 

to form colloidal suspensions, and reactions between colloids to form a gel network of 

silica with the solvent embedding the pores. Because of the huge number of parameters 

to be controlled, the sol-gel process is very versatile and, therefore, the chemical 

properties and porous texture of xerogels can be controlled by tuning the pH, 

temperature, and the molar ratio of the precursor, water and solvent [2-7].

Although the sol-gel process has been widely studied, the nature of the limiting 

step in the hydrolysis and condensation reactions remains controversial. In spite of the 

efforts made by numerous authors who have investigated the hydrolysis and 

condensation reactions when tetraethylorthosilicate (TEOS) is used as silicon precursor 

to prepare xerogels, rationalization for kinetic trends and kinetic mechanisms is still 

under discussion. In particular, several authors have reported that each subsequent 

hydrolysis from TEOS to Si(OH)4 is slower than the precedent [2,8]. However, this 

trend is the opposite of the experimental results reported by other authors [9-11]. This 

discrepancy in the kinetic trends from experimental results limits the understanding of

the overall mechanism for the polymerization process, which depends on the type and

concentration of oligomers [12]. 

A comparison of experimental rate constants is also restricted by the different 

reaction conditions. Most authors set the reported pH of the reaction by using acidified 

water and hence the concentration of oxonium ions is that of water, which is different 

from the actual pH and [H3O+] at the reaction medium [13]. Additionally, most of the 

reported experiments have been directly performed in the NMR tubes which reduces 

sample manipulation.
29Si NMR is the most commonly used technique to identify the different Si 

containing species produced in sol-gel processe  [14-16]. This spectroscopic technique 

is a very powerful tool which can distinguish silicon atoms attached to different 

combinations of ligands. In addition, 29Si NMR can quantitatively monitor Si sites with 
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different connectivity and, therefore, determine concentration of the hydrolysis 

intermediates and the beginning of condensation reactions, including small oligomers 

present in the system, and show whether these oligomers are cyclic, linear, or branched. 

Unfortunately, the high specificity of this technique is not equaled by its 

sensitivity. The low natural abundance of 29Si, its low gyromagnetic ratio, and the rather 

long relaxation times limit the application of 29Si NMR spectroscopy for following fast 

hydrolysis and condensation reactions in real time [14,17]. However, the low sensitivity 

can be circumvented by accumulating more pulses and by adding paramagnetic 

transition metal complexes such as chromium acetylacetonate (Cr(acac)3) to reduce the 

relaxation time [18-20]. The data collection time for a reasonable signal-to-noise ratio in 
29Si NMR spectroscopy depends on the concentration of the silicon species and the 

mobility of these species, since condensed phases produce weaker signals [13]. 

The goal of this research was to investigate the kinetics in the acid-catalyzed 

hydrolysis of TEOS as a function of pH and reaction temperatures. The specific goals 

were the following: (a) to measure the variation in concentration of the structural 

intermediates formed during hydrolysis and early condensation reactions in TEOS sol-

gel by 29Si NMR spectroscopy, (b) to fit the quantitative kinetic data to model the 

reactions, (c) to obtain the rate constants for the hydrolysis and initial condensation 

reactions, and (d) to obtain the activation energy for the hydrolysis and condensation 

processes.  

2 Materials and methods 

2.1 Preparation of samples 

The molar concentrations for the studied samples were as follows: 0.426 mol L-1

TEOS, 12.80 mol L-1 ethanol and 8.53 mol L-1 water, which results in a molar ratio 

precursor: ethanol: water of 1:30:20. The ethanol concentration was high enough to 

make sure the miscibility of the reagents mixture. While continuously stirring with a 

magnetic bar, 1.505 mL of TEOS (purity ≥ 98%, Sigma Aldrich, Steinheim, Germany) 

as a silica precursor and 11.605 mL of absolute ethanol as a solvent (GR for analysis, 

Sigma Aldrich Chromasolv®, Steinheim, Germany) were mixed in a 30 mL glass 

container with a diameter of 35 mm and screw cap (Scharlab, Barcelona, Spain). Then, 

a pre-established volume of water (Mili-Q grade) was added dropwise under magnetic 
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stirring. The pH of the solution was adjusted to pH 3.8, 4.1 or 4.4 by adding 0.05 mol L-

1 HCl (Merck, Darmstadt, Germany) with an automatic burette (Titrino mod. 702 SM, 

Metrohm, Herisau, Switzerland). The amount of water was set at a total volume 2.385 

mL. Finally, the containers with solutions were closed and left in an oven (HOTCOLD-

A 2101502, JP Selecta, Barcelona, Spain, 0.1 K) without magnetic stirring, at 

different temperatures (277.2, 283.2, 293.2, 313.2 K). 

2.2 Spectra collection and silicon species quantification 

We chose to measure the kinetics in a set of experimental conditions as similar 

as possible to those used in the synthesis of the material instead of monitoring the 

hydrolysis process in an NMR tube. Furthermore, chromium salt was only added upon 

measuring the NMR spectra to prevent any variation in reaction kinetics. Similarly, 

deuterated solvent was added in the minimal amount to lock the NMR spectrometer 

signal while keeping sample homogeneity. At pre-established reaction times, NMR 

samples were prepared in 5 mm OD tubes by mixing 400 μL of reaction solution with 

100 μL of 0.104 mol L-1 Cr(acac)3 in deuterated dimethylsulfoxide, DMSO-d6 (Carlo-

Erba). 
29Si NMR spectra of samples were recorded on a 400 MHz Bruker Advance III 

(4.1 T) spectrometer equipped with a 5 mm Pabbo probe. The frequency for 29Si was 

tuned at 79.486 MHz and the frequency for 1H was tuned at 400.132 MHz. 1H was 

measured using the preinstalled zg30 program without any modification. The pre-

installed pulse program zgig parameters were modified for 29Si analysis; the d1 delay was 

set to 0 s and the length of p1 was 4.00 μs with simultaneous irradiation of 1H nuclei at 

0.2663 W (PLW=12) for 80 μs thus preventing Si-H coupling. The mixture was 

vigorously stirred before analysis. NMR tubes were spun at a frequency of 20 Hz. 

Measurements were done under isothermal conditions at 300 K. 

The signals corresponding to the hydrolyzed species were well resolved under 

the experimental conditions. 29Si signal corresponding to the hydrolyzed species from 

TEOS were assigned according to the literature [2,10,21]. Calibration of the 29Si signal 

against TEOS concentration was done using samples of known concentration of TEOS. 

Linear regression analyses between the intensity of the 29Si signal and the concentration 

of TEOS were performed using the data analysis software MS-Excel to obtain the 
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calibration curve and the standard error of the slope and the origin ordinate. When no 

condensation products were present in the sample, the sum of the intensity of the TEOS 

and the hydrolyzed species was equal to initial intensity for the signal of TEOS within 

the random error of the measurement and we assumed that the concentration of each 

hydrolyzed species was proportional to the concentration. The relative concentration for 

TEOS and intermediate hydrolysis species was thus determined by measuring the 

absolute intensity of the corresponding signals in the spectra.  

 

2.3 Mathematical modelling of kinetics 

In view of the available information in the literature, and based on our own 

experimental results, a kinetic model has been developed in this work. The global 

process is made up by hydrolysis reactions followed by condensation reactions (Eq. (1) 

– (6)). Four consecutive stages of hydrolysis have been taken into account, and in each 

hydrolysis step a molecule of ethanol (EtOH) is produced. The fourth hydrolysis 

reaction is reversible according to Fyfe et al. [10,22]. Finally, the condensation reactions 

between the silanol groups of Si(OH)4 and between the silanol groups of Si(OH)4 and 

the free silanol groups in condensed species have been considered. We checked other 

condensation reactions involving silanol groups of hydrolysis intermediates without any 

improvements in the adjusted parameters. 

Hydrolysis  

Si(OC2H5)4+ H2O
kh1, H3O+⎯⎯⎯⎯⎯  Si(OC2H5)3(OH)+ C2H5OH (1) 

Si(OC2H5)3(OH)+ H2O
kh2, H3O+⎯⎯⎯⎯⎯  Si(OC2H5)2(OH)2+ C2H5OH (2) 

Si(OC2H5)2(OH)2+ H2O
kh3, H3O+⎯⎯⎯⎯⎯  Si(OC2H5)(OH)3 + C2H5OH (3) 

Si(OC2H5)(OH)3+ H2O
k-h4, H3O+⎯⎯⎯⎯⎯⎯⎯⎯kh4, H3O+⎯⎯⎯⎯⎯⎯⎯⎯  Si(OH)4 + C2H5OH (4) 

Condensation  

2 Si(OH)4

kc1, H3O+⎯⎯⎯⎯⎯  (OH)3Si-O-Si(OH)3 + H2O (5) 

(OH)(Si(OR)2O)n-Si(OH)3+ Si(OH)4
kc2, H3O+⎯⎯⎯⎯⎯  (OH)(Si(OR)2O)n+1-Si(OH)3+ H2O (6) 
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The kinetic model has been developed on the basis of the following premises: (a) 

the reacting system is homogeneous so the concentrations of all the chemical 

compounds refer to the total volume of the reaction mixture; (b) all reactions are 

assumed elementary. Under these premises, mass balances for the several chemical 

compounds (i), can be deduced from the following general expression: 

dCi

dt
= vij 

j

·Rij 

 

(7) 

where, νij is the stoichiometric coefficient of species i in reaction j, which is considered 

to be negative for the reactants and positive for the reaction products; Rij is the reaction 

rate for species i in reaction j. The general expression in Eq. 7 is specified for each species 

in supplementary material file. 

Equations of concentration derivatives were integrated by a Fortran Compiler that 

includes the IMSL subroutines library. The ordinary differential equations were solved 

using the DIVPRK subroutine that applies the 5th and 6th orders adaptive Runge–Kutta–

Verner method. Additionally, the reaction rate data were fitted by means of nonlinear 

regression analysis using the Nelder and Mead algorithm of direct search furnished by 

the DBCPOL subroutine in the IMSL library. An objective function (F) given by the sum 

of the relative differences between the experimental concentration of the evaluated 

species and the values predicted by the kinetic model was established.  

F=  
1
Nr

 
t

   Ci
exp(t,r)-Ci

mod(t,r) 2
 

s

it 

 (8) 

 

where Ci
exp(t,r) and Ci

mod(t,r) are the experimental and model calculated values of the 

concentration of component i in the instant t in the experimental run, r; and Nr being the 

number of experimental observations in each run r. The species evaluated were TEOS, 

Si(OC2H5)3(OH), Si(OC2H5)2(OH)2, Si(OC2H5)(OH)3, and Si(OH)4.  

Additionally, if the water concentration is assumed to be constant, the 

concentration of TEOS, CTEOS(t), and the first hydrolysis, CSi(OEt)3(OH) (t), can be 

obtained upon integration of their corresponding balances [23]. 
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CTEOS(t) = CTEOS, 0· e  CH2O, 0·t (9) 
 

CSi(OC2H5)3(OH) (t) = CTEOS, 0· −  e  CH2O, 0·t  −  e  CH2O, 0·t  
(10) 

 

where CTEOS,0 and CH2O,0 are the initial concentrations of TEOS and water, respectively; 

 and  are the kinetic constants for the first and second hydrolysis steps. These data 

have been fitted by means of nonlinear regression analysis using a modified Levenberg-

Marquardt method furnished by the DRNLIN subroutine in the IMSL library. 

 

2.4 Quantum Mechanic Calculations 

All calculations in this work were performed with the Gaussian 09 program suite 

[24]. Full geometry optimizations and analytical vibrational frequency calculations have 

been performed for all compounds at the mPW1PW91level of theory using the standard 

6-31G(d) basis set for the main group elements [25]. Stationary points were 

characterized by exactly zero imaginary vibrations respectively. Attached proton test 

(APT) atomic charges were calculated at the same level of theory [26]. Natural 

Population Analyses (NPA) [27] were also performed on all compounds at B3LYP 

level, using  6-311+G(2d,p) basis set for the main group elements that includes splits, 

diffuse and polarization functions, in order to obtain atomic natural charges [28,29]. 

NMR shielding tensors were computed with the and the Gauge-Independent Atomic 

Orbital (GIAO) method at B3LYP/6-311+G(2d,p) level of theory on mPW1PW91/6-

31G(d) geometries in gas phase [30-32]. 

 

3 Results  

The TEOS: EtOH: H2O ratio was chosen to ensure homogeneity of the sample as 

well as to ensure that the amount of water is in excess. The pH range 3.8 – 4.4 was 

chosen for convenience; if the pH is lower than 3.8 and the temperature is equal or 

higher than 293.2 K, the reaction rate is too fast to be monitored by 29Si NMR. On the 

other hand, if the pH is higher than 4.4 and the temperature is equal or lower than 277.2 

K the reaction kinetics is too slow to have practical interest. Finally, the pH was 

adjusted in the reacting samples instead of using acidified water. Given the precision 

and rapidity of the automatic burette, the lapse of time for the pH setting was lower than 
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the time required to achieve a 29Si NMR spectra, which varied between 12 and 15 min. 

The experimental spectra are indeed an average of the sample during this time.

Regarding the quantification of the silicon species, we first considered using internal 

standards. Among others, tetramethylsilane, tetraethylsilane or 3-(trimethylsilyl)-1-

propanesulfonic acid sodium salt were tested but, either because of the low solubility or 

the partial evaporation of the internal standard, the results were not reliable. Direct 

calibration of the 29Si absolute intensity (I) against TEOS concentration in the sample 

was a suitable methodology to monitor the hydrolysis process as is shown by the low 

dispersion of the experimental results. Furthermore, as hydrolysis goes by, the sum of 

the intensity of all monomeric Si species in the solution corresponded to the starting 

signal of TEOS, enabling both a normalization of the response and an estimation of 

condensation products by using a mass balance. 

3.1 29Si NMR spectra

Fig. 1 shows typical 29Si NMR spectra during the hydrolysis of TEOS and 

3.2 Chemical reactions kinetics

We performed kinetics experiments at pH 3.8, 4.1 and 4.4, and at 277.2 K, 283.2

K, 293.2 K and 313.2 K. The evolution of the hydrolyzed species had a common pattern 

regardless of the experimental conditions. Fig. 2(a) shows an example of the evolution 

of the relative concentration of TEOS, the hydrolyzed species and the overall of

condensation products at pH 4.1 and 293.2 K. Continuous lines were obtained from the 

mathematical model that will be discussed in the next section. The concentration of 

TEOS exponentially decayed as the reaction progressed, and was zero after 750 min, 
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in the middle of trimers appeared between – 91.2 and – 91.3 ppm [21,34].  

condensation of hydrolyzed species at pH 4.1 and 293.2 K. Under these experimental 

conditions, the peaks of the hydrolyzed species are well resolved. The peaks were 

assigned to corresponding silicon atoms according to the literature [2,10,13,33]: the 

TEOS signal appeared at – 82.1 ppm, Si(OC2H5)3(OH) at – 79.1 ppm, Si(OC2H5)2(OH)2

at – 76.7 ppm, Si(OC2H5)(OH)3 at – 74.7 ppm, and Si(OH)4 at – 72.8 ppm. 

Condensation products are not as well-resolved, the dimer peaks appeared between – 

82.1 and – 82.3 ppm, being the most noticeable signal at – 82.1 ppm. Si atoms located   
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which suggests that the reaction is not reversible and it is not at equilibrium with the 

hydrolysis products. Considering the stoichiometric excess of water the kinetics for the 

first hydrolysis step could be fitted as a first order kinetics to TEOS. The four products 

derived from TEOS hydrolysis presented a relative maximum in their concentration 

curves. The initial increase in concentration is offset by the hydrolysis reaction of the 

intermediate products. The maximum relative concentration was at 0.166 for Si 

(OC2H5)3(OH) and 0.060 for Si (OC2H5)2(OH)2 after 90 min; and at 0.197 for 

Si(OC2H5)(OH)3 and 0.378 for Si(OH)4 after 310 min. The fact that the relative 

concentrations of Si(OC2H5)3(OH) and Si(OC2H5)2(OH)2 were smaller than the initial 

relative concentration of TEOS indicates that the second and third hydrolyses were 

faster than the first one [23]. The shapes of the curves for the species Si(OC2H5)(OH)3 

and Si(OH)4 were similar. The relative concentration of the later was approximately 

double the concentration of the former. Indeed, a correlation between Si(OC2H5)(OH)3 

and Si(OH)4 concentrations was found to have a quadratic regression coefficient of 

0.987 through all the experimental runs (see Fig. S1 in Supplementary Material). 

Condensation species from intermediate hydrolyzed species were not detected. Indeed, 

condensation species only came from Si(OH)4 and could only be detected when its 

concentration was approximately 0.10 mol L-1. The relative concentration of the 

condensed species describe a convex sigmoidal curve up to 310 min and the slope of the 

curve decreases above 750 min. This curve would mean that the condensation of the 

fully hydrolyzed Si(OH)4 may be the limiting step of the overall procedure.  

Fig. 2(b) presents the fractional yield curves for hydrolyzed and condensed 

species as a function of the conversion level of TEOS. For TEOS conversion lower than 

0.5, Si(OC2H5)3(OH) was the predominant hydrolyzed species whereas for fractional 

conversions higher than 0.5, the highest concentration corresponded to Si(OH)4. The 

condensed species appeared for TEOS conversion above 0.5. According to these results, 

condensation mainly takes place among highly hydrolyzed species and it is unfavorable 

for less partially hydrolyzed species. This confirms published data by Fyfe and Aroca 

who reported that Si(OH)4 provides the majority of active hydroxyls and that alcohol 

producing condensation reaction are negligible for the reaction of TEOS in acidic media 

with concentration of water above the stoichiometric ratio [10,35]. The plot of relative 

concentration as a function of TEOS conversion also gives information on the relative 
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magnitude of the kinetic constants of the reaction. Furthermore, the accumulation of the 

relative concentration of Si(OH)4 with a maximum at 0.8 TEOS conversion may 

indicate that the condensation of Si(OH)4 to form ≡Si−O−Si≡ is the limiting step (Eq. 

(5)). For every value of pH and temperature, the concentration of Si(OH)4 is 

approximately double that of Si(OC2H5)(OH)3 in the range 0.4 – 0.95 (Fig. S1), which 

is characteristic of reactions at equilibrium. For the sake of brevity, we will pay 

attention to the evolution of Si(OH)4 and the initial stages of condensation. The 

evolution of rest of hydrolyzed species are included in the Supplementary Material file 

(see Figs. S2 to S4). 

Fig. 3 (a), (c) and (e) shows the relative concentration of Si(OH)4 as a function 

of time at 277.2 K, 283.2 K, 293.2 K and 313.2 K and pH 3.8, 4.1 and 4.4. The curves 

are typical of consecutive reactions. The concentration of Si(OH)4, which is the product 

of the hydrolysis of Si(OC2H5)(OH)3, increased rapidly to a maximum and then it 

decayed at a much slower rate due to the condensation reactions to form siloxane bonds. 

For each pH, the relative maxima on the curves shifted to lower reaction times as the 

temperature increased from 277.2 to 313.2 K, which means that both hydrolysis and 

condensation rate speeded up with temperature. The maxima for the relative 

concentration is around 0.40, which corresponds to ~0.17 mol L-1 Si(OH)4 and marks 

the beginning of condensation. The rate of the exponential decrease of fully hydrolyzed 

species was more pronounced when pH went down from 4.4 to 3.8.   

The variation of the relative concentration of Si(OH)4 as a function of TEOS 

conversion is plotted in Fig. 3 (b), (d) and (f). In all experimental investigated 

conditions, the shape of the curves was similar. For TEOS conversion up to ~0.20, the 

relative concentration was negligible, which indicates that hydrolyzed TEOS is 

distributed between Si(OC2H5)3(OH), Si(OC2H5)2(OH)2, and Si(OC2H5)(OH)3. The 

concentration of Si(OH)4 built up for TEOS conversion between 0.2 and 0.7, reached a 

maximum at approximately 0.9 and steeply decreased for conversion degrees higher 

than 0.9. The curves for different experimental conditions overlapped, therefore, 

although the reaction rate increased with the temperature and the concentration of 

oxonium ions, the relative concentration of Si(OH)4 only depends on the TEOS 

fractional conversion, which suggests a common reaction pathway and that the reaction 

mechanisms are similar in the studied temperature range of 277.2 K – 313.2 K.  
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Fig. 4 (a), (c) and (e) shows the kinetic curves for the variation of the relative 

concentration of the overall condensed species at the studied conditions. The curves 

present a sigmoid shape with an induction period, an increase in the relative 

concentration of condensed species, and a stabilization of the relative concentration. In a 

similar way as for Si(OH)4, the curves shifted to lower times with increasing 

temperature and oxonium ion concentration. For each temperature, the reaction rate 

increased when pH decreased from 4.4 to 3.8. The relative concentration of condensed 

species as a function of TEOS conversion is shown in Fig. 4 (b), (d) and (f). These 

curves can be described by an induction TEOS conversion of up to 0.60, where relative 

concentration was no detected, so ruling out a direct participation of TEOS directly in 

the condensation reaction giving off ethanol. Differences in pH or temperature are not 

significant; therefore, reaction mechanisms must be similar. 

 

3.3 Mathematical model analysis 

The model assumes that the concentration of Si(OH)4 is controlled by the 

reversible hydrolysis of Si(OC2H5)(OH)3, the first condensation step of the Si(OH)4 

monomer to form a dimer, and the condensation reaction between Si(OH)4 and condensed 

species. According to the model (Eqs. (5) and (6)), fully hydrolyzed species react to form 

dimers (kc1) which, in turn, may react with Si(OH)4 monomers to form larger chains (kc2). 

Under the reaction conditions, Si(OH)4 presents the most active hydroxyls giving rise to 

condensation products; indeed, other condensation products are not observed when 

Si(OH)4 is not present in the reaction mixture.  

These results confirm published data for TEOS hydrolysis and condensation 

reactions where reactions producing ethanol were negligible [10,35]. The experimental 

data from each reaction at different combinations of pH and temperature were used to 

estimate the kinetic parameters of the hydrolysis and condensation reactions, which are 

presented in Table 1. The table includes the four constants for the hydrolysis reactions 

from TEOS to Si(OH)4, two condensation constants to form siloxane bonds from Si(OH)4, 

and the equilibrium constant for the fourth hydrolysis  reaction that was considered as 

reversible. These parameters were determined by direct search (Section 2.3). The 

constants for the hydrolysis of TEOS and Si(OC2H5)3(OH) were also determined by the 
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Levenberg-Marquardt method using 8.53 mol L-1 as the initial concentration of water, 

which was considered constant during the hydrolysis. In general, the differences in the 

value of the constants determined by the direct search and Levenberg-Marquardt method 

were lower than ±10%. 

The hydrolysis kinetic constants increased in each step, kh1 < kh2 < kh3 < kh4, in all 

the studied reaction conditions, which follows the same incremental trend reported by 

several authors, although the constants were higher than published data [9-11,36,37]. 

Nevertheless, this discrepancy can be explained by the difference in the experimental 

conditions. For example, Fyfe and Aroca reported kinetic constants for pH values 

between 2.33 and 3.35 for acidified water with HCl, whereas in our experiments, we 

adjusted the pH of the initial mixture of TEOS, ethanol and water. Therefore, the actual 

concentration of oxonium ions was higher in our experiments than in those by Fyfe and 

Aroca [10]. 

However, the trend is opposite to other experimental results reported by other 

authors in which the kinetic constants decrease in magnitude as the hydrolysis reactions 

advance [2,8].These studies have in common that the initial concentration of water was 

below the stoichiometric ratio. Consequently, the fact that water is consumed during the 

first and second hydrolysis reactions to produce Si(OC2H5)3(OH) and Si(OC2H5)2(OH)2 

would explain the decreasing trend for the magnitude of the kinetic hydrolysis constants 

as the reaction progresses. Depla et al. investigated the initial oligomerization reaction 

pathways in acid-catalyzed silica sol-gel reactions under substoichiometric water:TEOS 

molar ratio (0.2 ≤ r ≤ 1.2) and showed that “The molar ratio had a strong influence on 

the reaction kinetics” [12]. 

The condensation reaction rate for dimer formation is lower than that for the 

formation of the fully hydrolyzed Si(OH)4, which is confirmed by the buildup of the 

concentration of this species (Fig. 2). The accumulation of Si(OH)4 also affects the 

concentration of Si(OC2H5) (OH)3 (Eq. 4) because, according to the experimental 

results, these species are at equilibrium (keq (kh4/k-h4)). The magnitude of the 

equilibrium constants deduced from the different temperature and pH values is 

consistent with the experimental results. The ratio of Si(OH)4 to Si(OC2H5)3(OH) 

concentration is 2.08.  
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Keq (Kh4/K-h4)= [Si(OH)4][C2H5OH][Si(OC2H5)(OH)3][H2O] 2.08
[C2H5OH][H2O]  (11) 

 

For an initial concentration of TEOS 0.426 mol L-1, at equilibrium the moles of 

ethanol will be around 14 and the moles of water around 7, which accounts for an 

etanol:water ratio of 2 and an equilibrium constant of slightly more than 4, in agreement 

with the equilibrium constant deduced by the model. 

The temperature dependence of rate constants can be represented by the 

Arrhenius equation. The standard method for obtaining the activation energy, Ea, is to 

plot the experimental rate constant data at different temperatures on an Arrhenius plot 

for each pH setting a reference temperature:  

  

ln ki(T)= ln ki
 (298.2)-

Ea,i

R
1
T

-
1

298.2
 (12) 

 

where ( ) is the kinetic constant of a species i at a given absolute temperature,  (298.2) is the estimated kinetic constant at 298.2 K, and T is the absolute 

temperature. The slope gives –Ea/R, where R is 8.3145 J mol-1 K-1 and the origin 

ordinate is the Neperian logarithm of the kinetic constant. Fig. 5 shows the plot of the 

kinetic constants at 298.2 K as a function of the concentration of oxonium ions. The 

kinetic constants for the hydrolysis and condensation reactions increased linearly with 

the concentration of H3O+, therefore the slope of the plots provides the catalyst 

independent rate constants for individual reactions. The magnitude of the rate constants 

increases with the number of hydroxyls of the silicon species, which agrees with 

published data [10,36,37]. The kinetic constants for the formation of dimers from 

Si(OH)4 and the polymerization of dimers with Si(OH)4 were lower than the hydrolysis 

constants, proving that in acidic media condensation is the rate limiting step.  

The fact that the kinetic constants are linearly related to the oxonium ion 

concentration indicates that the mechanisms for the catalysis is similar for these 

reactions and that a model can be formulated in which pH-independent rate constants, 

, can be described as a function of the Arrhenius equation presented before.  
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ki
' (T)= ki  (T)· H3O+  (13) 

Therefore, the system can be described according to thirteen parameters, six of them 

corresponding to the kinetic constants at 298.2 K, six to the activation energies, and one 

to the equilibrium constant for the fourth hydrolysis which has been shown to be 

constant in the range of experimental temperature. Table 2 includes the estimated 

parameters using the experimental data obtained from the 29Si NMR chemical shifts. 

Figures 2-5 already include the predictions from the mathematical model including the 

thirteen parameters. In general, the calculated curves fit the experimental data.  

 

4 Discussion 

The hydrolysis rate seems to be governed by the attack of the oxonium to the 

ethoxy group, as it is evidenced by the linear relation between the kinetic constants for 

hydrolysis and condensation reactions and the oxonium concentration (Fig. 5). 

Protonation of alkoxy groups withdraws electron density from silicon, making it more 

electrophilic which, in turn, favors the nucleophilic attack of water that according to the 

literature is assumed to be bimolecular. Furthermore, the protonated ethoxy group is a 

better leaving group than deprotonated ethoxy group. The water molecules attacks from 

the opposite side to the protonated ethoxy groups and acquires a partial positive charge. 

The transition state decays by displacement of alcohol accompanied by inversion of the 

configuration on silicon tetrahedron [2]. 

Under the reaction conditions, the pH-independent rate constants increased as 

the hydrolysis went forward, and the kinetic constant for the formation of Si(OH)4 was 

approximately 45 times higher than the constant for the first hydrolysis step from TEOS 

(Table 2). The pH-independent rate constant for condensation between Si(OH)4 was 156 

L2 mol-2 min-2, around four times lower than the last hydrolysis constant, but near 20 

times higher than the constant for the condensation between condensed species and 

Si(OH)4.  

Steric factors exert noticeable effect on the hydrolytic stability of alkoxysilanes 

and related precursors [2]. Alkyl substituents with longer chain and bulkier alkoxy 

groups retard the hydrolysis of alkoxysilanes [38]. Bulkier ethoxy groups hinder the 
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electrophilic attack by water molecules more than hydroxyl groups, therefore, 

hydrolysis must be faster when OH groups replace ethoxy groups. Steric hindrance 

slows down the kinetics in at least two steps of the reaction mechanism by obstructing 

(a) the electrophilic attack of oxonium ion to the ethoxy group, and (b) the nucleophilic 

attack of water to silicon atom to form the pentacoordinate intermedium. Besides steric 

factors, effects, both the electrophilic attack of oxonium ions to ethoxy groups and the 

nucleophilic attack of water to silicon should be favored by the higher ability of 

hydrolyzed species to form hydrogen bonds with oxonium and water. The higher 

mobility of more hydrolyzed species in the reaction medium may also increase the pH-

independent kinetic constants. 

The activation energies for the hydrolysis reactions are characteristic for 

reactions that progress under mild temperatures. Although we did not find significant 

differences in the activation energies for the hydrolysis steps, the mathematical model 

indicates a steady increase from 34.5 kJ mol-1 for the first hydrolysis to 39.2 kJ mol-1 in 

the last step, which confirms that these last hydrolysis steps are favored by an increase 

in the temperature. The activation energy for the condensation reaction from Si(OH)4 

was ca. 10 kJ mol-1 higher than the largest activation energy in hydrolytic reactions. 

Chemical shift of the silicon monomeric species can give some insight as it provides 

information about the net charge on the silicon atom because the relative screening 

constant for 29Si is linearly correlated to the net charge on the silicon atom between -40 

ppm and -120 ppm chemical shift range [39]. In that range, increasing the net positive 

charge induces a shielding and leads to high-field shift. The hydrolyzed species 

appeared at lower field when compared to TEOS signal. On the other hand, the first 

condensed species appeared at around -82 ppm, almost like TEOS. These results 

evidence that the replacement of an OR group by a hydroxyl one during the hydrolysis 

corresponds to a decrease in the net positive charge on the silicon atom [33,34], which 

has been attributed to a weakening of the effective oxygen inductive effect in the more 

ionic hydroxyl bond [40]. Therefore, the net positive charge on the silicon atom is as 

follows: Si(OC2H5)4 > Si(OC2H5)3(OH) > Si(OC2H5)2(OH)2 > Si(OC2H5)(OH) 3 > Si(OH)4. 

(Fig. 1) [33,39]. These decrease in net positive charge on silicon promotes the 

protonation of the ethoxy group, increases the distance of Si-O bond, and makes ethanol 

a better leaving group. The inductive effect, magnetic shielding tensors and charges on 
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silicon atom for TEOS and hydrolyzed species have been estimated by Quantum 

Mechanics (Table 3). Protonation of the ethoxy occurs through a very low energy 

transition state and is assumed to be very fast, being the nucleophilic attack of water to 

silicon via a pentacoordinate intermedium the rate limiting step [41]. The observed 

trend for the activation energy values can be related to the slight decrease on the net 

positive charge of the silicon atoms as the hydrolysis progresses as it is shown by QM 

calculations. 

The used reaction conditions with a large excess of H2O not only allowed 

estimating kinetic constant and activation energies for the hydrolysis of TEOS but also 

for the first condensation step of Si(OH)4 as well as for the condensation of Si(OH)4 

with other condensed species. Although these estimation is less reliable, the kinetic 

constant for the dimerization from Si(OH)4 is approximately 20 times higher than the 

kinetic constant for the reaction of this monomer with the condensed species, which 

may be justified by the lower mobility of condensed species and lower accessibility of 

silanol groups in these species. Activation energies (ca. 50 kJ·mol-1), for both 

condensation reactions were approximately 10 kJ mol-1 higher than those for hydrolysis 

that makes condensation the rate limiting step for the gelling process. This is in 

agreement with the equilibrium that was found between Si(C2H5O)(OH)3 and Si(OH)4, 

that is the only reversible hydrolysis reaction that could be found under our reaction 

conditions. 

 

Conclusions 

We studied the kinetics of TEOS between pH 3.8 and 4.4, and four temperature 

values in the range 277.2 – 313.2 K, with a TEOS:ethanol:water molar ratio 1:30:20, 

respectively. In these experimental conditions, the evolution of hydrolyzed and 

condensed species had a common pattern. Both hydrolysis and condensation rate 

speeded up with temperature. The variation of the relative concentration of the 

hydrolyzed species as a function of TEOS conversion overlapped, which denotes a 

common reaction pathway. The kinetic constants for hydrolysis reactions increased in 

each step kh1 < kh2 < kh3 < kh4, but the condensation rate was lower for dimer formation 

than for the formation of the fully hydrolyzed Si(OH)4.  
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The system was described according to thirteen parameters: six of them for the 

kinetic constants estimated at 298.2 K, six to the activation energies, and one to the 

equilibrium constant for the fourth hydrolysis. The pH-independent rate constants 

increased as the hydrolysis went forward. The mathematical model shows a steady 

increase in the activation energy from 34.5 kJ mol-1 for the first hydrolysis to 39.2 kJ 

mol-1 in the last step. The activation energy for condensation reaction from Si(OH)4 was 

ca. 10 kJ mol-1 higher than the largest activation energy in the hydrolytic reactions. The 

electrophilic attack of the oxonium ion to the ethoxy group seems to govern the 

hydrolysis rate. 
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Figure captions 

 

Fig. 1 (a) Time dependence of the 29Si NMR spectra at pH 4.1 and 293.2 K, (b) Detail 

of condensed species 

 

Fig. 2 Relative concentrations of TEOS, hydrolyzed species and the total condensed 

species at pH 4.1 and 293.2 K as a function of (a) reaction time and (b) TEOS 

conversion. Symbols ( , TEOS; , Si(OC2H5)3(OH);  Si(OC2H5)2(OH)2;  

Si(OC2H5)(OH)3; , Si(OH)4; , total condensed species) show experimental values and 

continuous lines show the calculated curves 

 

Fig. 3 Relative concentration of Si(OH)4 at 277.2 K ( ), 283.2 K ( ),  293.2 K ( ), and 

313.2 K ( ) as a function of time (a, c and e) and TEOS conversion (b, d and f), 

measured at pH 3.8, 4.1 and 4.4. Continuous lines show the calculated curves 

 

Fig. 4 Relative concentration of condensed species at 277.2 K ( ), 283.2 K ( ),  293.2 K 

( ), and 313.2 K ( ) as a function of time (a, c and e) and TEOS conversion (b, d and 

f), measured at pH 3.8, 4.1 and 4.4. Continuous lines show the calculated curves 

 

Fig. 5 Plots of the kinetic constants at 298.2 K, as a function of the concentration of 

oxonium ions: (a) hydrolysis kinetic rate constants and (b) condensation kinetic rate 

constants. Legend: , ; , ; , ; , ; , ; ,  
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Table 3 

Natural and APT (Atomic Polar Tensors) charges, inductive effect and magnetic 

shielding tensors on Si atom for TEOS and hydrolyzed species. 

Compound Natural APT Inductive 
effect

Magnetic 
shielding tensor

Si(OC2H5)4 2.470 2.478 1.08 419.2

Si(OC2H5)3(OH) 2.445 2.395 1.03 412.6

Si(OC2H5)2(OH)2 2.413 2.316 0.98 408.5

Si(OC2H5)(OH)3 2.390 2.245 0.93 402.5

Si(OH)4 2.368 2.180 0.88 396.9
* mPW1PW91/6-31G(d) was used for the calculation of the geometries in gas phase, APT and Natural charges

(electron population) were estimated using B3LYP/6-311+G(2d,p). 
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Fig. S1. Relative concentration of Si(OH)4 and Si(OC2H5)(OH)3 for the reactions at different pH and 

temperature. 
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Fig. S2. Relative concentrations of TEOS, hydrolyzed species and the total condensed species at pH 3.8 
and 277.2 K, 283.2 K,  293.2 K, and 313.2 K, as a function of (a, c, e, g) reaction time and (b, d, f, h) TEOS 
conversion. Symbols ( , TEOS; , Si(OC2H5)3(OH);  Si(OC2H5)2(OH)2; , Si(OC2H5)(OH)3.  Si(OH)4;   
total condensed species) show experimental values and continuous lines show the calculated curves. 
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Fig. S3. Relative concentrations of TEOS, hydrolyzed species and the total condensed species at pH 4.1 
and at 277.2 K, 283.2 K,  293.2 K and 313.2 K as a function of (a, c, e, g) reaction time and (b, d, f, h) 
TEOS conversion. Symbols ( , TEOS; , Si(OC2H5)3(OH);  Si(OC2H5)2(OH)2; , Si(OC2H5)(OH)3.  

Si(OH)4;  total condensed species) show experimental values and continuous lines show the calculated 
curves. 

00

25

50

75

00

0 250 500 750 1000 1250 1500

Time (min)

(a)277.2 K/pH=4.1

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0 (b)277.2 K/pH=4.1

TEOS conversion  

00

25

50

75

00

0 250 500 750 1000 1250 1500

Time (min)

(c)283.2 K/pH=4.1

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0 (d)283.2 K/pH=4.1

TEOS conversion  

00

25

50

75

00

0 250 500 750 1000 1250 1500

Time (min)

(e)293.2 K/pH=4.1

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0 (f)293.2 K/pH=4.1

TEOS conversion  

00

25

50

75

00

0 40 80 120 160 200

Time (min)

(g)313.2 K/pH=4.1

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0 (h)313.2 K/pH=4.1

TEOS conversion  



 

Fig. S4. Relative concentrations of TEOS, hydrolyzed species and the total condensed species at pH 4.4 
and at 277.2 K, 283.2 K,  293.2 K and 313.2 K as a function of (a, c, e, g) reaction time and (b, d, f, h) 
TEOS conversion. Symbols ( , TEOS; , Si(OC2H5)3(OH);  Si(OC2H5)2(OH)2; , Si(OC2H5)(OH)3.  

Si(OH)4;  total condensed species) show experimental values and continuous lines show the calculated 
curves. 

00

25

50

75

00

0 300 600 900 1200 1500

Time (min)

(a)277.2 K/pH=4.4

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0 (b)277.2 K/pH=4.4

TEOS conversion  

00

25

50

75

00

0 300 600 900 1200 1500

Time (min)

(c)283.2 K/pH=4.4

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0 (d)283.2 K/pH=4.4

TEOS conversion  

00

25

50

75

00

0 300 600 900 1200 1500

Time (min)

(e)293.2 K/pH=4.4

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0 (f)293.2 K/pH=4.4

TEOS conversion  

00

25

50

75

00

0 60 120 180 240 300

Time (min)

(g)313.2 K/pH=4.4

 

0.00

0.25

0.50

0.75

1.00

0 0.2 0.4 0.6 0.8 1

C i/C TE
O

S,
0

TEOS conversion

(h)313.2 K/pH=4.4

 


