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ABSTRACT 

 

The objective of this thesis is to experimentally and numerically investigate the kinetics 

of sol-gel transition during the synthesis of organoalkoxysilane-based alcogels. The research 

aims at better understanding of the imposition of chemical reaction and physical phenomena 

occurring during sol-gel synthesis, such as miscibility gap driven phase separation, 

polymerization induced phase separation and Brownian motion-driven aggregation. The main 

goal was to establish analytically a description of gelation kinetics in organoalkoxysilane 

(methyltrimethoxysilane) based system and to develop a numerical model that would provide 

an insight into both formation kinetics and gel micro-structure evolution. 

Nuclear magnetic resonance (NMR) was employed for methyltrimethoxysilane 

(MTMS) hydrolysis investigation. Experiments were designed to confirm the protonation as 

the first step of the hydrolysis reaction and to designate its rate constant. Subsequently, 

the hydrolysis conversion ratio could have been assumed as constant, and the focus of the thesis 

could be shifted to following the process of organoalkoxysililane gelation. 

Further work resulted in development of analytical model describing condensation 

kinetics, and identification of dominant gelation mechanisms through the three distinguished 

phases of the process. The dependence of aerogel mass on time was obtained by two methods: 

spectrophotometrically and by collecting gelled product, deposited on a cellulose filter during 

the condensation reaction providing additional, quantitative understanding of 

the organoalkoxysilane gelation.  
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The thermodynamics of the sol-gel system based on chosen organoalkoxysilanes 

(methyltrimethoxysilane, vinyltrimethoxysilane and a mixture of co-precursors: 

methyltrimethoxysilane with dimethyldimethoxysilane) was investigated experimentally by 

preparation of ternary plots (precursor-solvent-antisolvent) and analysis of polymerization 

induced phase separation mechanisms ï nucleation and growth (N&G) and spinodal 

decomposition (SD). Based on microstructure analysis performed with scanning electron 

microscopy, samples could be identified as obtained due to either metastable (N&G) or unstable 

thermodynamic conditions (SD). Additionally, a ternary plot is an excellent study case for 

the three-ingredient synthesis, as it provides information about each componentôs influence on 

the properties of final structure and kinetics of its formation. Moreover, a  new method of 

analysis of condensation process registered spectrophotometrically was proposed, based on 

kinetics data interpolation and calculation of first derivative corresponding to the value of 

condensation rate.  

An aggregation model was developed and implemented as a cellular automaton. 

Modelôs applicability was verified in terms of providing an insight into gelation kinetics and 

micro-structure evolution during the sol-gel transition. Based on the interpretation of Arrhenius 

equation, a novel method of correlation between experimental conditions and model parameters 

was proposed and validated with experimental data. 

This thesis advances the current state of the art with an in-depth and comprehensive 

understanding of phenomena occurring during the sol to gel transition of organoalkoxysilanes, 

The results of this thesis enable better prediction of (aero)gels properties, as well as kinetics of 

gelation, which is especially important while upscaling the synthesis process.  The main novelty 

of this thesis lies in validation of the aggregation model, which was not reported in literature 

before. Furthermore, dominant mechanisms occurring during condensation phases were 

identified, providing better understanding of the organoalkoxysilane-based system kinetics.  

The presented work is complementary to the one of the current directions of chemical 

engineering ï the synthesis of novel, porous materials that can be tailored for very specific 

applications, such as silica aerogels. This research proposes and validates the thorough 

description of organoalkoxysilanes gelation. The determination of kinetic parameters of 

hydrolysis and gelation is an important step towards upscaling and sustainable synthesis of 

aerogels. 

 

Keywords: sol-gel, organoalkoxysilanes, silica aerogels, gelation kinetics, cellular automaton, 

numerical modelling 
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POLISH ABSTRACT (STRESZCZENIE) 

 

Celem tej pracy jest eksperymentalne i obliczeniowe zbadanie oraz analiza kinetyki 

kondensacji podczas syntezy zol-Ũel wykorzystywanej do otrzymywania alkoŨeli na bazie 

organoalkoksysilan·w. Badania celujŃ w opracowanie lepszego opisu teoretycznego tego 

procesu, opartego na r·wnolegğej reakcji chemicznej polikondensacji  i zjawisk fizycznych, 

takich jak rozdziağ faz napňdzany lukŃ mieszalnoŜci, polimeryzacjŃ oraz agregacja czŃstek 

na skutek ruch·w Browna. Celem pracy byğo zar·wno opracowanie analitycznego opisu 

kinetyki Ũelowania wybranego organoalkoksysilanu (metylotrimetoksysilanu) jak i modelu 

numerycznego dostarczajŃcego informacji zar·wno na temat kinetyki formowania jak 

I morfologii mikrostruktury Ũelu. 

Wykorzystano metodň magnetycznego rezonansu jŃdrowego (NMR) do rejestrowania 

przebiegu reakcji hydrolizy w celu potwierdzenia protonacji jako jej mechanizmu oraz 

okreŜlenie stağej szybkoŜci tej reakcji. Dziňki uzyskanym wynikom, stopieŒ przereagowania 

po zadanym czasie prowadzania hydrolizy dla wybranych pr·bek m·gğ zostaĺ uznany za stağy 

oraz nie wpğywajŃcy na przebieg drugiego etapu syntezy ï kondensacji. Dziňki uzyskanym 

informacjom, dalsze badania mogğy zostaĺ skupione na kinetyce kondensacji 

organoalkoksysilan·w, bez rozpatrywania wpğywu stopnia przemiany reakcji hydrolizy 

na dalsze wyniki. 

Dalsza czňŜĺ pracy zaowocowağa opracowaniem modelu analitycznego opisujŃcego 

kinetykň kondensacji oraz identyfikacjŃ mechanizm·w Ũelowania dominujŃcych podczas 

trzech wyr·Ũnionych faz tego procesu. Otrzymano analitycznŃ zaleŨnoŜĺ masy wyŨelowanego 
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produktu od czasu, w oparciu o dwie eksperymentalne metody pomiarowe: 

spektrofotometrycznŃ oraz opartŃ o filtracji ŨelujŃcej zawiesiny. 

Termodynamika ukğadu opartego na wybranych organoalkoksysilanach 

(metyltrimetyksosilanie, winylotrimetyksosilanie oraz mieszaninie koprekursor·w 

metylotrimetoksysilanu i dimetylodimetoksysilanu) zostağa zbadana poprzez opracowanie 

tr·jskğadnikowych diagram·w fazowych i przeanalizowanie wystňpujŃcych mechanizm·w 

rozdziağu faz na skutek polikondensacji ï nukleacji i wzrostu (N&D) lub rozpadu spinodalnego 

(SD). Na podstawie mikroskopowej analizy mikrostruktur pr·bki mogğy zostaĺ 

zakwalifikowane jako otrzymane na skutek metastabilnych (N&D) lub niestabilnych warunk·w 

termodynamicznych (SD). Dodatkowo, diagramy fazowe sŃ bogatŃ bazŃ danych 

eksperymentalnych, dostarczajŃcŃ informacji na temat wpğywu kaŨdego skğadnika na zmiany 

w ukğadzie ï strukturň (wysuszonych) Ũeli oraz kinetykň ich formowania. Zaproponowano 

nowŃ metodň analizy procesu Ũelowania rejestrowanego spektrofotometrycznie, opartŃ 

na interpolacji i r·Ũniczkowaniu danych kinetyki w celu otrzymania zaleŨnoŜci szybkoŜci 

procesu od czasu jego trwania.  

Model numeryczny agregacji czŃstek zostağ zaimplementowany poprzez automat 

kom·rkowy. Jego stosowalnoŜĺ zostağa zweryfikowana pod kŃtem dostarczania informacji 

na temat kinetyki Ũelowania oraz procesu formowania mikrostruktury podczas przejŜcia zolu 

w Ũel. Zaproponowano nowatorskŃ metodň korelacji parametr·w modelu z warunkami syntezy 

w oparciu o r·wnanie Arrheniusa i poddano walidacji przy uŨyciu danych doŜwiadczalnych.  

Przedstawiona praca uzupeğnia obecny stan wiedzy na temat aeroŨeli i ich kinetyki 

kondensacji dziňki dogğňbnemu i wyczerpujŃcemu przeanalizowaniu zjawisk zachodzŃcych 

podczas syntezy zol-Ũel materiağ·w na bazie organoalkoksysilan·w. Wyniki umoŨliwiajŃ 

lepsze przewidywanie wğaŜciwoŜci (aero)Ũeli oraz kinetyki ich Ũelowania, szczeg·lnie istotnej 

przy zwiňkszaniu skali procesu. InnowatorskoŜĺ pracy opiera siň na walidacji modelu opartego 

na agregacji czŃstek, kt·rej nie odnotowano do tej pory w literaturze. Dodatkowo, identyfikacja 

dominujŃcych mechanizm·w wystňpujŃcych podczas poszczeg·lnych faz kondensacji 

zapewnia lepsze zrozumienie kinetyki i termodynamiki ukğadu kondensujŃcych 

organoalkosysilan·w.  

Opisane badania sŃ sp·jne z jednym z aktualnych kierunk·w inŨynierii chemicznej ï

syntezy aeroŨeli krzemionkowych: innowacyjnych, porowatych materiağ·w, dopasowanych 

pod konkretne zastosowania. Ta praca proponuje i weryfikuje dokğadny opis Ũelowania 

organoalkoksysilan·w. Wyznaczenie stağych kinetycznych reakcji hydrolizy i kondensacji jest 
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istotnym krokiem w kierunku zr·wnowaŨonego sposobu prowadzenia syntezy zol-Ũel 

w wiňkszej skali. 

 

Sğowa kluczowe: zol-Ũel, organoalkoksysilany, aeroŨele krzemionkowe, kinetyka Ũelowania, 

automat kom·rkowy, modelowanie numeryczne 
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1. AIM AND SCOPE OF THE THESIS 

 

The aim of this thesis is to experimentally and numerically investigate the kinetics of 

sol-gel transition during the synthesis of organoalkoxysilane-based alcogels. This process is 

based on two chemical reactions (hydrolysis and condensation) and occurring parallelly 

imposition of physical phenomena, such as phase separation, Brownian motion, aggregation, 

which makes this system both complex and interesting. The importance of understanding this 

imposition lays in extraordinary potential of organoalkoxysilane-based alcogels. With 

an adequate drying procedure these gels can become aerogels ï extraordinary, ultralight 

materials with outstandingly high porosity, sorption capacity and insulation properties. These 

properties make aerogels a perfect candidate to target even the most demanding applications, 

such as avionics or aerospace engineering. A comprehensive and in-depth understanding of 

formation of these materials could solve many challenges and issues that modern industry 

and technologies are facing nowadays.  

The understanding of the sol to gel transition in an organoalkoxysilane-based system is 

provided by conducting a solid review of the state of the art within the introduction section 

and verifying four hypothesis stated as follows: 

 1st hypothesis  

 
The hydrolysis of methyltrimethoxysilane in acidic conditions is 

based on a protonation mechanism, and this step occurs very 
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rapidly, thus, the time of conducting the hydrolysis reaction does 

not influence further stage of the sol gel synthesis: the gelation 

process and the gel-point value.  

 

The 1st hypothesis may seem relatively straightforward ï it is mostly based on 

verification of already known state of the art. Nevertheless, the rate of hydrolysis was unknown, 

verifying of the assumption, that  hydrolysis is based on a very fast protonation was crucial for 

further research of this thesis and shifting its focus to the gelation kinetics.  

 2nd hypothesis  

 
The condensation reaction of a chosen organoalkoxysilane 

(methyltrimethoxysilane) can be followed through UV-Vis 

spectrophotometric measurements, and the mass of the gel formed 

due to polycondensation reaction progress is directly 

proportional to the time-dependent absorbance of a sample. 

The condensation rate is dependent on the precursor and  the base 

catalyst concentrations. Basing on the condensation kinetics 

curves, the gelation can be divided into three phases, 

and the dominant, mechanisms of these phases can be identified. 

 

 

The second hypothesis verifies the applicability of the main experimental method (UV-

Vis spectrophotometry) for following gelation kinetics. One of the main objectives of this 

research is to understand what are the steps during organoalkoxysilane gelation, and identify 

the dominant mechanisms during this process. 

3rd hypothesis 

 
With ternary diagrams based synthesis, one can establish  

the location of binode and spinode (the range of the metastable 

and unstable thermodynamic conditions on a ternary plot). 

Additionally, one can gain a comprehensive and extensive knowledge 

on impact of (i) molecular structure of precursor, (ii) chemical 

composition of the reaction mixture on: condensation kinetics, 

thermodynamic conditions as well as the aerogel morphology. 
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The third hypothesis is formulated in such a way to provide the most comprehensive 

and in-depth understanding of correlation between chemical composition of the initial synthesis 

mixture and thermodynamic conditions during gelation. This information is essential for 

understanding which phenomena are interfering with the gelation process and how 

the numerical model should be formulated. Working on this hypothesis provided also 

significant understanding of morphology, structural properties and kinetics in a system based 

on different chosen precursor, providing even more universal knowledge. 

 4th hypothesis  

 
A cellular automaton can be applied as a simplified 

representation of the gelation process, in particular for 

the aggregation of secondary organoalkoxysiloxane-based 

particles. The model parameters can be correlated with 

experimental synthesis conditions with the Arrhenius equation. 

 

 

The fourth part of the research aims at creating a numerical model that could follow 

both gelation kinetics and structure evolution, preferably in a simplified and computationally 

efficient way. Among available modelling methods, an on-lattice aggregation model was 

chosen and implemented as a cellular automaton. The main challenge with this type of 

modelling is the fact, that this model does not provide a direct insight into process kinetics. This 

issue was solved by few authors, however the validity of this approach was never proven. 

The experimental verification of this approach is the most significant challenge and novelty 

within this thesis. 

The four abovementioned hypotheses were to a certain extent verified in further chapters 

of this thesis. Any remaining questions, uncertainties, doubts and an outlook were discussed in 

the Conclusions section. 
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2. INTRODUCTION AND STATE OF THE ART 

 

2.1 THE SOL TO GEL TRANSITION 

The sol-gel process is a method of obtaining various solid, gel-derived materials, such 

as ceramic, xerogels and aerogels [1]. Innocenzi opens his book entitled  ñThe Sol-to-Gel 

transitionò with a sentence: ñGiving a clear and widely accepted definition in chemistry 

and physics is always a pretty difficult task, especially because the frontier of science is 

continuously movingò [2]. Data presented in Fig. 1 proves that the number of publication with 

the keyword ñsol-gelò has been rapidly increasing for over two decades (approximately since 

1991)  (data obtained from Scopus on 20th of May, 2024 [3]). Thus, it is one of the scientific 

fields for which providing a constant, solid definition can be a challenge. Nevertheless, when 

we speak about the sol-gel process or synthesis method we refer to a chemical-physical process 

of transition between sol system into a gel state, usually followed by the solvent evaporation, 

leading to obtaining dry, solid material. This process is of special relevance to the field of 

chemical engineering, and according to the data obtained from Scopus, this field is on the fifth 

position in terms of contributing to the state of the art (ρπȢςϷ publications with keyword ñsol-

gelò were assigned to the field of chemical engineering). 

International Union of Pure and Applied Chemistry (IUPAC) defines a sol as ña fluid 

colloidal system of two or more componentsò and a system can be considered as ñcolloidalò 

when we observe a state of subdivision, with dispersed molecules or polymolecular particles  

with at least one dimension roughly between 1 nm and 1 Õm, or ñ(é) a system discontinuities 

are found at distances of that orderò [4]. Innocenzi notices, that IUPAC definition excludes 
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the case of solid nanoparticles, which proves providing a consistent, coherent definition is 

a challenge [2]. Brinker and Scherer emphasise, that the size of dispersed particles in a sol has 

to be low enough, so the gravitational forces are negligible and particles can undergo Brownian 

diffusion. The interactions between particles are based on short-range forces, such as Van der 

Waals and electrostatic interaction due to surface charges or dipole moments. Additionally, it 

has to be noticed that in sols the medium is liquid, unlike aerosols, where particles are dispersed 

in a gas. 

Further growth of dispersed in a sol phase, due to polycondensation or polymerization 

reactions leads to formation of a continuous solid phase ï a gel. Quoting IUPAC definition: 

ñnon-fluid colloidal network or polymer network that is expanded throughout its whole volume 

by a fluidò [5]. Brinker and Scherer highlight that type of bonding responsible for solid skeleton 

formation can be covalent linking for polymer networks, in gelatine systems the network is 

formed due to an entanglement of chains and particulate gels are based on Van der Waals forces. 

 

 

 
 

Fig. 1 (Left) Number of scientific publications per year with the keyword ñsol-gelò ; (right) 

contribution of scientific fields to scientific publication with keyword ñsol-gelò  (data obtained from 

Scopus on 20th of May, 2024 [3] 

The significance and interest of the scientific community in the sol-gel process lays in 

adaptability of this method for obtaining specific products with tailored properties. By 

controlling chemical composition of a synthesis, precursor selection and different post-

processing of a gel we can obtain a very wide range of products: ceramics [6], glasses [7], 

coating films [8,9]. Depending on a material properties, it can find application in various fields, 
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such as adsorption [10], insulation [11], or as a catalysts supports [1,12,13], among many others. 

In Fig. 2 different routes of sol-gel technology are schematically presented [1]. 

 

Fig. 2 Schematic routes of sol-gel technology (1 ï hydrolysis, 2 ï condensation, 3 ï gelation, 4 ï 

solvent extraction, 5  ï  aging, 6 ï drying, 7 ï sintering, 8 ï precipitation, 9 ï evaporation). Scheme 

based on [1] 

 

2.1.1 Sol-gel processing of (organo-) alkoxysilanes 

 The sol-gel synthesis of silica gels can be based on an alkoxysilane or 

organoalkoxysilane precursor (or a mixture of co-precursors). This type of synthesis is the most 

related with  the topic of this thesis. 

 (A) (B) (C) (D)  

 

 

 

Fig. 3 Representative semi-structural formula of an organosilane (Q-silane) [14] 
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Alkoxysilanes include only alkoxy ( ὕὙ) groups (Fig. 3a), thus all the chemical substituent 

groups can be hydrolysed. In case 

of sufficient precursor to water 

molar ratio, the hydrolysis step 

leads to formation of fully 

hydrolysed precursor molecules 

(ὛὭὕὌ ) (Eq. 2.1 and 2.3a). It 

affects the structure formation 

process of siloxane network in the 

next step ï the condensation. 

Organoalkoxysilanes include alkyl 

substituent groups (Ὑ) (Fig. 3b and c). These groups do not participate during formation of 

oxygen bridges ( ὕ ) between silica atoms and they remain within the molecular structure of 

the final gel network. The remaining alkyl groups determine properties of the skeleton in 

regards to such properties as hydrophobicity or flexibility. For example, a gel based on 

methyltrimethoxysilane as a precursor will maintain one methyl group ὅὌ) per silica atom 

within its structure, even after complete hydrolysis and condensation (Fig. 4). 

ḳὛὭὕ Ὑ Ὄὕ O  ḳὛὭὕὌ  ὙὕὌ (2.1) 

ὛὭὕὙ τὌὕ O ὛὭὕὌ τὙὕὌ (2.2a) 

ὅὌ ὛὭὕὙ σὌὕ O ὅὌ ὛὭὕὌ σὅὌὕὌ (2.2b) 

There are many factors that can influence these reactions, such as pH value,  type of 

used precursors, ratio of water to precursor,  type of used solvent and its dilution, temperature 

and additives (surfactants and electrolytes, such as salts) [15]. 

 

Fig. 5 The scheme of molecular mechanism for acidic pH value (pH < 7) [14] 

Fig. 4 Scheme of molecular structure of methyltrimethoxy-

silane based (aero)gel [14] 
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The first step of the sol-gel process is the hydrolysis of the precursor. Depending on the 

pH value of the reaction mixture during this step the molecular mechanism of the chemical 

reaction will differ. Basing on the review paper of A.A. Issa et al. [14] the scheme of molecular 

mechanism for acidic pH value (pH < 7) is presented in Fig. 5. The mechanism in an acidic 

medium is the electrophilic addiction. The reaction is based on the fast protonation of 

an alkoxysilane. Subsequently, silicon atom becomes more electrophilic, which makes it more 

susceptible to the attack by water. Detachment of an alcohol molecule leads to the hydrolysis 

of the first alkoxy group within alkoxysilane (or organoalkoxysilane molecule). In alkaline 

conditions (pH >7) the mechanism is nucleophilic addition. The nucleophilic hydroxyl group 

attack the silicon atom in alkoxysilane. 

 

 

Fig. 6 The effect of substituents on basicity/acidity of a silanol (left), relative rate of condensation and 

hydrolysis reaction depending on the pH value (right) [16] 

Zerda et al. reported that the protonated silanol preferably reacts (by 

the polycondensation reaction) with the least acidic silanol end groups  (Fig. 6) which leads to 

less branched structures for condensation in acidic conditions. However, deprotonated silanol 

reacts with more acidic silanol groups which results in nicely branched clusters in the alkaline 

conditions [17ï19]. 

The sol-gel process can be conducted as a one-step procedure usually in alkaline 

conditions, however, considering the above information, it can be easily understanded that the 

two-step synthesis, consisting of an acidic hydrolysis and alkaline condensation, seems as the 

most beneficial recipe, especially when the goal are nicely branched, highly porous structures. 

The relative rate of the reactions of  hydrolysis and condensation  dependence on the pH value 

is presented schematically in Fig. 6 [19]. The Fig. 7 shows reproduction of well-known in the 

sol-gel literature scheme, picturing the influence of pH conditions on condensation process 

pathways, such as formation of oligomers and creation of particle based open network [15]. 
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Fig. 7 Scheme of the pH influence on reactions pathways leading to formation oligomers, particles 

and network, based on [15] 

 

2.2 THE PHASE SEPARATION DURING THE SOL-GEL 

TRANSITION 

During the sol to gel transition the solidification of the  precursor-based molecular 

network occurs. The morphology of this network based on the poly-condensed precursor 

molecules depends on the thermodynamic state of the system. 

Partially miscible fluids (such as organoalkoxysilanes and water) do not mix in any proportions 

in any temperature. The range of the so called ñmiscibility gapò, showing the area chemical 

compositions exhibiting immiscibility, are presented in phase diagrams with binodal curves. 

Gibbs free energy (defined by Eq. 2.3, for not ideal system 2.4) in process ongoing under 

the conditions of constant temperature and pressure is equal to the maximum amount of  non-

volume expansion work in a closed system. Gibbs free energy is minimized when a system 
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reaches chemical equilibrium ï chemical 

potentials of system ingredients are in a balance. 

Alternatively, we can interpret chemical potential 

as a partial molar Gibbs free energy, it informs, 

how the free energy of the system will change 

when Ὥ moles of the considered ingredient will be 

added (Eq. 2.5). Within the area defined by 

a binode, two types of thermodynamic conditions 

can occur ï metastable (for the positive second 

derivative of the Gibbs free energy), unstable (for 

the second derivative less than zero) (Eq. 2.6-2.8). 

When the second derivative is equal to zero for 

a given chemical composition (molar fraction of 

a precursor of the polycondensation) the spinodal 

line is defined.  

The phase separation due to 

polycondensation of precursor molecules (analogy 

to the polymerization of monomers) of gelling 

solutions is called a polymerization induced phase 

separation (abbreviated as PIPS) [20,21]. 

According to Flory-Huggins theory [22], Gibbs 

free energy of a system depends on the average 

degree of polymerization. When the polymer is dissolved in a solvent the Gibbs energy reaches 

its minimum and system remains homogenous. With progress of reactions (polymerization, 

polycondensation, cross-linking) the degree of polymerization increases. For sufficiently high 

values of this degree, two local minima occur (as presented in Fig. 8 on a free energy diagram 

[23]). As system tends towards minimising free energy, thus it decomposes into two individual 

phases with the polymer concentrations defined by the two local minima [24].  

ЎὋ ЎὌ ὝЎὛ  
(2.3) 

ὨὋ

Ὠὸ
π metastable (2.6) 

ЎὋ ЎὋ ЎὋ  
(2.4) 

ὨὋ

Ὠὸ
π unstable (2.7) 

‘ Ὃ
‬Ὃ

‬ὲ
ȟȟ

 (2.5) 
ὨὋ

Ὠὸ
π spinodal curve (2.8) 

Fig. 8 Exemplary phase diagram and free 

energy diagram for 2 component system 

(polymer-solvent) [24] 
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The motion of droplets (or fluid elements) resulting in the phase separation has a rather 

deterministic than stochastic character [24,25] arising from the interfacial tension gradient ï 

Marangoni force. This behaviour of a system ï spinodal decomposition - can be described by 

the Cahn-Hilliard equation [26ï28]. 

The phase separation can also occur according to nucleation and growth mechanism 

[29ï33]. The classical theory [29] is well known, however for porous materials variation from 

classical nucleation pathways can be observed. Two types of nucleation can be distinguished ï 

homogenous and heterogenous, depending on whether nuclei form uniformly within the parent 

phase, or at inhomogeneities, such as uneven surfaces, interphase between immiscible 

components, impurities and so on. The free energy of a nanoparticle is a sum of the surface free 

energy and the bulk energy. Differentiating Gibbs energy by a particle radius, and setting 

the derivative value to zero (ὨЎὋȾὨὶ π) allows to designate the critical radius of a nuclei, 

which is minimum size of a stable particle, thus a particle of this size cannot longer redissolve. 

The rate of nucleation can be described according to Arrhenius equation (Eq. 2.9): 

Ὠὔ

Ὠὸ
ὃ Ὡὼὴ

ЎὋ

ὯὝ
 

(2.9) 

where ὔ is the number of particles, ὸ ï time, ὃ ï Arrhenius constant, ЎὋ  ï the critical free 

energy (value of energy needed to form stable particles within a solution), Ὧ ï Boltzmann 

constant and Ὕ is the temperature. 

 Nuclei are a seed for the further growth. Once the particles reach their stable size, their 

further growth can be a consequence of two steps: monomers diffusion to the particleôs surface  

and the surface reaction. This type of classical growth can be described by Fickôs first law 

(2.10): 

ὐ τ“ὼὈ
Ὠὅ

Ὠὼ
 

(2.10) 

where ὐ is the total flux of the monomers, Ὀ is the diffusion coefficient, ὶ is the radius of 

a particle and ὼ  is the distance from a particle surface. Around a particle surface we observe 

a decrease of concentration of monomers, due to a surface reaction. This area is called 

the diffusion layer.  

Integrating Eq. 2.10 for an assumed system with concentration ὧ at the interface 

(particle surface ï solution) which corresponds to ὼ ὶ, and concentration ὧ beyond 

the diffusion layer  (ὼ ὶ  :leads to the following solution (‏

ὐ
τ“Ὀὶὶ ‏

‏
ὧ ὧ  

(2.11) 
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The Damkǀhler number is defined as Ὀὥ ς‎ὺὯȾὈὯὝ, where ‎ denotes the surface energy, 

ὺ - molar volume and Ὧ - the surface reaction rate. The physical interpretation of this 

dimensionless number is the ratio of the reaction rate to the diffusive mass transport rate. 

The value of the Damkǀhler number indicates what is the limiting part of the overall process ï 

whether it is the diffusion of monomers to a particleôs surface (ὈḺρ, or the surface reaction 

itself. For the diffusion limited process, the evolution of a particle size can be described by 

Eq. 2.12a, and in the case of the reaction limited process ï Eq. 2.12b. Neutral case, when neither 

reaction or diffusion is the limiting factor is described by Eq. 2.13: 

Ὠὶ

Ὠὸ

Ὀὺ

ὶ
ὧ ὧ  (2.12a) 

Ὠὶ

Ὠὸ
Ὧὺὧ ὧ  (2.12b) 

Ὠὶ

Ὠὸ

Ὀὺὧ ὧ

ὶ ὈȾὯ
 

(2.13) 

where ὧ is the solubility of the particle. In case of the above considerations it was assumed that 

the reaction rate is independent on the particle size, however, the solubility of nanoparticles is 

strongly dependant on their size. The extra chemical potential of a spherical particle can be 

described according to Gibbs-Thomson relation ὧ ὧὩὼὴς‎ὺȾὶὯὝ.  

The size distribution of the particles is an important aspect, determining the kinetics of 

the growth, and also the properties of the final product. The differences between sizes of 

particles in a system can be caused by the effect of Ostwald ripening. The particlesô growth rate 

is dependent on their solubility (ὧ), which is dependant on this size according to 

the abovementioned Gibbs-Thomson relation. The smaller particle are, the better is 

the solubility  and they possess higher surface energy. Thus, below a certain critical size 

corresponding to the critical value of the Gibbs energy (value of energy needed to form stable 

particles within a solution), they are more likely to redissolve. Redissolving of smaller particles 

provides both time and resources (monomers) for the bigger particles to continue their growth 

[34ï36]. The opposite process, when the bigger particles redissolve and small particles grow at 

their expense, is called a digestive ripening [29,37]. 

In the 1950, V.K. LaMer divided the synthesis of sulphur sols into formation of 

monomer and subsequently a sol [38]. Basing on his description, the nucleation and growth 

process can be divided into three steps [39,40]. The first step is a rapid increase of free 

monomers concentration. This step is followed by a ñburst-nucleationò which leads to drastic 

decrease of the monomer concentration in a solution. In this moment, the nucleation rate is 

assumed as an effectively infinite. Due to the sudden drop of the concentration, there is a pause 

in the nucleation process. The third step is a diffusion controlled growth based on the remaining 
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free monomers in the solution. This approach basically assumes the nucleation and growth as 

not simultaneous, but rather sequential steps. 

Quite an opposite approach is the two-step Finke-Watzky mechanism [41]. In this 

theory, both nucleation and growth occur simultaneously. The authors proposed a formula 

describing the kinetics, which has been proven a good approximation in some metal systems, 

such as platinum, silver or gold nanoparticles formation [42ï44]. The F-W  mechanism mimics 

the sigmoidal kinetic curve, however it does not provide a description of particle size or 

the number of the nucleation events [45]. 

The formed particles can undergo coalescence (with no preference of attachment 

direction) or oriented attachments, as suggested by Li et al. due to Coulombic or Van der Waals 

interactions [29,46]. 

 

Fig. 9 Scheme of density fluctuations in a metastable (left) and an unstable (right) system [23] 

Favvas et al. explained the correlation between density fluctuations in a metastable 

system (which leads to nucleation) and unstable system with schematic representation which is 

presented in Fig. 9. The first two columns represent a two adjacent representative elements of 

a solution (black dots represent monomers), and the third column represents a density profile at 

a given stage of a phase separation process. For the metastable system (presented in Fig. 9) 

the first three rows schematically represent a small fluctuation of density (or a monomer 
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concentration). The system tends towards balance 

of chemical potentials of the ingredients, thus 

a diffusion of monomers occurs to even out the 

concentration (density) gradient. In case of 

a large density fluctuation, as a system is in 

metastable thermodynamic conditions, 

the gradient cannot be even out, and a formation 

of nucleus occurs (fourth and fifth row in 

the scheme Fig. 9).  

In the case of a thermodynamically 

unstable system, any density fluctuation leads to 

the spinodal decomposition. Small fluctuation leads to a change in a density profile, however 

the mass transfer (diffusion) proceeds uphill, according to the Marangoni effect. As system 

tends towards minimising the free energy and balance of the componentsô chemical potentials, 

thus it decomposes into two individual phases with the polymer concentrations defined by 

the two local minima defined on the phase diagram (Fig. 8) [24]. 

  

Fig. 11 Nakanishiôs et. al studies on methyltrimethoxysilane (MTMS) ternary system with methanol as 

solvent (MeOH) and nitric acid (NA) as a catalyst [49] 

This process can be described by the Cahn-Hillard equation [27] which correlates 

a given component gradient with the diffusion coefficient and chemical potentials. This 

equation can be solved analytically [26], however it can be also coupled with the Navier-Stokes 

equation and solved by means of e.g. Lattice-Boltzmann method [28,47,48]. A visualisation of 

this process is shown in Fig. 9 [24]. There is a comparison of phase separation progress 

depending on the concentration of the monomers. Spinodal decomposition in a concentrated 

Fig. 10 Spinodal decomposition in 

concentrated (upper) and dilluted (bottom) 

system [24] 
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system will result in a co-continuous structures, while SD in diluted system will result in 

particles (Fig. 10 [24]). These structures and their location in an organoalkoxysilane-based 

system was studied by Nakanishi et al. [49]. The observed types of structures and their location 

on a ternary plot are presented in Fig. 11. Similar organoalkoxysilane-based ternary plots were 

used by other authors studying correlation between initial chemical composition of a reaction 

mixture and final systemôs properties, such as Itagaki et al. [50], Kaji et.al [21], Ivanov and 

Mazhorova [51] or Urikanu et al. [52]. 

It can be concluded, that the chemical composition of a sol-gel system is a crucial factor 

deciding on overall thermodynamics of a system, rate of the structure formation 

and morphology of the final product. 

2.3 AEROGELS 

Aerogels are a very diverse group of porous materials and very dynamically evolving 

field of research. According to data presented in Fig. 12 we can see the sudden growth of interest 

in this research was constantly growing since the nineties. Each year, the number of publications 

per year is constantly growing (data obtained from Scopus on 20th of May, 2024 [3]). The 

number was also analysed regarding the specific fields of research, and the Scopus data 

indicates high significance of these materials for  the materials science (ςυȢψϷ), chemistry 

(ρωȢχϷ) physics and astronomy (ρσȢυϷ) publications. The field of chemical engineering 

provides the 4th highest contribution to aerogelsô state of the art (ρςȢχϷ).  

 

 

 

 

Fig. 12  (Left) Number of scientific publications per year with the keyword ñaerogelò ; (right) 

contribution of scientific fields to scientific publication with keyword ñaerogelò  (data obtained from 

Scopus on 20th of May, 2024  [3] 
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The presented above data proves the ongoing, dynamic development of these materials, 

as well as a very interdisciplinary interest in aerogels. Due to these facts and various scientific 

backgrounds of researchers contributing to these field, creating a universal and consistent 

definition and terminology can be a challenge. Stephen A. Steiner III and Alain C. Pierre 

elaborate on this challenge in the Aerogel Handbook chapter ñThe story of Aerogelò 

and provide a minimum definition, which was well accepted in the community: ñaerogels are 

solid-phase, porous materials that possess a high degree of porosity arising from a finely 

divided pore structureò [53]. However, the interpretation of the phrases as ñhigh degreeò or 

ñfinely dividedò is left to individual interpretations. There is a definition provided by IUPAC 

(International Union of Pure and Applied Chemistry) which says aerogels are a gel comprised 

of a microporous solid in which the dispersed phase is gas, which is not entirely accurate [54].  

Even the name ñaerogelsò used to raise a controversy in the community. For many years, 

aerogels by definition could be obtained only due to the supercritical drying of a gel. However, 

this method initially generated high costs of the process, and scientists devoted to developing 

methodology for other gel drying techniques that would allow to obtain highly porous final 

structures. An alternative method is ambient pressure drying, but these aerogels for many years 

has been referred as ñxerogelsò. Another alternative is freeze drying technique, but then, many 

scientists would call the product a ñcryogelò. Many scientists work on these methods parallelly 

[55ï58] . Over the years, the aerogel scientific community became not as strict with 

the semantics. An alternative definition to the one provided by the Stephen A. Steiner III in 

the Aerogel Handbook, a little more detailed one but still very flexible and open for various 

drying techniques, was the one proposed by Carlos Garc²a-Gonz§lez: ñaerogels can be defined 

as solid, lightweight and coherent open porous networks of loosely packed, bonded particles or 

nanoscale fibers, obtained from a gel following the removal of the pore fluid without significant 

structural modificationò [59]. 

Within this thesis, the term ñaerogelò is used in regards to a material obtained due to 

drying of a gel (also with other methods than supercritical drying), in such a way to maintain 

relatively high porosity of an original gel structure. No strict definition of the ñhigh porosityò 

value was applied, as this thesis describes investigation of the sol-gel processing of 

organoalkoxysilanes. Aerogels were simply a target final product of the gelation process, but it 

was their gelation kinetics which was the main focus of this study. 

There are different types of aerogels, which are distinguished based on the used 

precursors. The main types 5 of aerogels are: 

1. Inorganic aerogels (based on metaloxides or silica); 
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2. Organic-inorganic hybrid silica aerogels (based on organoalkoxysilanes); 

3. (Bio)polymer aerogels (for example cellulose or alginate aerogels); 

4. Phenolic aerogels (eg. resorcinol-formaldehyde based aerogels); 

5. Carbon aerogels. 

A picture of an exemplary aerogel macrostructures is presented in Fig. 13a, due to 

courtesy of German Aerospace Center (Institute of Materials Research, Department of Aerogels 

and Aerogel Composites, the authors: Nina Borzňcka, Adrian Denfeld, Ameya Rege). 

The aerogel was obtained based on tetraethyl orthosilicate (an alkoxysilane), indicates porosity 

of 95% and was obtained with supercritical drying resulting in 2% volume shrinkage. However, 

organoalkoxysilanes can be used to obtained flexible samples that can endure ambient pressure 

drying without high volume shrinkage, and very often they indicate better stability comparing 

to brittle, pure alkoxysilane aerogels. An exemplary organoalkoxysilane 

(methyltrimethoxysilane) based sample is presented in Fig. 13b. 

The form of aerogel macrostructure depends mostly on the targeted application and 

preparation method, but for most types of aerogels we can obtain monoliths, composites (for 

example aerogel reinforced with different material [60ï63]), sheets or beads. 

(A) (B) 

  

Fig. 13 Exemplary aerogels macrostructures. (A)alkoxysilane based aerogel, courtesy of German 

Aerospace Center, Institute of Materials Research, Department of Aerogels and Aerogel Composites 

(the authors: Nina Borzňcka, Adrian Denfeld, Ameya Rege). (B) organoalkoxysilane 

(methyltrimethoxysilane) based aerogel 

The type of an aerogel system influences the description of the microstructure. 

The morphology strongly depends on the chemical composition of a reaction mixture, as 

the composition determines the thermodynamics of the polymerization induced phase 

separation (PIPS). For certain systems (for example organoalkoxysilanes) the PIPS can occur 

parallelly to the classic liquid-liquid phase separation (between precursor and anti-solvent), 
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according to the miscibility gap on the phase diagram for the investigated system. However, in 

most cases the morphology of aerogels resembles one of the three cases: particle based, fibrillar 

or cellular (Fig. 14). 

The particle aggregates type of structure, very often in the literature is referred to as 

a hierarchical [64ï66]. For years it was assumed, that the final particle matrix is formed due to 

polycondensation reactions between precursor molecules, which leads to formation of 

oligomers. According to the nucleation theory described in the previous section, above critical 

size the particles become stable and cannot be redissolved, and their growth starts to occur. At 

certain point, it was assumed, that these primary particles stop growing, and start aggregating 

with each other to form secondary particles ï the final particles that can be seen in SEM 

pictures. However, this theoretical explanation was never completely proven, and it leaves 

certain questions: when and why the primary particles growth stops? Furthermore, for certain 

systems, for example alkoxysilane-based aerogels the particles can be as small as few 

nanometers, while precursor molecule, letôs use tetraethyl orthosilicate as an example, has a size 

of few angstroms, which creates doubts about the hierarchy of the structures. Furthermore, for 

certain cases, spinodal decomposition can be more likely mechanism of particles formation, 

which is followed by their aggregation. In this case, is difficult to speak about hierarchical 

structure. Despite some initial doubts, this theory was adapted for this thesis, and further doubts 

will be discussed in the conclusions. 

(A) 

 

(B) 

 

(C) 

 

Fig. 14 Exemplary aerogels micro-structures (a, b) cellulose fibrillar and cellular structures (pictures 

from [67]), (c) organoalkoxysilane based very fine particle structure (own results) 

This type of highly porous structure results in outstanding structural properties. First of 

all, such materials are incredibly light, which makes them very interesting for example for 

aviation and aerospace applications. The porosity also results in well-developed surface area 

and storage capacity, which makes aerogels perfect candidates for sorbents, active components 



43 
 

carriers and catalysts supports. Additionally, some aerogels, for example titanium-based 

aerogels, inhibit photocatalytic properties on their own [67]. 

These structural properties have even more incredible consequences. The most 

recognizable property for aerogels is their incredible insulation capability. Aerogels are solids, 

but due to the fact they can consist even up to 99.9% from air [53] both solid and gas 

conductivity. Due to very small contribution of solid within the structure, this mechanism does 

not play the primary role, while the gas conductivity is significantly limited because the pore 

sizes of aerogels usually are below the mean free path value (πȢφϽρπ πȢχϽρπ ά ). 

Furthermore, the pore size distribution (to a certain extent) can be controlled with synthesis 

parameters, which provides excellent control over thermal insulation properties of aerogels. 

Similarly, aerogels exhibit very good acoustic (and electrical, depending on the type of structure 

and precursor(s)) insulation properties.   

The main disadvantage of aerogels is a consequence of their extraordinary high porosity 

ï the mechanical properties. Aerogels with good mechanical stability can be definitely obtained 

however usually it leads to compromising their other properties, such as porosity, insulation 

performance etc. 

Nowadays, modern industry requires novel,  sustainable materials that can be tailored 

for very specific applications. In these terms, aerogels are excellent candidates, which explains 

the interest in this materials and high number of research on optimising their synthesis, structure 

and properties.  

 

2.4 MODELLING OF AEROGELS FORMATION 

Due to the significant interest in the topic of aerogels a need for computational 

investigation has arisen. Especially that a lot of phenomena cannot be directly measured or 

observed experimentally, theoretical modelling and simulations for aerogels are in a high 

demand. 

Different type of modelling and computational approach can be distinguished. The first 

division is regarding the scale of the considered phenomena (Fig. 15). If we look at aerogels 

structure, we can start to follow the process of gel formation at the atomistic scale to look into 

mechanisms of reactions of hydrolysis or condensation. We can also use coarse-grained model 

on molecular or meso-scale level to follow the evolution of particle-based system (for 

metastable thermodynamic conditions of nucleation and growth). For the thermodynamically 

unstable spinodal decomposition, a probabilistic method like Lattice Boltzmann method is more 
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applicable. One can use these approaches also to investigate the properties of a structure (such 

as mechanical behaviour, thermal conductivity, acoustic insulation etc.) however these studies 

make the most sense on the macroscale level, as for example, Young modulus for representative 

volume element of a microstructure will not scale directly to macroscopic sample behaviour. 

Thus, from potential application point of view, these studies have the most sense on the macro-

scale level, using such methods as finite element method (FEM). 

 

Fig. 15 Multiscale approach for modelling aerogel structure 

Focusing on the modelling of structure formation process, the most popular methods are 

based on: 

a) Smoluchowski equation [68ï70]; 

b) discrete element method [71ï75]; 

c) percolation theory [18,76]; 

d) aggregation models [77ï83]. 

Each of these methods has different limitations ï for example, the Smoluchowski equation is 

limited to capturing gelation kinetics, however it does not provide any insight into morphology 

evolution of the system with the gelation progress [84].  

Discrete element method (DEM) is computationally very expensive, and in order to 

obtain valid results one has to establish a lot of physico-chemical constants of the system 
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[75,85]. However the system looks incredibly realistic (as an example, the work of Depta et al. 

[75]). 

Percolation theory and aggregation model are easier in implementation comparing to 

the DEM method, provide insight into evolution of the microstructure and morphology, 

however they do not provide directly information about kinetics of the process. However, Hsieh 

et al. extracted kinetics information from an aggregation model [81]. Nevertheless, any 

validation of kinetics for this model was not provided in literature yet. 

This thesis focus lies on the aggregation model. This approach is usually implemented 

off-lattice, inside a cubic representative volume element (RVE) with periodic boundary 

conditions. The essence of this group model is to track the motion (diffusive and other) of 

particles and then their aggregates, together with their aggregation - until the final structure is 

created: e.g. a gel. Some of the authors, e.g. Abdusalamov et al.  applied specific case of 

the system with division of particles into ñseedsò and ñwalkersò [83,86]. 

The different approaches for description of the sol-gel system can be implemented with 

different computational methods. The choice depends on the chosen scale (atomistic, molecular, 

micro or meso scale), the required information about the system and computational resources. 

Among available methods there is Monte Carlo [87], population balance [88], reactive or 

coarse-grained molecular dynamics [89ï91]. Some of the approaches require using 

an additional software, for example molecular dynamics can be performed with LAMMPS 

(Large-scale Atomic/Molecular Massively Parallel Simulator) [92] and coarse-grained 

molecular dynamics with Musen [93]. 

Within this thesis main focus lies on aggregation model. It was chosen to implement 

the on-lattice variation with a cellular automaton approach. Cellular automata are used mostly 

for mechanical behaviour investigations [94,95], but also for processes based on aggregation 

due to diffusion, such as recrystallisation [96], flocculation [97], as well as for processes with 

chemical reaction [98]. 
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3. KINETICS AND MECHANISM OF MTMS 

HYDROLYSIS 

 

3.1 OBJECTIVE 

While planning the sol-gel synthesis of silica aerogels, one must consider kinetics 

and the conversion ratio of hydrolysis. It has a significant impact on number of hydrolysed 

groups, thus, alcogel structure formation ï process that mostly affects the final product 

properties and range of its potential applications. The goal of the first part of the research was 

to verify a relatively straightforward hypothesis, which was formulated as follows: 

 1st hypothesis  

 
The hydrolysis of methyltrimethoxysilane in acidic conditions is 

based on a protonation mechanism, and this step occurs very 

rapidly, thus, the time of conducting the hydrolysis reaction does 

not influence further stage of the sol gel synthesis: the gelation 

process and the gel-point value.  

 

As it is mentioned in the stated above hypothesis, the mechanism of hydrolysis is already 

known according to the available literature, and was thoroughly described, for example in 

the review paper by Issa et al. [14]. Studies presented in this chapter were structured in such 

a way to verify the protonation as the mechanism of hydrolysis, verify that it is occurring 

rapidly, and confirm, that the time of the hydrolysis should not influence further research, which 
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is focused on the kinetics of subsequent structure formation (condensation) process, which is 

the main focus of this thesis. 

The goal was also to develop a nuclear magnetic resonance (NMR) methodology for 

such investigations. There is literature available on this matter [99ï102], however initial trials 

did not result in good quality data, due to technical problems, such as overlapping signals for 

hydrogen-1 (proton) and carbon-13 NMR, and too long measurements for silicon-29 to capture 

the kinetics. Thus, the verification of a relatively straightforward hypothesis became a complex 

task. 

According to my best knowledge the MTMS hydrolysis was followed by hydrogen-1 

measurements only by the work of Seddon et al. [103] (in most papers silicon-29 NMR was 

applied). The first research objective was verification of this paperôs methodology. It was of 

special importance to use this specific technique (hydrogen-1 NMR), as the protonation is 

assumed to occur rapidly, and any measurements longer than for proton NMR, would not allow 

to follow reaction kinetics accurately in the studied system (for example, a single carbon-13 

NMR measurement lasted more than one minute). 

3.2 METHODOLOGY 

In the investigated system methyltrimethoxysilane was used as precursor, methanol as 

solvent  and aqueous solution of sulphuric acid as the catalyst of the hydrolysis reaction (scheme 

of complete hydrolysis is presented in Eq. 3.1). All of the reagents were purchased from Sigma 

Aldrich. Methanol, water and acid were used in their deuterated form (ὅὈὕὈȟὈὕȟὈὛὕ), 

in order to avoid overlapping signals, and strictly follow only changes in precursor structure 

occurring with the reaction progress.  

ὅὌὛὭὕὅὌ σὌὕᴼὅὌὛὭὕὌ σὅὌὕὌ (3.1) 

Nine samples with variable contribution of acid catalyst solution were chosen to follow 

kinetics of methyltrimethoxysilane (MTMS) hydrolysis. The precursor and methanol 

concentrations were constant (ςȢρς άέὰȾὨά and χȢψυ άέὰȾὨά respectively). Molar ratios 

of the reagents are presented in Table 1.  

Following the measurement of the sampleôs 1H background spectrum, the investigated 

samples (1-9) were prepared accordingly to contributions presented in the Table 1. Initially, 

a solution of MTMS in methanol was prepared and vigorously mixed mechanically for five 

minutes. Subsequently, the acid solution was added and the mixture was stirred for thirty 

seconds. A fixed volume of reaction mixture (0.5 ml) was inserted into a capillary tube.  
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The prepared sample was immediately inserted to the benchtop NMR device Pulsar 

φπὓὌᾀ. Before measurement, the device was calibrated with the dope water and 12% TMS in 

chloroform.  The samples were measured in reference to a background sample (without catalyst 

of hydrolysis) with sixteen scans, three seconds delay between scans and 8192 points acquired 

per scan, with automatic lock and with manual shimming. Subsequently, series of 1H spectra 

registered during hydrolysis reaction were obtained. 

  

Table 1  Chemical compositions of the samples investigated by NMR 

Sample 

denotation 

Molar composition 

MTMS: MeOD: D2O: D2SO4 

1 1 3.71 7.14 0.85 

2 1 3.71 7.79 0.64 

3 1 3.71 8.44 0.42 

4 1 3.71 8.76 0.32 

5 1 3.71 9.08 0.21 

6 1 3.71 9.40 0.11 

7 1 3.71 9.54 0.06 

8 1 3.71 9.64 0.03 

9 1 3.71 9.73 0.00 

 

3.3 SPECTRA ANALYSIS 

Exemplary spectrum obtained by NMR spectroscopy is presented in Fig. 16. Two 

signals are visible ï a singlet at frequency of πȢρς ὴὴά and a doublet at σȢτ ὴὴά. The first 

peak (πȢρς ὴὴά) is associated with methyl groups (ὅὌ) within the structure of MTMS and 

the second peak (σȢτ ὴὴά) with methoxy groups (ὕ ὅὌ ). The lack of other signals 

indicates the purity of the prepared sample and confirms that the signal from both types of 

protons within MTMS molecule can be observed (two groups of chemically equivalent protons 

were marked in Fig. 16). 

During kinetics measurements of samples during hydrolysis reaction (after the addition 

of a given volume of the acidic catalyst) , a decrease of the πȢρς ὴὴά signal was observed. 

The signal is associated with methyl groups that do not participate in the hydrolysis reaction 

(Eq. 3.1). Similar observation was found in literature [103], identified as chemical cleavage, 

although our studies show that this decrease is acid catalyst concentration dependent. It became 



49 
 

a basis of our assumption, that kinetics of MTMS (in its non-hydrolysed form) concentration 

decrease can be determined based on the πȢρς ὴὴά signal decrease.  

 

Fig. 16 Exemplary 1H NMR spectrum of MTMS (vol. ratios 1:2:0.9, MTMS:MeOD:D2SO4 0.001M); 

the two groups of chemically equivalent protons within MTMS molecule (inset, marked as blue 

and green) 

 

Fig. 17 Comparison of MTMS and methanol 1H spectra 
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Furthermore, during the kinetics measurements, no other signals was present, even 

though it was expected to observe a new signal arising due to methanol production during 

hydrolysis reaction (according to Eq. 3.1), as it was observed by Seddon et al [103]. However, 

it is possible that the signal of the produced methanol is overlapping with alkoxy groups 

(σȢτ ὴὴά, ὕ ὅὌ). The comparison of MTMS and methaol 1H spectra is presented in Fig. 

17. The signals arising from methanol in MeOD solution are identified as: 3.3 ppm ï methyl 

( ὅὌ) groups and τȢυ ὴὴά hydroxyl groups (ὕὌ), while alkoxy groups from MTMS 

molecule appear within the range of σȢτ σȢυ ὴὴά. Considering a possible change in 

the chemical environment, it is likely that the production of methanol during the conducted 

reaction was not visible due to overlapping signals of methanolôs ὅὌ groups and precursorsô 

ὕ ὅὌ groups.  

The dependence of πȢρς ὴὴά signal intensity on time of the reaction, registered for 

the investigated samples (samples 1-9 included in the Table 1) is presented in Fig. 18. As it was 

expected, for the sample with no acid , the reaction does not occur, so the intensity for πȢρς ὴὴά 

remains approximately constant. With an increase of acid concentration, a decrease  of the 

singlet intensity becomes more rapid. This result proves the dependence of the πȢρς ὴὴά signal 

intensity on the acid concentration. MTMS hydrolysis is, according to common knowledge and 

extensive research, the only possible reaction in the system. 

 

 

Fig. 18 The dependence of 0.12 ppm signal intensity on the time of hydrolysis reaction and the acid 

catalyst concentration 
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3.4 CALCULAT ION OF THE PROTONATION RATE 

The first step of the hydrolysis reaction is protonation (according to Fig. 5 [14]) . 

Schematically, the course of hydrolysis, including the protonation step, can be written using 

the following equations: 

ḳὛὭὕ ὅὌ Ὄ  ᵮ  ḳὛὭὕὌ ὅὌ   (3.2) 

ḳὛὭὕὌ ὅὌᴼ ὬώὨὶέὰώίὭί ὴὶέὨόὧὸί (3.3) 

In the above equations ḳὛὭὕ ὅὌ denotes the organosilicon precursor (MTMS in 

the considered investigations) and ḳὛὭὕὌ  - protonated form, being a transient product 

of the reaction. The protonation constant is defined as an equilibrium constant of reaction (3.2), 

i.e.: 

ὑ
ḳὛὭὕὌ ὅὌ

ḳὛὭὕ ὅὌ Ὄ
 

(3.4) 

With square brackets denoting the molar concentration. In (3.4) Ὄ , the concentration of 

hydrogen cation, is consistent with acid molar concentration (in this case, it has to be noted 

the sulfuric acid is a diprotic acid). 

At the onset on the hydrolysis reaction the precursor can be in one of two forms - original 

or protonated (it can be assumed that hydrolysed forms have not yet appeared in the reaction 

system). Thus: 

ḳὛὭὕ ὅὌ ḳὛὭὕὌ ὅὌ ὧ   (3.5) 

where ὧ  denotes the initial concentration of precursor. Due to combining (3.4) and (3.5) 

the following form describing equilibrium constant can be obtained: 

ὑ
ḳὛὭὕὌ ὅὌ

ὧ ḳὛὭὕὌ ὅὌ Ὄ
 

(3.6) 

Thus, the concentration of protonated form of precursor, ḳὛὭὕὌ ὅὌ, is given as: 

ḳὛὭὕὌ ὅὌ
Ὄ

ὑ Ὄ
ὧ 

(3.7) 

 Letôs take into the consideration the two stages of the hydrolysis reaction, described by 

equations 3.2 and 3.3. The first equation (protonation) is a relatively fast reaction and leads to 

an immediate establishment of the chemical equilibrium described by equation (3.4). 

The kinetics of the second reaction can be described by the first order kinetic equation: 
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ὨḳὛὭὕὌ ὅὌ

Ὠὸ
ὯḳὛὭὕὌ ὅὌ 

(3.8) 

According to (3.5): 

ὨḳὛὭὕὌ ὅὌ ὨḳὛὭὕ ὅὌ (3.9) 

(while ὧ is constant) and finally the reaction rate formula is obtained: 

ὨḳὛὭὕ ὅὌ

Ὠὸ
ὯḳὛὭὕὌ ὅὌ Ὧ

Ὄ

ὑ Ὄ
ὧ 

(3.10) 

On the other hand, the overall hydrolysis kinetics can be described  with the  equation stated 

below (3.11): 

ὨḳὛὭὕ ὅὌ

Ὠὸ
Ὧ ḳὛὭὕ ὅὌ 

(3.11) 

Where Ὧ  is the observed (during NMR measurements) rate constant of the hydrolysis 

reaction. The decay rate of the precursor can be equated with the rate of decay of the πȢρς ὴὴά 

signal in the NMR spectrum. When taking the decay rate at the very beginning of reaction (ὸ

π)  ὛὭ ὧ and thus, from comparison of Eq. (3.10) and (3.11) a dependence between 

observed rate constant of the hydrolysis reaction Ὧ , the rate of reaction (3.3) Ὧ 

and protonation constant ὑ  is obtained in the following form: 

Ὧ Ὧ
Ὄ

ὑ Ὄ
 

(3.12) 

 

  

Fig. 19 Dependence of initial reaction rate on H+ concentration (left) and representation of Eq. 3.13 

(right) 

This equation may be linearized in regards to  the concentration of Ὄ  ions: 
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ρ

Ὧ

ρ

Ὧὑ

ρ

Ὄ

ρ

Ὧ
     

(3.13) 

The above relation is shown in Fig. 19. Based on this formula, and the linear trendlineôs slope 

the protonation constant was determined as ωȢρ  ὨάȾάέὰ. 

 

3.5 DISCUSSION AND CONCLUSSIONS 

The main conclusion is that protonation was confirmed as a mechanism of acidic 

hydrolysis. Acid dissociation constant was designated as ωȢρ ὨάȾάέὰ. 

An unexpected conclusion is that the decrease of the signal arising from  group was 

noticed to be dependent on acid concentration. Similar observation was found in the literature 

Seddon et al., however the authors did not observed the dependence of the signal decrease on 

acid concentration, and identified the phenomenon as a chemical cleavage [103].  

The presented studies did not provide any information about the produced methanol (in 

contrary to work of Seddon et al.). In this specific system it was probably overlapping with 

the signal arising from protons included in the ὕὅὌ groups. The decrease of the σȢτ ὴὴά 

signal was not observed, presumably due to the fact, that the same amount of methanol 

molecules is produced during the reaction, as ὕὅὌ group molecules are consumed, thus 

the intensity remained approximately constant. 

The results indicate a very fast protonation. Subsequently, time of gelation for different 

time of gelation of an exemplary sample was measured, to confirm the time of gelation in 

the studied range does not have any impact on the gelation kinetics. 

The hydrolysis was conducted for πȢυȟρ and ρȢυ Ὤ. The time of gelation occurring for 

each of these experiments was not significantly different. Any variation was within standard 

deviation of the measurements Fig. 20. 

Due to the confirmation of the first hypothesis (ñThe hydrolysis of 

methyltrimethoxysilane in acidic conditions is based on a protonation mechanism, and this step 

occurs very rapidly, thus, the time of conducting the hydrolysis reaction should not influence 

further stage of the sol gel synthesis: the gelation process and the gel-point value.ò ) it could 

be assumed, that the reaction mixtures reaches maximum conversion ratio of hydrolysis 

reaction, thus, should not impact kinetics of the gelation, which was the main focus of this 

thesis.  
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Fig. 20 Dependence of hydrolysis duration and time of gelation 
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4  ANALYTICAL MODEL  OF 

ORGANOALKOXYSILANE GELATION KINETICS  

 

4.1 OBJECTIVE 

The third part of this thesis is focused on developing an analytical model of alcogels 

condensation kinetics. The model was developed for methyltrimethoxysilane gels formation, 

however the analytical description could be adapted for other organoalkoxysilanes as well. 

The goals of this part were as follows: 

- developing methodology for experimental registering methyltrimethoxysilane gelation  

kinetics in basic conditions based on ultraviolet-visible (UV-Vis) spectrophotometry 

measurements; 

- establishing dependence between changes of a sampleôs absorbance due to gelation progress 

and mass of condensing product (methyltrimethoxysilane-based alcogel); 

- establishing dependence of productôs mass on time of reaction and precursor and base 

catalyst concentration; 

- identification of mechanisms of structure formation during an organoalkoxysilane 

condensation; 

The hypothesis for this section was formulated as follows: 

 2nd hypothesis  

 
The condensation reaction of a chosen organoalkoxysilane 

(methyltrimethoxysilane) can be followed through UV-Vis 

spectrophotometric measurements, and the mass of the formed gel 
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formed due to polycondensation reaction progress is directly 

proportional to the time-dependant absorbance of a sample. The 

condensation rate is dependent on the precursor and  the base 

catalyst concentrations. Basing on the condensation kinetics 

curves, the gelation can be divided into three phases, and the 

dominant, mechanisms of these phases can be identified. 

 

4.2 METHODOLOGY ï EXPERIMENTAL 

4.2.1 Synthesis 

Methyltrimethoxysilane based alcogel samples were prepared according to synthesis 

procedure analogical as in Chapter 3. The two step acid-base sol-gel method was applied, 

according to chemical reactions: 

ḳὛὭὕὙ  Ὄὕ ᵮ ḳὛὭὕὌ  Ὑ ὕὌ (4.1) 

ḳὛὭὕὌ  Ὄὕ ὛὭḳ ᵮ ḳὛὭὕ ὛὭḳ  Ὄὕ (4.2a) 

or alternatively:  

ḳὛὭὕὙ  Ὄὕ ὛὭḳ ᵮ ḳὛὭὕ ὛὭḳ  Ὑ ὕὌ (4.2b) 

In this sol-gel system, methyltrimethoxysilane (MTMS) was used as precursor. As 

a first step, it was mixed with methanol (the solvent) and with aqueous solution of oxalic acid 

(as the catalyst of hydrolysis reaction, Eq. 4.1). The acid solution was prepared in distilled water 

and the concentration was equal to πȢπρ ὓȢ The sample was stirred mechanically for one hour 

at room temperature (Ὕ  ςυ ᴈ ). Subsequently, the condensation reaction (Eq. 4.2) was 

initiated by the addition of base catalyst, which is, aqueous ammonia solution with 

concentration of ρ ὓ . Condensation was conducted under constant temperature of either 

σπȟτπȟυπȟφπȟ or χπ ᴈ .  

Samples were observed during condensation and tilting-test-tube method was used for 

determination of the gel-point (time of gelation). It is a straightforward, however commonly 

applied technique [104ï114] . It is based on delicate tilting the vessel containing condensing 

sample, until the mixture starts to behave like a solid, instead of liquid matter. As consequence, 

a gelled sample can be turned upside down, and the gel structure should not be affected or 

destroyed. Determination of the gel-point by this method can be quite precise, especially for 
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MTMS-based alcogels, as in their case, the gel-point is preceded by transition from transparent 

into turbid solution. 

The aging of the condensed samples was performed for τψ Ὤ at temperature of υπ ᴈ . 

Drying was conducted under ambient pressure conditions (APD), at temperature of ρππ ᴈ  

until total evaporation of the liquid filling the pores (mixture of solvent, water and unreacted 

components). 

During the described synthesis, the ὓὝὓὛȾὅὌὕὌ ratio was planned to be constant, while 

ὌὕȾὓὝὓὛ ratio is a variable.  

Additionally, the results were compiled with earlier work carried out by the Aerogel 

Engineering Team of Warsaw University of Technology (AET WUT) on precipitation [115]. 

Four samples (denoted as ὃȟὄȟὅȟὈ) were prepared with constant ὌὕȾὓὝὓὛ molar ratio 

(υωȢχυ ȟ thus, for extremely low precursor concentration. The variable was the ὓὝὓὛȾ

ὅὌὕὌ ratio. In the case of the cited research, the synthesis procedure was different, as 

hydrolysis catalyst was injected using syringe pump at a rate of φπ άὰȾὬ, while the reaction 

mixture was stirred mechanically for ςτ Ὤ. Subsequently, the ammonia solution (with 

concentration of ρπ ὓ ) at a rate of φπ άὰȾὬ was added into the solution to start the gelation. 

The mentioned synthesis procedure was based on work of Rao et al. [110]. Gelation, ageing 

and drying were carried out at υπ ᴈȢ 

Molar and volume ratios of both synthesis (own work and cited earlier works of AEG WUT) 

ingredients are included in: 

- Table 2 for precipitants (samples denoted as ὃȟὄȟὅȟὈ) obtained for constant 

ὌὕȾὓὝὓὛ molar ratio (earlier works of AET WUT). 

- Table 3 for monoliths (samples denoted as ὉȟὊȟὋȟὌ) obtained for constant 

MTMS/MeOH molar ratio (own results). 

 

Table 2 Molar and volume ratios of synthesis reagents (precipitant samples A-D) 

Sample 

denotation 

MTMS/CH3OH 

vol. ratio 

H2O/MTMS 

molar ratio 

MTMS : MeOH : NH4OH (10M) : 

C2H2O4 (0.01M) vol. ratio 

 

A 

 

1:10 

59.75 

 

1 : 10 : 4 : 4 

B 1:15 1 : 15 : 4 : 4 

C 1:20 1 : 20 : 4 : 4 

D 1:25 1 : 25 : 4 : 4 
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Table 3 Molar and volume ratios of synthesis reagents (monolith samples E-H) 

Sample 

denotation 

MTMS/CH3OH 

vol. ratio 

H2O/MTMS 

molar ratio 

MTMS : MeOH : NH4OH (1M) : 

C2H2O4 (0.01M) vol. ratio 

 

E 

  

8.09 

 

1 : 2 : 0.5 : 0.5 

F 1:2 9.71 1 : 2 : 0.6 : 0.6 

G  11.33 1 : 2 : 0.7 : 0.7 

H  12.94 1 : 2 : 0.8 : 0.8 

  

 

  

4.2.2 Kinetics designation 

For registering condensation kinetics data, two methods were used: 

- tor the precipitants (samples denoted as ὃȟὄȟὅȟὈ, Table 3) filtration of a gelling 

solution; 

- for monoliths (samples denoted as ὉȟὊȟὋȟὌ, Table 2) absorbance measurements 

with a UV-Vis spectrophotometer. 

During filtration method for precipitants, the gelled product was collected on a cellulose 

filter material placed on B¿chner funnel at pre-set time intervals. The filtrate, after drying  at 

υπ ᴈ , was weighed.  The results of the mass deposition after certain time intervals were 

plotted as condensation kinetics 

curves. Spectrophotometric 

method utilizes Genesys 10S UV-

Vis spectrophotometer (Thermo 

Scientific) measurements at 

wavelength ‗ φσσ ὲά. After 

an addition of the base catalyst 

(ammonia solution, catalyst of 

condensation reaction) solution 

was poured to a disposable 

polystyrene cuvette and placed in 

spectrophotometer. Pure 

methanol was used as a reference 

sample. The increase of 

absorbance, occurring as initially 

transparent sample turns turbid as 

Fig. 4.1 Comparison of the gelation kinetics obtained by UVï

Vis spectrophotometry and filtration filtration method 

(synthesis E, r = 8.09). 

Fig. 21 Comparison of the gelation kinetics obtained by UVï

Vis spectrophotometry and filtration method (synthesis E, r = 

8.09) [115] 
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the condensation proceeds, was measured in certain time intervals. The results were plotted as 

kinetics curve. 

The equivalence of these two methods was proven by comparing results obtained by 

filtration/spectrophotometry for the Ὁ sample (Fig. 21). It also proves that absorbance is directly 

proportional to mass of a condensing solution ï an important fact that will be used during  next 

chapters of this thesis. Both methods offer a relatively simple and repetitive way to designate 

gelation kinetics curves. 

Based on the gel-point values designated for samples Ὁ Ὄ during synthesis, 

the Arrhenius equation (Eq. 4.3) could be applied to designate the activation energy and ὃ 

constant (constant in  Eq. 4.4, related to Arrhenius constant ὃ ). It was assumed the gelation 

time is inversely proportional to the mean or initial) reaction rate ὸᶿρὯ which led to 

the linear form of the Arrhenius equation (Eq. 4.4).  

Ὧ ὃÅØÐ
Ὁ

ὙὝ
 (4.3) 

ÌÎὸ ὃ
Ὁ

ὙὝ
 

 

(4.4) 

Where ὃ   denotes the Arrhenius constant, ὃ - constant dependent on Arrhenius constant, Ὑ ï 

universal gas constant, and Ὁ - activation energy.  

 

4.3 METHODOLOGY ï NUMERICAL 

To explain the form of kinetics that was observed during experiments, analytical 

approach was applied in order to understand the formation and growth of an alcogel structure. 

To do so, first step is to identify dominant mechanisms of the process. Intuitively four main 

types of phenomena in the system can be distinguished: 

(i) the reaction between two or more precursor particles leading to the appearance 

of small alcogel cluster; 

(ii)  the reaction between precursor molecules (or very small clusters) and already 

formed cluster (surface reaction); 

(iii)  merging of small clusters into a larger cluster; 

(iv) merging of big clusters. 
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Once the mechanisms are defined, it has to be established which of them affect 

the  increase of the mass of the structure, thus the kinetics of the gelation process. 

The first mechanism ï denoted as (i) in Fig. 22 - admittedly is a basis of structure 

formation, however the size and mass of such a oligomer clusters is too small to be registered 

spectrophotometrically or captured by a cellulose filter. 

The second mechanism ï denoted as (ii ) (Fig. 

22) -  assuming the cluster is already of a detectable 

size, does indeed affect the condensing product 

mass, however in a very slow manner (due to very 

low mass of precursor molecules/oligomers).  

The third mechanism (iii ), assumes the case 

of  two small, undetectable clusters merger into  one, 

big, detectable aggregate. It affects the kinetics 

(structure formation rate)  and leads to the most rapid 

mass increase of in a condensing system.  

The forth (iv) mechanism affects strongly 

morphology of a gelling structure, however it has no 

impact on the condensing mass assuming the big aggregates were already of detectable size. 

Fig. 22 Distinguished  mechanisms of structure formation (grey ï undetectable spectroscopically, 

blue ï detectable spectroscopically) 

Fig. 23 Assumed phases of a condensation 

kinetics curve [122] 
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Thus, only (ii ) and (iii ) mechanisms lead to the increase of condensed product mass  ï 

one more slowly, other more rapidly. We can observe on our kinetic such regions (Fig. 23). 

Mechanisms are presented schematically in Fig. 22, and summary of this consideration is 

gathered in Table 4. 

 

Table 4 Assumed mechanisms of structure formation during particular condensation phases 

Stage of condensation Dominant mechanism 

 

(a)     nucleation* 

 

(i) and (ii ) 

(b)     intensive mass growth (microscopic phase separation) 

 
(iii ) 

(c)      cluster-cluster gelation (plateau) 

 
(iv) 

* Nucleation in this context means a genesis of a new cluster of particles (or a new primary particle 

of amorphous silica structure), contrary to the nucleation described in Chapter 2, which was a genesis 

of a new precursor-rich phase. 

 

Within the scope of this model the focus is on the (ii) mechanism - reaction between 

precursor molecules and gel clusters. Thus, gel formation rate has to be proportional to 

precursor concentration (Eq. 4.5). 

Ὠά

Ὠὸ
Ὧά ὧ 

(4.5) 

In the Eq. 4.5, ά denotes the mass of alcogel, ὧ ï precursor concentration, Ὧ is a reaction 

rate and ὴ is an exponent, in general not equal to 1. 

In order to understand the evolution of a condensing  system the manner of decrease of 

precursor concentration has to be considered. Mathematical description of the precursor 

concentration decrease assumes, that the sum of measured mass of formed alcogel and mass of 

precursor in the form of molecules present in the reacting solution should be constant. 

ὧ ὧ
ά

ὠ

ρ

ὠ
ά ά  

(4.6) 

where ά ὧὠ and ὧ is equal to an initial precursor concentration. Subsuquently, 

equation 4.5 can be rewritten as follows: 
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Ὠά

Ὠὸ
‌ά ά ά  

(4.7) 

Where the only unknown parameters are aerogel mass and ‌ Ὧ
ὠ.  

Regarding the exponent ὴ, it must be noted that if ὴ  ρ, the Eq. 4.7 would become 

a well-known description of product of first-order kinetics, which is oversimplifying. Based on 

the assumed dominant mechanism, the condensation reaction proceeds mostly on the surface 

of  particles of alcogel, thus, concentration should be proportional to the  surface. Mass is 

proportional to ὒ and surface to ὒ, where ὒ denotes a linear dimension of particles. 

Subsuquently the exponent value is assumed to be equal to ὴ  ςȾσ. The final form of 

the equation that describes the rate of mass increase in the considered system takes the form of:  

Ὠά

Ὠὸ
‌ά ά ά  

(4.8) 

The equation 4.8 can be solved analytically as follows: 

Ὠά

‌ά ά ά 
Ὠὸ (4.9) 

By performing following substitution (eq. 4.10), equation 4.9 is transformed int a sum of two 

fractions (Eq. 4.12). 

ώ ά  
(4.10) 

Ὠώ

ά ώ 
‌ὸ 

(4.11) 

ὃ

ά ώ 
Ὠώ

ὄώ ὅ

ά ά ώ ώ 
Ὠώ ‌ὸ 

(4.12) 

Where constants are equal to: 

ὃ ὄ    (4.13) 

ὅ
ς

σά
 

(4.14) 

The first integral can be solved into: 

ὃ

ά ώ 
Ὠώ

ρ

σά
ὰὲά ώ  

(4.15) 
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The second integral is further transformed into a form of: 

ὄώ ὅ

ά ά ώ ώ 
Ὠώ ὄ

ώ
ά
ς

ώ
ά
ς

σ
τ
ά

Ὠώ
σ

ς
ὄά

ρ

ώ
ά
ς

σ
τ
ά

Ὠώ (4.16) 

The second integral can be solved as follows: 

ὄ
ώ
ά
ς

ώ
ά
ς

σ
τά

Ὠώ
ρ

ςά
 ὰὲά ά ώ ώ  

(4.17) 

ὄά ᷿ Ὠώ
Ѝ
  ὥὸὥὲ

Ѝ
   (4.18) 

Considering eq. 13, 15, 16 leads to the final solution: 

ρ

ςά
ὰὲ
ά ά ά ά

ά ά

Ѝσ

ά
ὥὸὥὲ

ςά ά

Ѝσά

“

φ
‌ὸ (4.19) 

 

4.4 RESULTS 

The morphology of the obtained monolith structures are shown in Fig. 24 . Images were 

captured with scanning electron microscope (SEM) HITACHI TM-1000. One can observe 

different type of morphologies. Samples Ὁ and Ὂ are the cocontinuous type of morphology 

(according to prof. Nakanishiôs division [49]) derived due to the spinodal decomposition 

mechanism, while samples Ὃ and Ὄ are classic particle aggregates type of structures obtained 

in nucleation and growth mechanism of microscopic phase separation. Aspect of the connection 

between initial chemical composition of a sample and occurring type of phase separation, as 

well as the impact of the PS mechanism on the final morphology of a sample will be discussed 

in the next chapter.  
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A) 

 

B) 

 

C) 

 

D) 

 

Fig. 25 Dependence of mass of aerogel on time during aerogel formation for four values of precursor 

to solvent ratio: (A) 1:10 (B) 1:15 (C) 1:20 and (D) 1:25. Comparison of experimental (filtration) 

and model results [115] 

Fig. 24 SEM pictures of syntheses E-H structures, magnification x2000 [115] 
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In Fig. 25, including the results of kinetics curves for precipitants, it can be observed 

that the first stage of condensation is not reflected properly, especially for low values of 

precursor concentrations (samples ὅȟὈ). 

This discrepancy can be caused by different dominant mechanism during initial steps of 

condensation for very low precursor concentrations. Thus, letôs assume the direct reaction 

between precursor molecules (or their oligomers) as the main mechanism at the beginning of 

reaction. A following formula of mass growth rate was obtained: 

Ὠά

Ὠὸ
Ὧὧ 

(4.20) 

Taking into account equation 4.6: 

Ὠά

Ὠὸ
‍ά ά  

(4.21) 

where ‍ is kinetic constant, proportional to condensation reaction rate. The solution of the Eq. 9 

has a well-known form: 

άὸ ά
‍άὸ

ρ ‍άὸ
 (4.22) 

This equation describes initial steps of condensation kinetics more accurately. Eq 4.19 is still 

valid for the later steps. The results of this approach (hybrid molecule-molecule and molecule-

cluster) are presented for samples ὅ and Ὀ in Fig. 26. 

c) 

 

d) 

 

 

Fig. 26 Comparison of experimental and mathematical results of the dependence of aerogel mass on 

time of gelation when assuming two stages of gelation process. The precursor to solvent ratio is equal 

to  1:20 (c) and 1:25 (d) [115] 
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In Fig. 27 it can be observed the model works well for condensation kinetics for 

the monolithic samples Ὁ Ὄ . 

E) 

 

F) 

 
G) 

 

H) 

 

Fig. 27 Dependence of mass of aerogel on time during aerogel formation for four values H2O/MTMS 

ratio: (E) 8.09, (F) 9.71, (G) 11.33 (H) 12.94. Comparison of experimental (UV-Vis) and model 

results [115] 

During the data analysis it was noted that the kinetics coefficient Ὧ ‌ ὠ is not constant 

for all of the investigated samples. A dependence between value of Ὧ and volume of used 

catalysts. It cannot be precisely stated which ï acid or base ï as their ratio was the same for all 

syntheses (according to Table 2 and Table 3). It was assumed that ammonia solution 

concentration is more significant in the condensation reaction step of the synthesis. By fitting 

the values to the experimental data, a following dependence was obtained: 

Ὧ ὯϽὧ Ὣ Ͻί  
(4.23) 

And with consideration of (Eq. 4.7) the final dependence of condensation rate is obtained: 

Ὠά

Ὠὸ
ὯϽὧ Ͻά ά ά  

(4.24) 

The values of reaction rate constant Ὧ for both series of measurements are included in 

Table 5. Despite slightly different values, the magnitude for both of them is the same, which 
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provides an initial validation of the proposed theoretical approach, as well as applied 

experimental methods. 

 

Table 5 The designated reaction rate constant based on two methods of measurements [115] 

 
based on absorbance 

measurements 

based on filtrated mass 

measurements 

reaction rate constant k0 

ÍÏÌ ϽÇ ϽÓ  
ρȢρφϽρπ τȢσπϽρπ 

 

 

4.5  CONCLUSIONS 

In this chapter, an applicability of the classic theoretical approach for reaction kinetics 

was proven, even for a nonstandard systems as condensing alcogels. Furthermore, 

an applicability of UV-Vis spectrophotometry for kinetics designation for turbid samples was 

proven valid. The direct dependence between absorbance and mass of condensing product was 

confirmed by comparison of kinetic data obtained by two methods: spectrophotometrically 

and by collecting product deposited on a cellulose filter during reaction. However, it should be 

kept in mind that spectrophotometric measurements are more suitable for monolithic samples, 

and filtration method for precipitates. 

The dependence of an aerogel mass on time (also for very low concentrations of 

precursor) was obtained (Eq. 4.24). Two leading mechanisms of aerogel condensation kinetics 

were proposed. The first mechanism was the basic reaction between hydrolysed precursor 

molecules - either free monomers or mers (within an oligomer or small aggregate). It is the 

leading mechanism in the initial phase of condensation ï the nucleation. The second mechanism 

is characteristic and dominant in the second phase of condensation. It is based on addition of 

monomers to a bigger (already detectable) cluster.   

The reaction rate constant designated for both experimental series (samples ὃ Ὀ 

and Ὁ Ὄ) has slightly different values, but the magnitude of them seems correct. 

The difference can be a result of relatively high errors for ὃ Ὀ samples (thus, for the results 

obtained by the filtration method). 

The presented results offer the advancement of the state of the art for organoalkoxysilane-

based alcogel and aerogel synthesis. Two simple experimental methods of condensation 

kinetics designation were proposed. The results were compared and proved as equivalent, 

however filtration method is more suitable for monoliths than monolithic samples, for which, 
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spectrophotometric method offers precise results. The kinetics of the condensation reaction 

were studied theoretically, and a simple dependence of mass of the condensing gel on time is 

proposed and verified experimentally. The possible mechanisms of condensation were 

proposed, as well as leading mechanisms for specific stages of condensation. 
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5. GELATION KINETICS AND PHASE 

SEPARATION DURING ORGANOALKOXYSILANE 

GEL FORMATION 

 

5.1 OBJECTIVE 

The second experimental part of the research was focused on the second step of 

the organoalkoxysiloxane-based gels synthesis ï the condensation step. It was decided to 

thoroughly study two factors influencing this process: 

i. molecular structure of a precursor (to be more precise, the structure and the number 

of the not hydrolysing alkyl groups -R within the precursor molecule), 

ii.  chemical composition of the reaction mixture - proportions of the three main 

ingredients: precursor(s), solvent (alcohol) and antisolvent (water). 

As precursors three organoalkoxysilanes were chosen: 

1. Methyltrimethoxysilane (MTMS) with the central silicon atom connected to one 

methyl group ὅὌ  and to three methoxy groups ὕ ὅὌ . The three 

methoxy groups can undergo hydrolysis, and subsequently during the condensation 

step they can create a covalent bond with oxygen atom, eventually forming three 

dimensional siloxane network ὅὌὛὭὕȾ  (PMSQ). 

2. Vinyltrimethoxysilane (VTMS) with the central silicon atom connected to one vinyl 

group ὅὌ ὅὌ  and to three methoxy groups ὕ ὅὌ . The final network 

after hydrolysis and condensation of the methoxy groups has the following formula: 

ὅὌ ὅὌὛὭὕȾ . 
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3. Dimethyldimethoxysilane (DMDMS) with the central silicon atom connected to two 

methyl groups ὅὌ  and to two methoxy groups ὕ ὅὌ . This precursor 

does not gel on its own, and it was decided to use it as a co-precursor with MTMS. 

The formula of the final network after hydrolysis and condensation of the methoxy 

groups depends on the applied molar ratio of these two co-precursors. 

All of the aerogels synthesised based on above-mentioned precursors due to organic 

groups remaining within the final molecular structure, possess hydrophobic properties and can 

exhibit impressive flexible behaviour [110,116ï119]. However, the focus of this research was 

on purely fundamental influence of precursor molecule structure on the gel formation process. 

The molecular structure of these three chosen organoalkoxysilane precursors is shown 

in Fig. 28. The not hydrolysing, alkyl groups were highlighted to emphasize the difference in 

the chemical structure of these compounds. 

 

 

methyltrimethoxysilane 

(MTMS) 

vinylltrimethoxysilane 

(VTMS) 

dimethyldimethoxysilane 

(DMDMS) 

Fig. 28 Representative semi-structural formula of precursors studied within the thesis: 

methyltrimethoxysilane (MTMS), vinyltrimethoxysilane (VTMS) and (used as a co-precursor with 

MTMS) dimethyldimethoxysilane (DMDMS) 

 

Different chemical structure leads to different impact of steric effects on condensation 

kinetics or different morphologies of the final gels. Within this section of the thesis, it was 

decided to register the condensation kinetics by UV-Vis spectrophotometric measurements. By 

observations of the final form of the gel, it can be decided whether we observe monolith, 

precipitant or macroscopic phase separation (not fully gelled structure). In order to deduce 

the most information about the parallel processes -  the condensation and phase separation - it 

was decided to use ternary plots for the comparison of the studied sol-gel systems. The dried 

monolithic samples were observed with scanning electron microscope (SEM). Based on 

the type of their structure, it could be deduced whether the structure was formed due to 



71 
 

the nucleation and growth (the thermodynamically meta-stable mechanism) or the spinodal 

decomposition (the thermodynamically unstable mechanism). All of these mechanisms were 

thoroughly discussed in the introduction section (2.2 Phase separation during sol-gel 

transition). This knowledge enables drawing a location of binodal and spinodal curve in 

the phase diagrams for the studied sol-gel systems. Coupling information about the phase 

separation mechanism and gelation kinetics provides a comprehensive and extensive 

knowledge about the formation of organoalkoxysilane-based gels depending on the molecular 

structure of the precursor and the chemical composition of the synthesisô ingredients. 

Thus, it was decided to study the chosen systems with ternary plots with application of 

UV-Vis spectrophotometer for following condensation kinetics, and SEM for evaluation of 

final (dried, aerogel) structure. Eventually, the four following cases were studied: 

I. The ternary diagram for MTMS with variable catalyst concentration (system 

denoted as: ὝὈ ὓρ). Although the presence of the fourth variable concentration 

(the catalyst) on the ternary plot may raise doubts, this method of research made it 

possible to observe the full diversity of structures of the resulting gels,  thus, it was 

decided to include the results in this thesis. 

II.  The ternary diagram for MTMS with constant catalyst concentration (system 

denoted as: ὝὈ ὓς). This MTMS-based ternary diagram was used for an actual 

comparison with the results of the two next cases ï diagrams for VTMS 

and DMDMS-MTMS systems, as the only difference between any point on these 

three diagrams was the chosen precursor. 

III.  The ternary diagram for VTMS (system denoted as: ὝὈ ὠ) with constant catalyst 

concentration. 

IV.  The ternary diagram for DMDMS (as a coprecursor with MTMS in molar ratio 

DMDMS:MTMS = 1:4) (system denoted as: ὝὈ Ὀ) with constant catalyst 

concentration. 

The chosen systems and correlation between them are presented schematically in  

Fig. 29. The chosen systems can answer the following research questions: 

- by the comparison of ὝὈ ὓρ and ὝὈ ὓς: how the wider range of the condensation 

(base) catalyst concentration influence the variety of the obtained morphologies and the 

location of binode and spinode in the ternary graphs; 
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- by the comparison of ὝὈ ὓς, ὝὈ ὠ, ὝὈ Ὀ: how the molecular structure of 

a precursor and chemical composition of a reaction mixture influences the kinetics of 

gelation and location of binode and spinode in the ternary graphs. 

The hypothesis for this part of this thesis is stated below: 

 

3rd hypothesis 

 
With ternary diagrams based synthesis, one can establish  

the location of binode and spinode (the range of the metastable and 

unstable thermodynamic conditions on a ternary plot). Additionally, 

one can gain a comprehensive and extensive knowledge on impact of 

(i) molecular structure of precursor, (ii) chemical composition of 

the reaction mixture on: condensation kinetics, thermodynamic 

conditions as well as the aerogel morphology. 

 

 

 

 

 

 
 

Fig. 29 Schematic representation of studied ternary system and their relation to answering the stated 

research questions 
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5.2 METHODOLOGY 

5.2.1 The synthesis 

For the preparation of ternary plot based samples, the synthesis method was the two 

step, acid-base sol-gel method, analogical as for previous sections. A given organoalkoxysilane 

(MTMS, VTMS or co-precursor mixture of MTMS and DMDMS in molar ratio 4:1) was mixed 

with methanol in an air-tight polypropylene container on an electromagnetic stirrer. After 

stirring mixture of precursor and alcohol (approximately one minute) the hydrolysis catalyst ï 

the aqueous solution of oxalic acid - was added (according to the values in the tables included 

in the attachment A1 and attachment A2). The hydrolysis was conducted for one hour in 

the room temperature (Ὕ ςυᴈ , while a sample was vigorously stirred. After this time, 

aqueous solution of condensation catalyst - ammonia solution - was added to initiate 

the condensation. The sample was stirred for approximately thirty seconds, then the stirring 

element was removed and the sample was set aside for gelation in the room temperature. After 

complete gelation, the sample aged for one day, and after this time the series of solvent 

exchange was conducted ï first to methanol, then two times to ethanol. After the last solvent 

exchange samples were left in the oven in the temperature of υπЈὅ for one day. Subsuquently, 

the samples were dried in ρππЈὅ. 

Several differences in this overall procedures were made for different systems: 

- for system ὝὈ ὓρ (ternary diagram for MTMS with variable catalyst concentration): 

the concentration of oxalic acid was πȢπρ ὓ and for ammonia solution it was ρ ὓ. 

The ternary system was prepared on volume fractions, according to values included in 

the table in the attachment A1.  

- System ὝὈ ὓς, ὝὈ ὠ, ὝὈ Ὀ (ternary diagram for MTMS, VTMS, 

and MTMS:DMDMS with constant catalyst concentration) for each synthesis 

the aqueous solution of catalysts (oxalic acid and ammonia) were prepared individually 

according to the table in attachment A2), so each sample had constant acid and base 

concentration, regardless the amount of water in the system. The syntheses were 

distributed over the whole area of a ternary plot for given, constant ratios of precursor 

(or co-precursors in case of ὝὈ Ὀ) to water (presented in Fig. 30). Also, these systems 

were synthesized in a mass fraction based ternary plot. 

- Additionally, the system ὝὈ Ὀ (ternary diagram for MTMS:DMDMS with constant 

catalyst concentration) required addition of surfactant, thus cetrimonium bromide 
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(CTAB) with amount of ρ Ὣ] per σπ άὰ of reaction mixture was added, leading to 

concentration CTAB in the initial gelling solution of πȢπωρυ ὓ . 

 

 

 

 

The recipes for all of the synthesis are included in tables in the attachment A1 (for ὝὈ

ὓρ system) and A2 (for ὝὈ ὓς, ὝὈ ὠ, and ὝὈ Ὀ systems). All of the chemical 

reactions formulas (condensed and semi-structural) for the hydrolysis and condensation of the 

chosen precursors (MTMS, VTMS and DMDMS) are shown in Fig. 31. 

5.2.2 The gelation kinetics experimental designation 

The gelation kinetics was registered with UV-Vis spectrophotometry. The Genesys 10S 

UV-Vis Spectrophotometer (Thermo Scientific) was used, and measurements were made for 

the  wavelength ‗ φσσ ὲά.  

Samples were prepared according to the methodology and recipes described in 

the previous subsection (5.2.1 The synthesis). After the addition of ammonia solution (the base 

catalyst of the condensation), a solution was stirred for approximately thirty seconds 

and the gelling solution in volume of ςȢυ άὰ was transferred to a disposable polystyrene 

cuvette. The cuvette was air-tight closed and secured with a parafilm to avoid any solvent 

evaporation (especially for sample with slower gelation) due to low evaporation point (Ὕ

χψȢτ ᴈ ρςπ and methanolôs toxicity.  

 

Fig. 30 Schematic representation of studied ternary system and their relation to answering the stated 

research questions 
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*does not condense as an individual precursor, here as co-precursor with MTMS 

 

Fig. 31 The hydrolysis and condensation reactions formulas (condensed and semi-structural) for 

the chosen precursors (MTMS, VTMS and DMDMS) 
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The sample in a secured cuvette was placed in the spectrophotometer and another 

cuvette with the pure methanol was set as a reference sample (blank).  

For the studied precursors, the turbidity of a sample increases with the progress of 

gelation ï from a transparent colloid to a milky-opaque gelled structure. The absorbance was 

measured until complete gelation of a sample with certain time intervals, set based on previous 

observations in such a way, that would allow to collect sufficient number of data points for 

designation of kinetics curves. A certain part of the samples was omitted due to too fast gelation 

for collecting a sufficient number of data points (samples with a gel-point below three minutes). 

The measured values of the absorbance collected over time during gelation process were plotted 

as kinetics curve.  

 The overall experimental process ï synthesis of samples and parallel UV-Vis 

spectrophotometric measurements of gelation kinetics are presented schematically in Fig. 32. 

 

Fig. 32 Overall scheme of the  experimental process ï the sample synthesis and parallel UV-Vis 

spectrophotometric measurement of the gelation kinetics 

 

5.2.3 Scanning electron microscopy and image analysis 

Final dried samples were observed under scanning electron microscope (SEM), 

HITACHI TM-1000. The aerogel samples are an electric insulator, thus a carbon tape was used 

to attach the samples to the specimen holder. Samples were cut with a scalpel blade to obtain 

thin, flat slices with a clean cut surface. A prepared specimen was sputtered with a gold 
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nanolayer  with vacuum sputter coater Emitech K550X, with pressure inside the chamber of 

ρπ άὦὥὶ. 

The pictures were analysed in terms of morphology, analogically to the morphology 

classification proposed by professor Nakanishi et. al [49]. The four main types of micro-

structure are presented in Fig. 34.  

For ὝὈ ὓρ, ὝὈ ὓς and ὝὈ ὠ systems the ImageJ software was applied for 

the analysis of secondary particles size distribution. The particles were assumed to be sphere-

shaped (which was confirmed by SEM images evaluation) and diameter of each particle was 

measured three times and averaged. For each histogram, fifty particles were measured 

(providing 150 diameter measurements per picture in total). Basing on size distributions, 

the dispersity  (polydispersity index) was calculated as „ὨӶϳ , where ὨӶ is the number 

weighted mean diameter of secondary particles for a given aerogel sample and  „ is the standard 

deviation. Samples with πȢρ are classified as polydisperse.  

 

5.3 RESULTS 

5.3.1 Phase separation in TD-M1 system 

The samples prepared for the ὝὈ ὓρ system (according to the initial reaction mixture 

compositions included in the table in the attachment A1) were plotted in Fig. 35 with 

consideration of the obtained type of morphology. Basing on the SEM analysis, structures were 

classified according to work of Nakanishi et al. [49]. The classification provided further 

information about microscopic phase separation mechanism (nucleation and growth or spinodal 

decomposition), thus allowed to approximately sketch the binode's location and the part of 

the spinodal curve in the phase diagram. The areas of the two types of microscopic phase 

separation - nucleation and growth or spinodal decomposition ï were marked with two shades 

of grey areas (as presented in Fig. 35). 

The binodal curve is based on the MTMS-H2O side of the ternary diagram. Within 

the area of the binode, the transition from nucleation & growth mechanism to spinodal 

decomposition can be observed while increasing the MTMS/H2O molar ratio. There is a border 

between these two regions, corresponding to the spinodal curve location, although it was not 

completely designated. 

For the lowest concentrations of the precursor (~10%mas) condensation does not occur 

within the whole sample volume for the whole range of MeOH/H2O ratio. Too low precursor 
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contribution in the ternary system leads to the macroscopic phase separation, thus the synthesis 

results in precipitants or collapsed, not completely interlinked structures. In the low water 

concentrations region (~5%mas), no signs of the condensation reaction were observed, probably 

due to insufficient hydrolysis conversion ratio.  Regarding the solvent content and 

the condensation range, the monolithic samples were obtained even for just 4.2%mas of 

methanol. 

 

 

 

 

 

 

The influence of the initial chemical composition of the reaction mixture on 

the morphology of the final dried gels is presented in Fig. 36. The schematic comparison 

highlights the influence of precursor concentration on product morphology for constant solvent 

Fig. 34  Four types of  an aerogel micro-structure (magnification: 2000x), from the left: particle 

aggregates, co-continuous, isolated pores, nanoporous structure 

Fig. 35 Ternary diagram for the TD-M1 system 
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concentration - transition of the system from nucleation and growth microscopic phase 

separation mechanism into the spinodal decomposition. The analogical tendency is observed 

for constant precursor concentration when MeOH/H2O ratio is increasing.  

In the ternary diagram (Fig. 35) and morphology comparison (Fig. 36), spinodal 

decomposition mechanism occurs for approximately precursor concentration above 35%mas. 

Below this value of MTMS concentration (approximately) only nucleation and growth 

mechanism can be observed.  

As far as water contribution is concerned, the nucleation and growth  mechanism occurs 

for higher amounts of water in the system. The samples with water content 60%mas and higher, 

lead only to particle aggregates type of structure, moreover, for drastically high water 

concentrations synthesis resulted in precipitates.  

While analysing the influence of methanol amount in the system it was observed that 

for constant concentration of solvent, N&G occurs for approximately, MTMS/H2O > 1.9  (mass 

ratio). 

 

 

 

Fig. 36 The influence of the initial chemical composition of the reaction mixture on the 

morphology of the final dried gels 
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The values of the dried samples' porosity ‐ (described by the Equation 5.1, with 

structural density  ” ρȢς Ὣὧάϳ , and ”  denoting envelope density of a sample) are 

plotted as in the Attachment A3. The evident tendency is the decrease of structure's porosity 

with the increase of MTMS/H2O ratio, when the constant concentration of MeOH is considered. 

The observation leads to further conclusions: the porosity decreases with increase of precursor 

concentration in the system, or as the microscopic phase separation mechanism changes from 

nucleation and growth to the spinodal decomposition. Thus, particle aggregates are mostly 

endowed with higher porosity than other types of structure.  Although, two cocontinuous 

samples, with composition 30.74-25.96-43.31%mas  (MTMS-MeOH-H2O %mas) and 39.49-

8.34-52.17%mas, also exhibit relatively high porosities  (82% and 90%, respectively). 

The diagram with included volume shrinkage (ὠ) values defined according to Eq. 5.2 

as a ratio of dried sample (ὠ ) volume to alcogel volume (ὠ  (Attachment A3) has, naturally, 

a reversed form. These two parameters are connected with each other: the higher volume 

shrinkage occurs, the lower aerogel porosity is obtained. However, the drying method has to be 

considered when analysing the results. Thus, application of supercritical drying (SPD) instead 

of the ambient pressure drying technique, could provide significantly different results.  

‐ ρ
”

”
 (5.1) 

ὠ
ὠ

ὠ
 

(5.2) 

The values of the mean diameter of secondary particles and polydispersity index   are 

plotted as in the Attachment A4 (applies only for the particle aggregates type of samples). 

The parameter was calculated for both monoliths and precipitants, as long as the structure 

exhibits the particle aggregate type of morphology. The investigated region appears near the left 

side of the binodal curve (for samples with MTMS concentration approximately 10, 20 

and 30%mas). The polydispersity index was designated according to the formula „ὨӶϳ  

(where ὨӶ is the number weighted mean diameter of secondary particles for a given aerogel 

sample and  „ is the standard deviation). Samples with πȢρ were classified as polydisperse.  

 . The only samples that exhibits polydispersity of secondary particles' size ( πȢρ) 

are the samples for the concentration of MTMS approximately 20%mas.  

These preliminary observations can find the confirmation in secondary  particles' size 

distributions ï a comparison is presented in Fig. 38. The magnification of histogram for one 

the most monodisperse sample (11.3-76.7-12.0%mas, πȢπρ) and the most polydisperse 
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sample (19.5-8.2-72.2%mas, πȢςπ) are included in Fig. 37 and the difference between them 

is self-explanatory ï we observe narrow peak for the monodisperse sample and a very wide 

peak (can include multiple maxima) for the polydisperse sample. 

 
 

Fig. 37 The comparison of histograms for the most monodisperse sample (11.3-76.7-12.0%mas, 

ẩ=0.01) (left) and the most polydisperse sample (19.5-8.2-72.2%mas, ẩ=0.20) (right) 

The comparison of the histograms (Fig. 38) and morphologies (Fig. 39) highlights 

the impact of the precursor and solvent concentration (consequently, also the water content as 

the third component in the ternary system, or the overall initial chemical composition of a given 

sample) on the particle aggregates morphology ï we observe different width of the bottle-necks 

between particles, or regularity of the spherical shape. For MTMS 10%vol the index remains 

very low value 0.01-0.05 within the whole range of ὓὩὕὌȾὌὕ ratio. For samples with 20%vol 

of MTMS within the initial composition, the increase of ὓὩὕὌȾὌὕ ratio leads to less 

polydisperse aggregates (lower polydispersity index). For 30%vol of MTMS only three samples 

with "particle aggregates" structure was obtained, thus there is no enough data to evaluate any 

tendency. A remark: on the schemes presented in the Fig. 36, Fig. 38 and Fig. 39 volume 

concentrations were plotted, as this part of the experimental research was originally planned 

with volume concentrations. The rest of graphs, and all the ternary plots (presented in the Fig. 

35 and attachments A3-A6) were plotted for mass concentrations to maintain the consistency 

with the phase diagrams included in the next sections of this chapter (as it was decided to 

continue research using mass concentrations).The exemplary pictures of particle aggregates 

structures are compared in Fig. 39. When comparing the pictures for MTMS 10%vol, the 

transition from precipitant (10-10-80, 10-20-70, 10-30-60%vol) to macroscopic phase separation 

structures (10-40-50, 10-50-40, 10-60-30, 10-70-20, 10-80-10%vol) can be observed. The 

changes in the length of bottle-necks are also visible with the precipitant-macroscopic PS 

transition, it even seems that the length of the bottle-necks is increasing with methanol 

concentration. 
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Fig. 38 The comparison of secondary particles size distributions due to initial chemical composition of 

a sample 



83 
 

 

 
Fig. 39 The comparison of "particle aggregates" morphology due to initial chemical composition of 

a sample in terms of polydispersity (magnification 5000x) 
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When comparing samples with 10%vol of MTMS to samples with 20%vol of MTMS 

(especially 20-10-70, 20-20-60, 20-30-50%vol) the changes in polydispersity are prominent, 

despite moderate changes in 

polydispersity index (ẩ average for 

10%vol MTMS is 0.02, and for 20%vol 

MTMS it is equal to 0.14). Whereas, 

samples with 30%vol of MTMS seem like 

a transition from between "particle 

aggregates" and "co-continuous" 

structures with moderate values of 

polydispersity index (average ẩ equal to 

0.05). 

 

5.3.2 Phase separation in TD-

M2, TD-V, TD-D system  

The phase diagrams for the ὝὈ

ὓς, ὝὈ ὠ and ὝὈ Ὀ systems are 

presented in Fig. 40. Location of 

the nucleation & growth region as well as 

spinodal decomposition region were 

marked with two shades of grey. One can 

observe, for every of these systems how 

location of this thermodynamic regions 

(metastable N&G and unstable SD) 

changes for different precursors (MTMS, 

VTMS and mixture of MTMS and 

DMDMS in molar ratio 4:1 on Fig. 40a, b 

and c respectively). 

For ὝὈ ὠ  and ὝὈ Ὀ  systems 

the majority of the samples had 

the morphology type of particle aggregates. 

The ὝὈ ὓς system exhibits the largest range of binode and three types of monolithic 

structures (particle aggregates, cocontinuous and nanoporous). One difference comparing to 

Fig. 40 Phase diagrams for the (a) TD-M2, (b) TD-V 

and (c) TD-D systems 
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ὝὈ ὓρ is the lack of presence of isolated pores type of structure. For MTMS and VTMS 

monoliths could be obtained up to 70% of methanol in the system. Systems with MTMS (both 

ὝὈ ὓς and as co-precursor ὝὈ Ὀ) offer higher variety of structures types comparing to 

VTMS: n the ὝὈ ὠ system only particle aggregates and isolated pores structures were 

obtained.  The ὝὈ Ὀ system, based on a mixture of co-precursors (MTMS and DMDMS), 

resulted also in not homogenous morphologies, such as combination of particle aggregates 

and isolated pores or continuous morphology (marked as separate type of points in the ternary 

diagrams).  

This analysis of structure types allowed to approximately establish areas of 

the metastable region of nucleation and growth and unstable region of spinodal decomposition. 

Binodal curve (including all monolithic samples) has the largest range for MTMS system (ὝὈ

ὓς).  

Comparing ὝὈ ὓρ system (presented in previous sub-section of this chapter) 

and ὝὈ ὓς (Fig. 40a) leads to an observation that the first system provides larger variety of 

structures, because the addition of catalyst is dependent on the water content, thus due to higher 

range of pH values in a system one can observe different pathways of the process, leading for 

example, to isolated pores type of structure, which was not observed for ὝὈ ὓς. 

The mean size of particles for ὝὈ ὓς and ὝὈ ὠ system is presented in figures 

included in the attachment A5. In general the VTMS-based samples have larger sizes of 

particles.  

The polydispersity index for ὝὈ ὓς and ὝὈ ὠ system is presented on a ternary 

plot included in the attachment A6. It can be observed, that VTMS-based samples exhibit higher 

polydispersity in most cases. The highest polydispersity index for TD-M2 was πȢρπς, and for 

TD-V the value was πȢυυ. 

 

5.3.3 Gelation kinetics in TD-M2, TD-V, TD-D system  

The results of kinetics investigation are gathered in the attachments (A7- A9). 

The kinetics curves were measured for monolithic samples, but only in case the gelation time 

was long enough to capture the whole process. Furthermore, there was a few samples with 

a tendency to breaking during gelation (ὝὈ ὓς  system) that were omitted, because the 

cracks would interfere the registered spectra and change the overall outcome of the experiment. 

Three types of gelation kinetics curves were observed during the studies. The first one, 

presented in Fig. 41 a is characteristic for most opaque, monolithic samples. The sigmoid shape 
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is sharp and more or less symmetric. The second type, presented in Fig. 41b is not symmetric, 

and the upper inflection of the sigmoid curve is less sharp. In other words, the final absorbance 

values stabilizes for longer time, comparing to opaque samples. The third type is characteristic 

for samples with initial formation of a precipitant, followed by complete gelation within 

the whole volume of a sample (Fig. 41c). This process was observed, as initial turbidity 

followed by sedimentation of particles. The first type was characteristic for the definite majority 

of samples. All of the measured kinetics curves for the three systems: ὝὈ ὓς, ὝὈ ὠ 

and ὝὈ Ὀ are gathered in the attachments as A7, A8, A9 respectively. The graphs were 

prepared with logarithmic time scale, as for the constant methanol concentration, the difference 

between samples with highest and lowest value of precursor/water ratio (Ὑ) could be very high. 

It was observed that the time of gelation increases for higher concentrations of alcohol and with 

a decrease of precursor to water ratio, presumably to the fact the contribution of water was not 

sufficient for complete hydrolysis. 

       (A)  (B) (C) 

 

Fig. 41 Three types of the observed kinetics curves 

The investigation offered a lot of qualitive analysis and comprehensive understanding 

of the sampleôs composition and final outcome ï whether a monolithic sample can be obtained, 

what is the most likely type of morphology, particle size range and possible polydispersity of 

the system, as well as what is the kinetics, how long does the gelation takes place. What was 

still lacking, was a proposition of a mathematical description or type of analysis which would 

actually allow to compare the rate of gelation for different samples. 

It was decided to interpolate the kinetics data (ὃὸ) with a spline and calculate the first 

derivative (ὨὃȾὨὸ) (Fig. 42). As it was confirmed in previous chapter (4. Analytical model of 

alcogels gelation kinetics) the absorbance is directly proportional to mass, thus the kinetics in 

its normalised form can be interpreted as άὸ, thus the first derivative is ὨάȾὨὸ. The values 
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of the maximum value of the first derivative ï the maximum condensation rate for ὝὈ ὓς 

and ὝὈ ὠ were gathered in the attachment A10, and the values confirm the previously stated 

observations that gelation proceeds faster for VTMS as precursor, even despite larger size of 

the molecule and possible impact of steric effects. 

  

Fig. 42 The condensation kinetics data A(t) and condensation rate dA/dt for first and second type of a 

kinetics curve  

 

Fig. 43 Scheme of the analysis of a condensation kinetics curve [121] 

The point of maximum condensation rate, ὨάὨὸϳ  was used to designate a tangent 

line to the kinetic curve άὸ, and the ὸ point which physical meaning is the end of first phase 

of gelation. The time gelation, for the syntheses studied in previous chapter (Chapter 4) ὃ

Ὂ was stated to correspond to ωωϷ reaction progress, basing on the comparison of kinetic curve 

registered with spectrophotometer and gel-point captured with the tilting test-tube method. This 

assumption was used to propose a method of kinetics curve analysis. Subsequently, the time of 

the second phase was defined as a difference between time of gelation ὸ and the time of 

nucleation ὸ. All of the above considerations are schematically presented in Fig. 43. 
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In this case the phase 1 and 2 should be interpreted similarly as in previous chapter, 

according to Table 1. First phase corresponds to the genesis of a new cluster of gelling solid 

phase (or a new primary particle of amorphous silica structure), and the second phase to 

the intensive structure growth, occurring either due to N&G or SD mechanisms.  

 

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Fig. 44 Influence of water content on time of first and second phase for MTMS (a and b) and VTMS 

(c and d) 

The results of the ὸ and ὸ for ὝὈ ὓ and ὝὈ ὠ are included in the attachment A11 

and A12 respectively. It is observed that with higher water content in the initial chemical 

composition, the samples tends to gel faster. This tendency was proved valid for both MTMS 

and VTMS as precursors. Furthermore, the dependence was established to have an exponential 

character, as shown in Fig. 44.  
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The graph presents dependences between time of the first phase of gelation (nucleation) 

for MTMS (Fig. 44a) and VTMS (Fig. 44c), as well as time of the second phase of gelation 

(microscopic phase separation phase) (Fig. 44b and Fig. 44d for MTMS and VTMS 

respectively). This dependency can be explained by significant influence of water on reaction 

pathways ï first of all, the amount of water is crucial to obtain full hydrolysis of the precursor 

molecules during the first step of the synthesis. The variable amount of water was the basic 

assumption of this research, however one has to be aware, that below certain mass fraction of 

water, the number of water molecules is not sufficient for full hydrolysis of the precursor 

molecules. Thus, the strong correlation between water content and time of the distinguished 

phases is understandable. It was also observed, that in general, VTMS gels faster comparing to 

MTMS, presumably to higher reactivity, despite possible steric effects for the larger molecule. 

 

5.4 CONCLUSIONS 

The ranges of occurrence of monolithic samples and their different morphologies were 

plotted in the form of ternary plots, providing a comprehensive knowledge about correlation 

between initial chemical composition of the reaction mixture and final productôs properties. 

The outline of binodal curve in a precursor-solvent-antisolvent ternary sol-gel system 

was designated experimentally, basing on the analysis of products' morphology. Four types of 

structure morphology were observed, same as in Nakanishiôs work [49]. The studies indicate 

that within the area of the binode, the transition from NG mechanism to SD can be observed 

while increasing the precursor/water ratio. The exact location of the spinodal curves was not 

precisely established, however the obtained data provide an idea about location of spinodal 

decomposition area. 

The condensation rate increases for lower concentration of solvent and lower values of 

precursor/water ratios. A new method of quantitative comparison of condensation process 

registered spectrophotometrically was proposed, based on kinetics data interpolation 

and calculation of first derivative corresponding to the value of condensation rate. This 

investigation allows to predict not only some of the structural properties of a system, as particle 

size distribution, polydispersity or porosity, but also the kinetics of gelation, which is very 

important aspect, especially for upscaling. 

Presented research concerns the APD silica aerogels, which are based on relatively 

inexpensive precursors, reagents and drying technique. The porosity and volume shrinkage 

were measured only for the first investigated system (TD-M1) and the results looks promising 
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ï even though APD was for a long time considered as a not suitable method for aerogel 

preparation, majority of the monolithic samples exhibit high porosities values (above χπϷ), 

reaching up to ωσϷ.  

The studies has a potential to advance the state of the art by providing knowledge about 

controlling the overall gelation process of synthesis of silica aerogels, as well as predict their 

condensation kinetics and some of the finalôs product structural properties, such as porosity, 

secondary particles mean size and polydispersity index. 
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6. DIFFUSION/REACTION LIMITED SECONDARY 

PARTICLESô AGGREGATION  

 

6.1 OBJECTIVE 

The fourth part of this thesis is focused on developing a model of organoalkoxysilane-based 

alcogels condensation kinetics. In difference to the analytical model presented in previous 

section (Chapter 4), this approach can follow not only condensation kinetics, but 

the morphology of the formed structure as well.  The goals of this part were as follows: 

- developing a computational approach based on a cellular automaton (CA) system that 

can mimic the kinetics gelation process (aggregation of secondary particles in this case); 

- developing a computational approach based on a cellular automaton system that can, to 

some extent, represent the morphology of wet-gel;  

- proposing a method for correlation between model parameters and experimental 

parameters, followed by this method verification; 

- analysis of the applicability of the developed cellular automaton as a representation of 

gelation of organoalkoxysilane-based alcogels. 

The hypothesis for this section was formulated as follows: 

 
4th hypothesis 

 

 
A cellular automaton can be applied as a simplified 

representation of the gelation process, in particular for 

the aggregation of secondary organoalkoxysiloxane-based 

particles. The model parameters can be correlated with 

experimental synthesis conditions with the Arrhenius equation. 
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6.2 NUMERICAL METHODOLOGY 

In order to implement the process of aggregation of organoalkoxysilane-based 

secondary particles (SP) during  condensation, a cellular automaton system was developed. 

This kind of system is based on n-dimensional, divided into a regular grid of cells (Fig. 

45), computing domain with periodic boundary conditions (Fig. 46). According to the main 

idea of cellular automata, each cell can be in one of given number of states. The evolution of 

each cell proceeds simultaneously during each time step, depending on the given cellôs state 

from the previous step and the state of its adjacent neighbours. 

In the studied case, which is aggregation of secondary particles, a cell can be described 

by one of the two possible states: it can be either occupied by a secondary particle or empty 

(Fig. 45). The number of occupied cells depends on the SP concentration ï the first introduced 

model parameter (ὧ). The particles diffuse randomly in order to mimic Brownian motion. When 

two particles appear in the adjacent cells, a condensation reaction between them can occur, 

depending on the value of the second model parameter: reaction probability (ὖ). 

 

Fig. 45 Scheme of the cellular automaton behaviour 

 

In this sort of systems we can distinguish 

two main regimes: aggregation limited by 

diffusion (DLA, or DLCA for cluster 

aggregation) or reaction (RLA, or RLCA). When 

reaction probability P is significantly lower than 

ρ, we enter the RLCA regime. The influence or 

reaction probability (also referred as sticking 

probability in the literature) is quite well Fig. 46 Scheme of system periodicity [122] 
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established ï the higher probability the more branched and linear are the structures, and for low 

RLA regime more dense and compact structures are obtained (Fig. 47). 

 

Fig. 47 Influence of reaction probability on aggregate morphology (initial results) 

When the condensation reaction between SP occurs they start to behave as one 

aggregate, and from this point they move together. One of the simplification in the presented 

model is neglected possibility of the bond breakage, which means that once created aggregate 

cannot fall apart. 

 

Fig. 48 Impact of an aggregate threshold size on condensation kinetics curve for three dimensional 

system [121] 

 

The probability of motion (diffusion) ὖ is dependent on the size of a given aggregate. 

Itôs reversibly proportional to the size of an aggregate, according to the Einstein-Stokes 

equation for diffusion of spherical particles in low ὙὩ numbers (Ὀ ͯ ρϳὶ). 
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Fig. 49 Impact of an aggregate threshold size on gel-point location on the curve (threshold size: a ï 

1%,  b ï 2.5%, c ï 4%) [122] 
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Ὀ
ὯὝ

φ“–ὶ
 

(6.1) 

ὖͯ    (6.2) 

Where Ὀ is the diffusion coefficient, Ὧ ï Boltzmann constant, Ὕ ï temperature, – ï dynamic 

viscosity, ὶ ï radius of a particle. 

The simulation stops when all of the SP are connected into one cluster. In percolation 

theory this final state is called as large cluster or spanning cluster. 

 

Fig. 50 Qualitative comparison of experimental and numerical condensation kinetics curve [122] 

 

The goal was to designate condensation kinetics and compare them with experimental 

one. In order to achieve that goal, a numerical procedure that would be analogical to 

the experimental one, had to be developed. Thus, it was assumed that in order to detect 

an aggregate, first it has to reach a certain detectable threshold size. The value of this threshold 

size, was chosen in such way, to obtain the highest resemblance to the experimental shapes of 

the curves. Thus, the first criterium was to observe the first kinetics curve inflection (unlike 

the black line in Fig. 48). The second criterium was to obtain the gel point just after the second 

inflection of the curve (Fig. 49). The second criterium might seem arbitrary, however it is  just 

an initial model assumption. Furthermore,  this criterium was supported by observations of gel 

points for certain experimental samples, which were chosen for the model validation in 

the further part of this chapter (the samples selection is discussed in next subsections). 

The resemblance of final kinetics curves obtained experimentally and numerically is 

presented in Fig. 50. At this point, there was no correlation between numerical and experimental 
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parameters, just a qualitative comparison of the dependences of condensation progress on time 

for experimental and numerical system. 

After reaching the detectable size of an aggregate, the arbitrary total mass of condensed 

product (proportional to the number of SP within detectable clusters) is growing until the whole 

structure is interlinked. The kinetics curves were analysed according to the procedure described 

in Chapter 5 (Fig. 43).  

The obtained structures were evaluated in terms of their porosity, determined as 

the number of not occupied cells within a volume of a certain spherical shell with certain 

thickness. A representative area of the structure had to be selected. It was chosen to select 

a mean distance of each particle to the mass centre of an aggregate, as this value could be 

precisely determined and because the local porosity seemed to be approximately constant 

around this point. Thus, the representative area for porosity designation was chosen to be 

ψπϷ ὶӶȟρςπϷ ὶӶ. The scheme showing an exemplary aggregate with the representative 

spherical shell volume is presented in  Fig. 51a. The exemplary dependence of porosity on 

distance from the centre of an aggregate is shown in Fig. 51b. 

(A) 

 

(B) 

 

Fig. 51 (A) scheme of the representative spherical shell volume, (B) exemplary dependence of 

porosity on distance from the centre of an aggregate [121] 

In this thesis two type of cellular automata systems were studied: 

a) the simpliefied, two dimensional (ὲ  ς) 

b) the advanced, three dimensional (ὲ  σ) 
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Naturally, the 3D system is more accurate and offers more results for interpretation 

and validation. The work on the two dimensional system was an initial approach used for 

a simplification, while developing an actual, three dimensional model. However, the results 

even for the simplified 2d system were found interesting, and it was decided to show 

the comparison between the results and pros and cons of both system. Thus, the differences in 

assumptions in these two systems were gathered in Table 6. 

 

Table 6 Comparison of the developed 2D and 3D cellular automata assumptions 

Aspect Two dimensional 

n = 2 

Three dimensional 

n = 3 

Neighbourhood 

 

Mooreôs type of neighbourhood 

Cell i has 8 neighbours Cell i has 26 neighbours 

Diffusion 

 

 

Probability of motion uniform 

for each size of an aggregate (an 

initial simplification) 

 

 

Probability of motion correlated 

with an aggregate size by 

Einstein ï Stokes equation  (Eq. 

6.1) 

Reaction probability 

 

Tested for 4 chosen values: 

0.001, 0.01, 0.1, 1 

(studied cases presented in Fig. 

52) 

 

Tested for 5 chosen values: 

0.0005, 0.001, 0.01, 0.1, 1 

(studied cases presented in Fig. 

52) 

Tested concentrations 

1, 5 and 12.5%  

of number of cells in computing 

domain 

(studied cases presented in Fig. 

52) 

0.5, 1, 2, 3 and 4 %  

of number of cells in computing 

domain 

(studied cases presented in Fig. 

52) 
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Fig. 52 Model parameters chosen for 2D (left) and 3D system (right) study case 

 

(A) 

 

(B) 

 

Fig. 53 Moore type of neighbourhood for (a) 2d, (b) 3d system 

 

6.3 EXPERIMENTAL METHODOLOGY 

6.3.1 Experimental verif ication for the two dimensional approach 

The experimental samples were prepared according to the two-step, acid-base synthesis 

described thoroughly in Chapter 4 and 5. In this section of the thesis MTMS 

(methyltrimethoxysilane) was used as a precursor, methanol as solvent, distilled water as anti-

solvent, oxalic acid (πȢπρ άέὰȾὨά ) as the catalyst of hydrolysis and ammonia solution 

(ρ άέὰȾὨά ) as the base catalyst of condensation. The precursor and acid were purchased 

from Sigma-Aldrich (St. Louis, MO, USA), the solvent from Stanlab (Stanlab, Lublin, Poland) 

and the base from Eurochem BGD, (Tarn·w, Poland) . 

The molar ratios of reagents used during synthesis are given in Table 6.2. After mixing 

of precursor and solvent (MTMS and MeOH), the hydrolysis  was initiated with addition of 

the acid and carried out for 1 hour. After this time, a proper amount of the base catalyst was 
























































































































































