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ABSTRACT

Theobjectiveof this thesis is to experimentally and numerically investigate the kinetics
of sokgel transition during the synthesis of organoalkoxysHaased alcogelshe research
aims at betteunderstandingf the imposition of chemical reaction and physical phenomena
occurring during segel synthesis, such as miscibility gap driven phase separation,
polymerization induced phase separation Bralvnianmotion-driven aggregationlhe main
goal was to establish analytically a description of gelation kinetics in organgsilame
(methyltrimethoxysilane) based systamd todevelop a numerical model that would provide
an insight into both formation kinetics and gel mistaucture evolution.

Nuclear magnetic resonance (NMR) was employed for methyltrimethoxysilane
(MTMS) hydrolysis investigationExperiments weréesigned to confirm thprotonation as
the first step of the hydrolysiseaction andto designate its rate constar8ubsequently
thehydrolysis conversion raticould have been assumasiconstant, and the focus of the thesis
could be shifted téollowing the process of organoalkoxysililagelation.

Further work resulted in development of analytical model describing condensation
kinetics, and identification of dominant gelation mechanisms through the three distinguished
phases of the procesghe 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

theorganoalkoxysilane gelation.



The thermodynamics of the sgél system based on chosen organoalkoxysilanes
(methyltrimethoxysilane, vinyltrimethoxysilane and amixture of co-precursors:
methyltrimethoxysilane wittldimethyldimethoxysilaneyas investigated experimentally by
preparation of ternary plotprecursossolventantisolvent)and analysis of polymerization
induced phase separation mechanismsiucleation and growth(N&G) and spinodal
decomposition(SD). Based on micrasucture analysiperformedwith scanning electron
microscopy, samples could be identified as obtained deidtrmetastabléN& G) or unstable
thermodynamic conditionéSD). Additionally, a ternary plotis an excellentstudy case for
thethreeingredient synthesis, as it provgiaformation about each componérinfluence on
the properties of finalstructureand kinetics of its formatiorMoreover, a new method of
analysisof condensation process registered spectrophotometrically was proposed, based on
kinetics data interpolation and calculation of first derivative corresponding to the value of
condensatiomate.

An aggregation modelvas developed andmplemened as a cellular automaton.
Modelbs applicability was verified in terms of
micro-structureevolution duringhe solgel transitionBased on the interpretation of Arrhenius
eqguation, aovel method of correlation betweexperimentatonditions ananodel parameters
was proposednd validated with experimental data.

This thesis advanedhe current state of the art with andapth 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 asdfinetics
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 mechaniss occurringduring condensation phases were
identified, providing better understanding of the organoalkoxystesed system kinetics.

The presented woris complementary tthe one of the current directions of chemical
engineering’ the synthesis of novel, porous materididat can beailored 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 andgelation is an important stepwardsupscaling and sustainable synthesis of

aerogels.

Keywords:solgel, organoalkoxysilanes, silica aerogels, gelation kinetics, cellular automat
numerical modelling
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POLISH ABSTRACT STRESZCZENIE

Celem tej pracy jestksperymentalne obliczeniowe zbadanieraz analizeinetyki
kondensacjipodczas syntezy zdl e | wykordgsoywaygenlywani a al kol
organoal kokdgsi haaceWwuj Baw opracowanitego | eps z
procesu, opar t eakd cheraiczaj polikondehsacy idzjawisk fizycznych,
takich jak randzilaugk Nf awp oelrsiznmel ogmztpetgaat z Ns t e k
nas kut ek r uc CelemprBay b wga.r - wpracowanie analitycznego opisu
kinetyki Uel owania wybranego or gjaknionadeli ok sy s |
numerycznegod o st ar czaj Ncego i nf or ma c formowan&atak wn o n
| morfologii mikrostrukturyU e.l u

Wykorzystano metodiomagset jybdrgegtewgania ( NMR)
przebiegureakcji hydrolizy w celu potwierdzena protonacji jako jejmechanizmuoraz
okreSl eni e sejraefaekjc | s uzyshihyo Fkikoms t o prizeze@owania
po zadanym czasie prowadzatiay dr ol i zy dl a mwyhjr @mysdhtip ru-zmek
oraz nie wpgywaj Ncy na pirkandehsaciz idirkuig i lezgys kear
informacj om, dal sze badani a moggy zostal
organoal kpkshyeszi lmmzpmatrywania wpgdgywu stopni .
nadalsze wyniki

Dal sza c¢cznSi pracy zaowocowaga opracowan
kinetykn kondensacj.i or az identyfikacj N mec
trzech wyr - -Unionych faz tego procesu. Otrzynm
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produktu od czasu, w oparciu o0 dwie eksperymentalne metody pomiarowe:

spektrofotometrycznN oraz opartN o filtracj.i
Ter modynami ka ukgadu opartego na wy b
(metyltrimetykss i | ani e, winylotrimetyksosilanie or

metylotrimetoksysilanu i dimetylodimetoksysilana)o st aga zbadana popr zc¢
tr-jskgadnagowmcw i f gpz@zveyacmhal i zowani e wystnpu
r ozdzi asutek golkandensadji nukleacji i wzrostN&D) lub rozpadu spinodalnego
(SD). Na podstawie mikroskopowej analizy mikrostruktur pr - b k i moggy z
zakwalifikowangako otrzyman@a skutek metastabilny¢N&D)l ub ni est abi | ny ch
termodynamicznych (SD). Dodat kowo, di agr amy fazowe S
eksperymentalnygtdo st ac BlndjoN macj i na temat wamianpywu Kk al
w  uk giadtzr wekvysuszomych)d e | i oraz ki netZamaponowano f or m
nowN manalizydpir oc e s u Uel owans$ pe krterjoef sottroonweat nreygcoz r
nai nt er pol acj i danych kindtgki w zelu owegmaniaua | e UsnzoySkck o Sc i
proceswd czasyego trwania

Model numerycznyagr egac | i czNst ek zostag zai mpl

kom- r kowy. Jego sztweesroywa lknoon&in az ogpsotda gkaNt e m  d o s

nat emat Kkinetyki Uel owania oraz procesu form
w U eZaproponowanoewatorsiimetodik or el acj i p a e \aamekant symtezyno d e |
woparciuo r - wnanie Arrheniusa i poddano walidac]

Przedstawiona pracaz up e g ni a wo beedcznyy nsat atne ma t aeroUe
kondensacji dzwykzendpyjghbeammuprzeanal i zowani
podczas syntezy zd) e | materiag-w na bawyri koir gamo@ll ikw
|l epsze przewi dywanioa awg &S miewoy&di i (cahe rUoe)l eMain i

przy zwi Akszaminwwak alris kprSdc @sw.cy o ppategoa si i

na agregacji czNstek, kt-rej datkevo,adentyfikdciawa n o
domi nuj Ncych mechani zm-w wystifpuj Naomgacjih pod
zapewnia lepsze zrozumienie Kkinetyki termodynami ki uk gadu
organoal kosysil an- w.

Opi sane badania sN sp-jne z jednwmai z akt
syntezyaer oUel i krzemowakgwnghh, porowatych mat
pod konkretne zastosowanid.a pr aca proponuje i weryfi kuj

or ganoal k oWyszynsaiclzaenn-ive st agych kinetycznych r ¢
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istotnym krokiem w kierunkuz r - wnowa Uonego sposobu-Upk owad

wwi nkszej skali

Sgowa k koulel,orgamealkoksysilanya e r okizentiomkowgk i net yka, Uel owa
aut omat kom-rkowy, model owani e 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
solgel transition during the synthesis of organoalkoxysHaased alcogels. This process is
based on two chemical reactions (hydrolysis and condensationpanuiring partelly
imposition of physical phenomena, such as phase sepaftmvnianmotion, aggregation,
which makes this systeboth complex and interesting. The importance of understanding this
imposition lays in extraordinary potential of organoalkoxysMbased alcogels. With
anadequate drying procedure these gels can become aefogetsaordinary ultralight
materials with outstandimg 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 aerospagineeringA comprehensive and Hdepth understanding of
formation of these materials could solve many challenges and issues that modern industry
andtechnologies are facing nowadays.

The understanding ahesol to gel transition in an organoalkoxysilamesed systens
provided byconducting a solid review of the state of the art within the introduction section

andverifying four hypothesis stated as follows:

15 hypothesis

The tydrolysis of methyltrimethoxysilane in acidic condition:

based on a protonation mechanism, and this step occurs

25



rapidly, thus, the time of conducting the hydrolysis readtioes
not influence further stage of the sol gel synthesis: the gele
process and the ggloint value.

The 1% hypothesis may seem relativelyrasghtforward i it is mostly based on
verification ofalready known state of the aleverthelesghe rate of hydrolysis wasiknown
verifying of the assumption, thatydrolysis is based on a very fast protonation was crucial for

further researcbf this thesis andhifting itsfocusto the gelation kinetics.

2" hypothesis

The condensation reaction of a chosen organoalkoxysi
(methyltrimethoxysilane) can be followed through -\J¥
spectrophotometric measurements, and the mass of the gel fi
due to polycondensation reaction progress is direc
proportional to the timelepen@nt absorbance of a sampl
Thecondensation rate is dependent on the precursor and the
catalyst concentrations. Bawg on the condensation Kinetic
curves, the gelation can belivided into three phases
andthedominant, mechanisms of thggeasesan be identified

The second hypothesis verifies the applicability of the main experimental methed (UV
Vis spectrophotometry) for following gelation kinetics. One of the main objectives of this
research is to understand what are the steps during organoalkoxysilane geafatiaentify

the dominant mechanisms during this process.

3 hypothesis

With ternary diagrams based synthesis, one can esta
thelocation of binode and spinode (the range of the metast:
andunstable thermodynamic conditions on a ternary pl
Additionally, one can gain a comprehensive and extensive know
on impact of (i) molecular structure of precursor, (i) chemi
composition of theeaction mixture on: condensation Kkinetic

thermodynamic conditions as well as the aerogel morphology

26



The third hypothesisis formulated in such a way to provide the most comprehensive
and indepth understanding of correlation between chemical composition of the initial synthesis
mixture and thermodynamic conditions during gelatidhis informationis essential for
understanding which phenomena are interfering with the gelation process and how
thenumerical model should be formulated. Working on this hypothesis provided also
significantunderstanding fomorphology, structural properties and kinetics in a system based

on different chosen precursor, providing even more universal knowledge.

4™ hypothesis

A cellular automaton can be applied as simplified
representation of the gelation process, in particular
theaggregation of secondary organoalkoxysiloxdnased
particles. The model parameters can be correlated
experimental synthesis conditions with the Arrhenius equatic

The fourth part of the research @@t creating a numerical model that could follow
both gelation kinetics and structure evolatipreferably in aimplified and computationally
efficient way. Among avdable modelling methods, an dattice aggregation model was
chosen and implemented as a cellular automaton. The main challenge with this type of
modellingis 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.
Theexperimental verification of this approaghthe most significant challenge and novelty
within this thesis.

The fourabovementionelypothess were to a certain extergrified in further chapters
of thisthesis Any remaining questions, uncertaintideubtsand an outlookvere discussed in
the Conclusionssection.
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2. INTRODUCTION AND STATE OF THE ART

2.1 THE SOL TO GEL TRANSITION

The ®l-gel processs a method of obtaining variousolid, gelderived materials, such
as ceramic, xerogels and aerog¢lg. Innocenziopenshis book entitled fiThe Solto-Gel
transitiond with a sentencen Gi vi ng a <cl ear and widely acce
andphysicsis always a pretty difficult task, especially because the frontier of science is
cont i nuo u $2]. Datapreseritem §iQ. 1 proves that the number of publication with
thek e y wo r-gle Hassbedmapidly increasindgor over two decadeg@pproximately since
1991) (data obtained frorscopuson 20" of May, 2024[3]). Thus, it is one of thecientific
fields for which providing a constant, solid definition can be a challeiNgvertheless, when
we speak abouhesolgelprocess or synthesis method we refa tthhemicalphysical process
of transitionbetween sol system into a gel state, usually followethbgolvent evaporation,
leading to dtaining dry, solid materialThis process is of special relevance to the field of
chemical engineering, and according to the data obtainedSompusthis field is on the fifth
position in terms of contributing to the state of the@r& Ppu b |l i cat i onsolwi t h Kk
geb were assigned to thke field of chemical en
International Union of Pure and Applied Chemistry (IUPAC) defmeslasia f | ui d
coll oi dal system ofandavoa osysnoem camplhbeeads i
whenwe observe a statd subdivision with dispersed molecules or polymolecular particles
with at least one dimension roughly between 1 nm a@ah,lor fi(é ) a system discontinuities
are found at di d4. &amoceazmotices, that WBRAC definitbre exaudes
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thecase of solidhangaricles, which provesproviding a consistent, coherent definition is
achallengd?]. Brinker and Scheregmphasise, that treze ofdispersegarticlesin a solhas

to below enoughso thegravitationaforces aranegligibleandparticlescanundergoBrownian
diffusion. The interactions betwegrarticles are based on shoainge forces, such as Van der
Waals ad electrostatianteractiondue to surface charges dipole momentsAdditionally, it

has to be noticed that solsthe medium is liquidynlike aerosols, where particles are dispersed
in a gas.

Further growth of dispersed in a sol phase, due to polycondensation or polymerization
reactions leadsntformation of a continuous solid phasa gel Quoting IUPAC definition:
finon-fluid colloidal network or polymer network that is expanded throughout its wihlene
by a [%].Bunkedadd Scherdrighlight that ype of bonding responsible for solid skeleton
formationcan be covalent linking for polymeretworks, in gelatine systentise network is

formed due t@nentanglement of chasrand particulate getse based on Van der Watdsces.

7000 7
T 6000
2 ]
$ 5000 A !
E ]
3 4000 A
_8 ]
« 3000 A
o 31
2 2000 1
E ]
2 1000 ]
O «(l OO OO OO
NoaR38RIFISBEIT  =Materials Science = Biochemistry, Genetics and
222222222228 Molecular Biology
year Chemistry = Energy
= Physics and Astronomy Environmental Science
= Engineering Pharmacology, Toxicology and
Pharmaceutics
= Chemical Engineering ™ Computer Science
= Others

Fig.l1(Left) Number of scientific pagbldcat{oinghtpk
contribution of scientific fiebgdboto(datanobfarct
Scopus on 20th of May, 2023]

The significance and interest thfe scientific community irthe sokgel process lays in
adaptability of this method foobtaining specific products with tailored properti&y
controlling chemical composition of a synthesis, precursor selection and different post
processing of a gel we can obtain a very wide range of prodietsmics[6], glassed7],

coating filmg[8,9]. Depending on a material properties, it can find application in various fields,
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such asdsorptiorj10], insulation11], or as acatalysts suppor{&,12,13] among many others
In Fig. 2 different routes of sefjel technology are schematically preserigd

precursor | °°
solution '@

20
o0
o0
LN

©ccoe . . .

uniform particles

aerogel

Ll

volume shrinkage

xerogel

dense ﬂlm dense ceramic

Fig. 2 Schematic routes of sgkel technology (1 hydrolysis, 2" condensation, B gelation, 4i
solventextraction, 57 aging, 6/ drying, 77 sintering, 8 precipitation, 9 evaporation). Scheme
based oifl]

2.1.1 Sol-gel processing of (organd alkoxysilanes

The solgel synthesis of silica gels can be based on akoxysilane or

organoalkoxysilane precursor (or a mixture oforecursors)This type of synthesis is the most
related with the topic of this thesis.

(A) (B) ©) (D)

R R’
| / R'\ / | R\ /

0—Si—0 Si—O S O0—si—R

[\ R™ | r \

R 0\ 0 R 0 R

R R” SR
Q-silane T-silane D-silane M-silane

Fig. 3 Representative serstructural formula of an organosilane-éifane)[14]
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Alkoxysilanesinclude oty alkoxy ( 0 Y groups(Fig. 3a), thus all thechemicalsubstituent
groups can behydrolysed In case
of sufficient precursor to water
molar ratio, the hydrolysis step
leads to formation of fully
hydrolysed precursor molecules
(Y@ 0) (Eq. 2.1 and Ba). It

affects the structure formation

S~ omesi—° Y %o

= < __si \S‘
CH; p,C o " —owSi

CH; T

process of siloxane network the
Fig. 4 Scheme of molecular structure of methyltrimethoy N€Xt step i the condensation.
silane based (aero)gak] Organoalkoxysilanes include alkyl
substituentgrous (Y) (Fig. 3b and §. These groups do not participate durfognation of
oxygen bridge¢ 0 ) between silica atoms and thegmain within thenolecular structure of
the final gel network The remaining alkyl groups determine properties of skeletonin
regards tosuch properties ablydrophobicity or flexibility. For example,a gel based on
methyltrimethoxysilan@s a precursawill maintain one methyl group 6 "Q per silica atom

within its structureeven aftecompletehydrolysis and condensatioRig. 4).

kKYQO Y O0©°k"YQUO YOO (2.1)
YOY 100 O YOO TY(HO (2.29)
50 Y'Y 000 © &0 YOO 06000 (2.2b)

There are many factors that can influence these reactions, spehvasue type of
used precursors, ratio of water to precurggpe of used solvent and its dilution, temperature

and additives (surfactants and electrolytes, such as [44l}s)

Acidic hydrolysis:
CH3 o [ o}: s CH
CHj 3
R4 o ] %
50 shp0 —n 7y — 3 oo
A
H
c£CH3 @ leﬂz
@ CH
H2 +Hy0 H 3
Ni—OCH; M»CRH'A. . L Hsj#ﬂ::ﬂgu:n—z
. HO—dj—
0 (‘JCHj H?- ‘ 1
&Hj CH3

Fig. 5 The scheme of molecular mechanism for acidic pH value (pH*4T)
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The first step of the sajel process is the hydrolysis of the precurBapending 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 AfA. Issaet al.[14] the scheme of molecular
mechanism foacidic pH value (pH< 7) is presenteth Fig. 5. The mechanism in an acidic
medium isthe electrophilic addiction. The reaction lzased onthe fast protonation of
analkoxysilane Subsequentlysilicon atom becomes more electrophiidich makes it more
susceptible tahe attack by waterDetachmenbf analcoholmolecule leads tthe hydrolysis
of the first alkoxy group within alkoxysilane (or organoalkoxysilane molectteglkaline
conditions (pH >7Yhe mechanism is nucleophilic additioFhe nucleophilicyydroxyl group

attackthe silicon atom in alkoxysilane.

RO :
INCREASING ACIDITY t
(ELECTRON WITHDRAWING} ‘\
i 0Si \ ,
S0 si OH \ conden_slauon
RO OR Ve ~
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(ELECTRON PROVIDING) 0 T
0 7 14
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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 (rigta]

Zerda et al. reported that the protonatedsilanol preferably reacts by
the polycondensation reactipmwith the least acidic silanol end groufiSig. 6) which leads to
less branchedtructuredor condensation in acidic cditions. However, deprotonated silanol
reacts with more acidic silanol groups which resultsiaely branched clusters in the alkaline
conditiong[171 19].

The solgel process can be conducted asnastep procedureusually in alkaline
conditions however consideringhe aboveinformation it can be easily understagdithatthe
two-step synthesis, consisting of an acidic hydrolysisakaline condensatigiseems as the
most beneficial recipe, especially when the goal are nicely branuigédly porous structures.
The relativerate ofthe reactions ohydrolysisandcondensatiordepen@nceon the pH value
is presented schematically fing. 6 [19]. The Fig. 7 shows reproduction of weknown inthe
solgel literature schemepicturing the influence of pH conditions on condensation process

pathways, such as formation of oligomers and creation of particle based open fEbjvork
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Fig. 7 Scheme of the pH influence on reactions pathways leading to formation oligomers, particles
andnetwork based oifjl5]

2.2 THE PHASE SEPARATION DURING THE SOL-GEL
TRANSITION

During the sol to gel transition the solidification tfe precurso-based molecular
network occurs The morphology of thisetwork based on theoly-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 temperatuteTher ange of t he s o cshowihgetle adanrchesnical b i | 1 1
compositionsexhibiting immiscibility, are presented in phase diagranith binodal curve.
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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Fig. 8 Exemplary phase diagram and frt

energy diagram for 2 component system separation (abbreviated as

(polymetrsolvent) [24]

reaches chemical equilibriumi 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“(noles of the considered ingredient will be
added (Eq. 2.5)Within the areadefined by
abinode two types ofthermodynamic conditions
canoccuri metastablegfor the positive second
derivative of the Gibbs free enejgynstablgfor
the second derivative less than 2€Ex. 2.62.8).
When the second derivative égjual to zerdor
agiven chemical compositioffmolar fraction of
aprecursor of the polycondensatjdhe spinodal
line is defined.
The

polycondensation of precursmiolecules &énalogy

phase separation due to
to the polymerization ofmonanerg of gelling
solutions is called a polymerization induced phase
PIPS)[20,21]
According to FloryHuggins theory[22], Gibbs

free energyof a systendepends o the average

degree of polymerizatioWhen the polymer is dissolv@étda solventhe Gibbs energy reaches

its minimumand system remains homogenoWéth progress of reactions (polymerization,

polycondensation, crosmking) the degree of polymerization increases. For sufficiently high

values of this degre¢éwo local minima occur (garesented irfrig. 8 on a fee energy diagram

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

phases with the polymer concentrations defined by the two local mja#ha
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Themotion of droplets (or fluid elements) resulting in the phase separa®a rather
deterministic than stochastaharactel{24,25] arising from the interfacial tension gradiént
Marangoni forceThis behaviour of a systemspinodal decompositioncan be described by
the CahpHilliard equation[26i 28].

The phase separation can also occur accordingutteation and growtimechanism
[291 33]. The classical theorj29] is well known however forporous materials variation from
classical nucleation pathways can be obseffre. types of nucleation can be distinguiskied
homogenous and heterogenodspending on whethaucleiform uniformly within the parent
phase or at inhomogeneities, such as uneven surfaceerphase between immiscible
componentsmpuritiesand so onThe free energy of @anoparticles a sum of the surface free
energy andhe bulk energy Differentiating Gibbs energhy a particle radius, and setting
thederivative value to zerd’FQi ) allows to designate the critical radius ofiaclei
which is minimum sizef a stable particle, thus a particle of this size cannot longer redissolve.
The rate of nucleation can be described according to Arrhenius equatich9Eq.

%‘é 5 QN yg—Y (2.9)
where( is thenumber of particles)i time,d i Arrhenius constany"O i thecritical free
energy (value of energy needed to form stable particles within a soluin) Boltzmann
constant andYis the temperature.

Nuclei are a seed for the further growth. Once the particles reach their stableesize, t
furthergrowth can be a consequenceéwd stepsmonomer s di ffusion to th

and the surface reactiom.hi s type of <c¢l assical growth <can
(2.10):
Q0o
0 T“wO—, (2.10
Qw

where is the total flux of the monomsyOis the diffusion coefficient,i is the radius of
aparticleandw is the distance from particle surfaceAround a particle surface we observe
adecrease of concentration of monomers, due &urface reaction. This area is called
thediffusion layer.

Integrating Eq. 2.1Gor an assumed system wittoncentration® at the interface

(particle surfacei solution) which corresponds t@ i, and concentratiomy beyond
thediffusion layer (w i 1) leads to the following solution:
AR S © ] | IR (2.11)
0 ——}— W

|
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The Damk hler numbeis defined a0 % ¢ 0FQQ"Ywherg denoteghe surface energy,
0 - molar volume andQ- the surface reaction rat@he physical interpretation of this
dimensionless number is the ratio of the reaction rate talithesive mass transport rate.
Thevalue ofthe Damk hler number indicates what is the limiting part of the overall prdcess
whether it is the diffusion of monomerstpa r t i c | €@Lsp ,®rihe $udaceereaction
itself. For the diffusion limited process, tleolution ofa particle size can be described by
Eq.2.12a, and in the casetbkreaction limited procedsEq. 2.12bNeutral case, when neither
reaction or diffusion is the limiting fawt is described by dg 2.13
%'O ? o 6 (2.12a) %i) QH 6 (2.12b)

g‘l Oouiw (2.13)

Qo 1 OrQ
where is the solubilityof the particleln case of the abowmnsiderations it was assumed that
the reaction rate is independent on the particle baeever, the solubility of nanoparticles is
strongly dependant on their siZEhe extra chemical potential af spherical particle can be
described ecording to GibbsThomson relatiom @' Qo i QY.

The size distribution of the particles is an important aspect, determining the kinetics of
the growth, and also the properties of the final prodube differences between sizes of
particles in a system can be causetheeffect of Ostwald ripeningf he parti cl es d
is dependent on their solubilityc), which is dependant on this size according to
theabovementionedGibbsThomson relation The smaller particlearg the better is
thesolullity and theypossesshigher surface energyThus, below a certain criticadize
corresponding to the critical value of the Gibbs enévgyue of energy needed to form stable
particles within a solution), they are more likely to redissdRexlissolving of smaller particles
provides both time and resources (monomers) for the bigger partidestioue their growth
[341 36]. Theopposite process, when the biggarticlesredissolve and small particles grow at
their expensds called a digestive ripenirig9,37]

In the 1950 V.K. LaMer divided the synthesis obulphur sols into formation of
monomer andgubsequentha sol [38]. Basing on his description, thricleation and growth
process can be divideinto three step$39,40] The first step is arapid increase of free
monomers concentration. iBrstep is followed bya A bnuurcslite at i ond whi ch
decrease of themonomerconcentration in a solutiohn this moment, the nucleation rate is
assumeas an effectivelynfinite. Due to the sudden drop thie concentrationthere is a pause
in the nucleation procesBhe third step is a diffusion controllgdowth based otheremaining
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free monomers in the solutiomhis approach basically assumes the nucleation and growth as
not simultaneous, but rather sequential steps.

Quite an oppositeapproach is théwo-step FinkeWatzky mechanism[41]. In this
theory, both nucleation and growth occur simultanepuslhe authors proposea formula
describing the kinetics, whidimas been proven a good approximation in some metal systems
such as platinuprsilver or gold nanoparticles formatipt?i 44]. The FW mechanisnmimics
the sigmoidal kinetic curve, however it does not provide a description of particlersize
thenumber of the nucleation eveij5].

The formed particles can undergo coaleseefwath no preference of attachment
direction)or oriented attachmentassuggestetby Li et al.due to Calombic or Van der Waals
interactiong29,46]

' left ' right i density | 5 left right | density |

...... - ———— e e

Fig. 9 Scheme of density fluctuations in a metastable (left) and an unstable (right) B&tem

Favvas et al. explained the correlation betwdensity fluctuations in a metastable
system (which leads to nucleation) and unstable system with schematic representation which is
presented irrig. 9. The first two columns represent a two adjacent representative elements of
a solution(black dots represent monomera)d the thirecolumn represent densityprofile at
a given stagef a phase separation proceBsr themetastablesystem(presented irFig. 9)

thefirst three ows schematically represent a small fluctuatiohdensity (or a monomer
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concentration)The system tends towards balance
of chemical potentials of the ingredients, thus

adiffusion of monomers occurs ®ven out the

concentration (density) gradient. In case of

alarge density fluctuatignas a system is in

S
) ®o metastable thermodynamic conditions,
i :.o..“‘::..‘.,' .:’.o.o.. ‘ . .
AR el .0.0... .O. ..'. thegradient cannot be even out, and a formation
AR ALY i i
'.-:-'.’o:'-{'.; ?:9'.'.3.'0.'0 of nucleus occurs (fourth and fifth rown

Fig. 10 Spinodal decomposition in the schemeFig. 9)

concentrated (upper) and dilluted (bottom) In the case of a thermodynamically

system [24] unstable system, ardensity fluctuation leads to
the spinodal decompositioBmall fluctuationleads toa change in a densityrofile, however

the mass transferdfffusion) proceedsuphill, according to the Marangoni effe&s system
tends towards minimisinthe free energyand balance of the componditiemical potentials
thus it decomposes into twadividual phases with the polymer concentrations defined by

thetwo local minimadefined on the phase diagraRid. 8) [24].

Co-continuous

Nanoporous
® Structure

Particle Mass %
Aggregates

Isolated Pores

Fig.11Nakani shi 6s et. al studies on methyl trimethox
solvent (MeOH) and nitric acid (NA) as a catal9]

This process can be described by the @Gdiflard equation[27] which correlates
agiven component gradient with the diffusion coefficient and chemical potentials. This
eguation can be solved analyticd®6], however it can be also coupled with the Na8&skes
equation and solveloy means of e.g. LattieBoltzmannmethod[28,47,48] A visualisation of
this process is shown iRig. 9 [24]. There is a comparison gfhase separation progress

depending on the concentration of the monomers. Spinodal decomposition in a concentrated
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system will result in a coontinuous structures, while SD in diluted system will result in
particles(Fig. 10 [24]). These structures and their location im @ganotkoxysilanebased
system was studied by Nakanishi ef49]. Theobserved types of structures and their location
on a ternary ploare presented iRig. 11. Similar organoalkoxysilandasedernaryplots were
used by other authors studyingrrelation between initial chemical composition of a reaction
mi xture and f i naduchsdagakietrald3)], Kajr ed.gd[21}, lvan@ and
Mazhorova51] or Urikanu et al[52].

It can be concluded, that the chemical composition of-galdystems a crucial factor
deciding on overall thermodynamics of a system, rate of gtrecture formation

andmorphology of the final product.

2.3 AEROGELS

Aerogels areavery diverse group of porous materials and very dynamically evolving
field of research. According to dgieesented ifrig. 12we can see the sudden growth of interest
in this research was constantly growing since thetiesieEach year, the number of publications
per year is constantly growing (data obtairfiemin Scopuson 20" of May, 2024[3]). The
number wasalso analysed regarding thepecific fields of research, and the Scopus data
indicates high significance of these materifais the materials scieed¢ @& P, chemistry
(p & P physics and astronomy (@ P publications The field of chemical engineering
provides thet" highest contribution to aerogélstate of the arty( & D.
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Fig.l12( Left) Number of scientific publications
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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 asavery 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 Il amad @GlaPierre
el aborate on this chall enge in the Aerogel
andprovide a minimum definition, which was well accepted in the commuiity:e r ogel s ar
solid-phase, porous materials that possess a high degree of porosity arising from a finely
di vided po[53. sHorwecvteurr,eot he i nterpretation of
Afinely dividedo is left to individual i nter
(International Union of Pure and Applied Chemistwjich saysaerogels g a gel comprised
of a microporous solid in which the dispersed phase is gas, whichastirety accuratg54].

Even the name fAaerogel so0 used to raise a
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 ssatgigtted 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
hasbeem ef err ed as f x emtvagiefleezadryingitecbntqieebut thanl, maay
scientists woul d c #Manysciertists wprk am these meth@dsafietlyr vy o g e |
[551 58] . Over the yearsthe aerogel scientificommunity becamenot as strict with
thesemantics. An alternative definition to the one provided by the Stephen A. Steiner Il in
the Aerogel Handbook, a little more detailed one but still very flexible and open for various
drying techniques, was tGoenzolaezpogeplosedambyb €
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 Sodi ficationo

Within this thesis, t haetobt matenal dbtaieed dug®| 0 i s
drying of a gel (also with other methods than supercritical drying), in such a wagintain
relatively high porosity of an original gel structure. No strict definition offihke i pgrbsityd
value was applied, as this thesis describes investigation of thgels@rocessing of
organoalkoxysilanes. Aerogels were simatarget final product of the gelation processt it
was their gelation kinetioshichwas the mairfiocus 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. Inorganicaerogelsifased on metaloxides silica);
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Organicinorganic lybrid silicaaerogels (based on organoalkoxysilanes)
(Bio)polymer aerogels (for example cellulose or alginate aerggels)
Phenolic aerogels (eg. resorciiofmaldehyde based aerogels)

a k~ w0N

Carbon aerogels

A picture of an exemplary aerogel macrostrucusepresented irFig. 13a, due to
courtesy of German Aerospace Celfbastitute of Materials Research, Department of Aerogels

and Aerogel Composited he aut hor s: Ni na Borzncka, Adr
Theaerogel was obtained based on tetraathylosilicate (an alkoxysilangpdicates 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 veryeofthey indicate better stability comparing

to brittle, pure alkoxysilane aerogels.An  exemplary  organoalkoxysilane
(methyltrimethoxysilane) based sample is present&igin 3b.

The form of aerogemacrostructuralepends mostly on the targetapplication and

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

example aerogel reinforced with different matejédli 63]), 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: Ni na Bor znfc k argandaldokysilane Denf el d,

(methyltrimethoxysilane) based aerogel

The type of an aerogel system influences tescription of the microstructure.
Themorphology strongly depends on the chemical composition of a reaction mixture, as
thecomposition determines the thermodynamics of the polymerization induced phase
separation (PIPS). For certain systems (for example organoalkoxysilanes) the PIPS can occur

parallelly to the classic liquidiquid phase separation (between precursor andsaftent),
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according to the miscibility gap on the phase diagram for the investigated system. However, in
mostcases the morphology of aerogels resembles one of the three cases: particle based, fibrillar
or cellular(Fig. 14).

The particleaggregates type of structure, very often in the literature is referred to as
ahierarchical64i 66]. For years it was assumed, that the final particle matrix is formed due to
polycondensabn 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 stauts &t oc
certain point, it was assumed, that these primary particles stop growing, and start aggregating
with each other to form secondary particleshe final particles that can be seen in SEM
pictures. However, this theoretical explanation was never lepemp proven, and it leaves
certain questions: when and why the primary particles growth stops? Furthermore, for certain
systems, for example alkoxysilabased aerogels the particles can be as small as few
nanometers, whil e pteegaethybrthasilicateras anexamplessasizéd et 6 s
of few angstroms, which creates doubts about the hierarchy of the struEtuteermore, dr
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 adaptdddahesis, and further doubts

will be discussed in the conclusions.

N
400 nm

x5,0k 20 um

Fig. 14 Exemplary aerogels mictstructures (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 hilevelbped surface area

and storage capacity, which makes aerogels perfect candidates for sorbents, active components
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carriers and catalysts suppor#dditionally, some aerogels, for example titanitbased
aerogelsinhibit photocatalytic properties on their o\6v].

These structural properties hawwen 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 t®®9%rom 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 migaa path valuem@®@p m 1P T A ).
Furthermore, the pore size distributifio a certain extehtcan be controlled with synthesis
parameters, which provides excellent control over thermal insulation properties of aerogels.
Similarly, aerogels exhibit very good acougtiad electricgldepending on the type of structure
and precursor(s)hsulation properties.

The main disadvantage of aerogela®nsequence of their extraordinary high porosity
I themechanical 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 optirtiisingynthesis, structure

and properties.

2.4MODELLING OF AEROGELSFORMATION

Due to thesignificant 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 computatiorsgdproach can be distinguished. The first
division is regarding the scale of the considered phenoifiegal5). If we look at aerogels
structure, we can start to follow the process of gel formation at the atomisti¢csloai& into
mechanisms of reactions of hydrolysis or condensaiican also use coargeained model
on molecular or messcale level to followthe evolution of partle-based systengfor
metastable thermodynamic conditions of nucleasiod growth. For the thermodynamically

unstable spinodal decompositj@probabilistic method like Lattice Boltzmann method is more
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applicableOne 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 macroscatd,las 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 viethese studies have the most sense on the macro

scale level, using such methods asdém@lement method (FEM)

€ 10°
=
0 MACRO-SCALE
c
2
10-3 MESO-SCALE Reroge
MICRO-SCALE 129 3D structure
107°.]
ATOMISTICSCALE
\?/ ;?-70 n secondary particles
-9 A ad S ‘
- _Si=0—S~ s v
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Fig. 15Multiscale approach for modelling aerogel structure
Focusing orthemodelling of structure formation process, the most popular methods are
basel on:

a) Smoluchowski equatiof68i 70];

b) discrete element methddli 75];

c) percolation theory18,76}

d) aggregation model77i 83].
Each of these methodims different limitation$ for example, the Smoluchowski equatisn
limited to capturing gelation kinetics, however it does not provide any insight into morphology
evolution of the system with the gelation progrégH.

Discrete element method (DENY computationallyvery expensive, and in order to
obtain valid results one has to establish a lot of physh@mical constants of the system
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[75,85] However the system lookscrediblyrealistic @s an example, theork 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 morphqglogy
however they do not provide directly information about kinetics of the process. Howeiadr
et al. extracted kinetics information from an aggregation mdaal. Neverthelessany
validation of kinetics for this model was not provided in literature yet.

This thesis focus lies aheaggregation model. This approashusuallyimplemented
off-lattice, inside a cubic representative volume eleméRVE) 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 aggregaimihthe final structure is
created: e.g. a gebome of the authors, e.g. Abdusalamov et al. applied specific case of
the systemwith division of particles intdiseeds andfiwalkers [83,86]

The different approaches for description of thegallsystem can bhenplemented with
different computational methodBhe choice depends on the chosen scale (atomistic, molecular,
micro or meso scalejhe required information about the system and computational resources.
Among available methods there is Monte Car[87], population balancg88], reactive or
coarsegrained molecular dynamic$89i91]. Some of the approaches requitesing
anadditional softwargefor example molecular dynamics can be performed WAMMPS
(Largescale Atomic/Molecular Massively Pardll&Simulator) [92] and coarsgrained
molecular dynamics with Musd83].

Within this thesis main focus lies on aggregatmadel. It was chosen to implement
theon-lattice variation with acellular automaton approad@ellular automata anesed mostly
for mechanical behaviour investigatiof®g},95] but alsofor processes based on aggregation
due to diffusion, such agcrystallisatior{96], flocculation[97], as well as for processes with

chemical reactiof98].
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3. KINETICS AND MECHANISM OF MTMS
HYDROLYSIS

3.1 OBJECTIVE

While planningthe solgel synthesis of silica aerogels, one must consider kinetics
andthe conversion ratio of hydrolysis. It has a significant impact on number of hydrolysed
groups, thus, alcogel structure formationprocess that mostly affects the final product
properties and range é potential applicationsThe goal of the first part dheresearch was

to verify arelatively straightforwarchypothesis, which was formulated as follows:

15thypothesis

The lydrolysis of methyltrimethoxysilane in acidic conditions
based on a protonation mechanism, and this step occurs
rapidly, thus, the time of conducting the hydrolysis readtioes
not influence further stage of the sol gel synthesis: the gel

process and the ggloint value.

As it is mentioned in the stated above hypothesis, the mechanism of hydrolysis is already
known according to thavailableliterature and was thoroughly descrithefor example in
thereview paper by Issa et 4lL4]. Studies presented in thikapterwere structured in such
away to verify theprotonation as thenechanism of hydrolysis, verify that it is occurring

rapidly, and confirm, thahetime of the hydrolysis should not influence further research, which

46



is focued on the kinetics ofsubsequent structure formatiarofdensationprocesswhich is
the main focus of this thesis.

The goal was also to develop a nuclear magnetic resonance (NMR) methodology for
such investigations. There is literat@aeailableon this mattef99i 102], however initial trials
did not result in good quality data, due to technical problsosh asoverlapping signaléor
hydrogenl (protor) andcarborn13NMR, and too long measurements $drcon-29to capture
the kinetics. Thughe verification of aelativelystraightforwarchypothesis became a complex
task.

According to my best knowledge the MTMS hydrolysis was followed by hydrigen
measurements only kihe work of Seddon et g103] (in most papers silice9 NMR was
applied). The first research objective wasificationof thispaper 6 s metilhwasbb | ogy .
special importancéo use thisspecific technique(hydrogerl NMR), as the protonation is
assumed to occur rapidly, and any measurements longer than forlghdéRyrwould not allow
to follow reaction kinetis accurately in the studied systéfor example, asinglecarbon13
NMR measuremenasted more than one minute).

3.2METHODOLOGY

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 Bd.). All of the reagents were purchased from Sigma
Aldrich. Methanol, water and acid were used in their deuterated fr@(® O H h'O "Y0),
in order to avoidbverlappingsignals, and strictly follow only changes in precursor structure

occurringwith the reaction progress.
6 0YQ6 0 JdO0O% 60YQO o6 O (3.2)

Nine samples with variable contribution of acid catalyst solution were chosen to follow
kinetics of methyltrimethoxysilane (MTMS) hydrolysis. The precursor and methanol
concentrations wereonstant{® q € FQ & andx® ux € I & respectively). Molar ratios
of the reagents are presented ablel.

Foll owing the meas tHbakgomitspecrim, thehimvessgatedp | e 6 s
samples (9) were prepared accordingly to contributions presenteédeiable 1. Initially,
asolution of MTMS in methanol was prepared and vigorously mixed mechanically for five
minutes. Subsequently, the acid solution was addedtlenanixture wasstirred for thirty
secondsA fixed volume of reaction mixture (0.5 ml) was inserted andapillary tube.
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The prepared sample was immediately inserted tob#rechtop NMRdevice Pulsar
¢ 1 "OaBefore measurement, the device was calibrated with the dope water and 12% TMS in
chloroform. The samples were measuriadeference to a background sample (without catalyst
of hydrolysis)with sixteen scanshree seconds delay between scans and 8192 points acquired
per scanwith automatic lock and with manual shimmir@ubsequently, series 4fl spectra

registered during hydrolysigaction were obtained.

Table 1 Chemical compositions of the samples investigated by NMR

Sample Molar composition
denotation MTMS: MeOD: D0: D.SG
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

3.3SPECTRA ANALYSIS

Exemplary spectrum obtained by NMR spectrosc@pypresented irFig. 16. Two
signals are visiblé a singlet at frequency af® q) n cand a doubleat a& 1 ) dThe first
peak (@ q) N pis associated with methyl groupsd "O within the structure of MTMS and
the second peako@ n ) Bwith methoxy groups (0 O O). 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 irrig. 16).

During kinetie measurements samples durin@pydrolyds reaction (aftethe addition
of a given volume of thacidc catalyst), a decrease of the q) 1} ¢signal was observed.
Thesignal is associated with methyl groups that do not participate in the hydrolysis reaction
(Eg. 3.1). Similar observation was found in literatyd®3], identified as chemical cleavage,

although our studieshowthat ths decrease is acid catalyst concentration dependent. It became
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a basis of our assumption, that kinetics of MTMS (in its-hgdrolysed form) concentration

decrease can be determined based onghe) rn &ignal ecrease

—7000
+6500
+6000
0.12 ppm (-CH; group) L5500
3.4 ppm (-OCH; group) 2000
\ 4500
+4000
3500
CH;

‘ 3000
H,C—0 — Si —0 — CH; 22
| 2000
O 1500
C|,H3 ~1000
L +500

LD
+-500

14 13 12 11 10 9 8 7 5 4 3 2 1 0o 1 2 3 4 5 s
f1 (ppm)
Fig. 16 Exemplary'H NMR spectrum of MTMS (vol. ratios 1:2:0.9, MTMS:MeODRS$D, 0.001M);

the two groups of chemically equivalent protons within MTMS moleoket, marked as blue

andgreen)

| "
-~ A

a9 8 / 6 b 1 3 i 1 0 1 Z 3 4 ]
f1 (ppm}

Fig. 17 Comparison of MTMS and methan®l spectra
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Furthermore, duringhe kinetics measurements, no other signals was present, even
though it was expected to obserm@ew signalarising due to methanol production during
hydrolysis reactiorfaccording to Eq. 3.1pas it was observed by Seddon dtLai3]. However,
it is possible that the signal @e produced methanol is overlapping with alkoxy groups
(@8N a0 06 70. The comparison of MTMS and methabl spectra is presented Fig.

17. The signals arising from methanol in MeOD solution are identified as: 3.3 ppsathyl

( 6 'O groups andt® ) 1 dnydroxyl groups (0 "® while alkoxy groups from MTMS

molecule appear within the rangd & o®n ) a Considering a possible change in

thechemical environmenit is likely thatthe production of methanol during the conducted

reaction was not visible dueOgraupsangecutsadg pi ng
0 O "Ogroups.

The dependence af® q) 1| ésignal intensity on time of the reaction, registered for
theinvestigated samples (sample8 included in th@ablel) is presented iRig. 18. As it was
expected, for the sample with no acid , the reaction does not occur, so the ifbengityq) n a
remains approximately constant. With an increase of acid concentration, a decrease of the
singlet intensity becomes more rapid. This result proves the dependencapfghe) Gignal
intensity on the acid concentration. MTMS hydrolysia&;ording to commoknowledge and

extensive research, the only possible reaction in the system.

fy
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3000 §  x % % XXy x . X x x X X
] X
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=] 7 @©
@, 1800 - 5| osample4
o 1 g sample 5
% ] 5 sample 6
£ 1200 8 sample 7
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] @ Xsample 9
600 {
¢
! o o
4 @ o (o)
0 1 280t 8 oo Botnd BB 38 8 &6 &8 80 8w 08 B & b
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time [min]

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 CALCULATION OF THE PROTONATION RATE

The first step of the hydrolysis reaction is protonatiancording toFig. 5 [14]) .
Schematically, the course of hydrolysis, including the protonation step, can be written using

thefollowing equations:

k"™YQ0 60 O f k"YQU O 00 (3.2)

k "YQU O 600 "MWQI £ M EWO DO | (3.3
In the above equationk "Y'QU O "O denotes the organosilicon precursor (MTMS in
theconsidered investigations) akdY"'Q0 O - protonated form, being a transient product
of the reaction. The protonan constant is defined as an equilibrium constant of reacsi@, (
ie.:
k "Y'Q0 O 00 (34)
k"YQU 06000

With square brackets denoting the molar concentration3.4) (O , the concentration of

0

hydrogen cation, is consistent with acid molar concentrdtiothis casejt has to be noted
thesulfuric acid is a diprotic acid)

At the onset on the hydrolysis reaction the precursor can be in onefofiass original
or protonated (it can be assumed that hydsalyforms have not yet appeared in teaction
systen). Thus:

~

k"YQ0 60 Kk"YQu O 00 (35)

where® denotes the initial concentration of precurddue tocombining 8.4) and @.5)

thefollowing form describing equilibrium constant can be obtained

kYQG 'O &0 (3.6)
d k'YQ0 O 860 0

0
Thus, the concentration of protonated form of precur&kofY Q0 O 0 O, is given as:

O . (3.7)
o o ¢
Letds take i nt be twohseagex a the hydreysia teactoom, described by

k "Y'QU O 00

equations3.2 and3.3. The first equation (protonation) is a relatively fast reaction and leads to
an immediate establishment of the chemical equilibrium described by equ8tin (

Thekinetics of the second reaction can be described by the first order kinetic equation:
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Qk "Y'Q0 O 60 ot o v (38)
00 Qk "Y'Qu O 00

According to 8.5):

Qk "Y'QU O 00 Qk "YQ0 060 (3.9)

(while & is constant) and finallthe reaction rate formula is obtained

Qk "YQU 60 - O

Rt oo o - - (3.10)
96 Qk “Y'Qu O 00 O0—w

0 O
On the other hand, the overall hydrolysis kinetias be describedvith the equationstated
below (3.11)

Qk "YQ0 6 x A1
' 00 Q kYQO 60 (311)

Where Q is the observedduring NMR measurementsate constant of the hydrolysis

reaction. The decay rate of the precursor can be equated with the rate of decagpofiihg &
signal in the NMR spectrum. When taking the decay rate at the very beginning of reaction (
M "Y'Q & and thus, from comparison &q. (3.10) and 8.11) a dependence between
observed rate constant of the hydrolysis reacf@n , the rate of reaction3@3) Q

andprotonation constant is obtainedn thefollowing form:

o - O (3.12)
V) O
0.14 8
= T 5 °
E 012 - £ y=0.184x - 1.675
E - . - 6
_g, 0.1 . [ Ve ® % . ’,,
[=} - ’
E 0.8 L7 g )
© . =4 e
1 ’ Q
€ 0.06 S $ >
é K L = 3 ;
g 004 o T 2 e
= / @ /l
T 002 [® 2 /e
g . P
- D —r——— £ De——— v+ v
0.0 1.0 2.0 3.0 4.0 0.0 20.0 40.0 60.0
proton concentration [mol/dm?] inverse of proton concentration [dm3/mol]

Fig. 19 Dependence of initial reaction rate oh ¢bncentration (left) and representation of Eq. 3.13
(right)

This equation may be linearizedregards tothe concentration ofO ions
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P

~

P P P (3.13)
'Q ’?‘Q) no ’?’Q

Theabove relations shownin Fig. 19. Based on thiformulaand t he | i near trer

the protonation constamtas determinedsw Q& 74 € &

3.5DISCUSSION AND CONCLUSSIONS

The main conclusions that protonation wasonfirmedas a mechanism of acidic
hydrolysis. Acid dissociation constant was designasedp Q a 1a € &

An unexpected conclusias that the decrease of the sigaalking from group was
noticed to be dependeoh acid concentratiorsimilar observation was found in the literature
Seddon et al.however the authors did not observeddbpendence of the signal decrease on
acid concentration, and identified the phenomenon as a chemical cl¢s®d3pe

The presentesdtudies did not providanyinformation about theroduced methandin
contrary to work of Seddon et alln this specificsystem it was probably overlappimgth
thesignal arising fronprotons included in the 0 6 "Qyroups.The decrease of the& 1 n &
signal was not observed, presumaldye to the fact, thathe same amount of methanol
molecules is produceduring the reactionas 0 ¢ "Ogroup moleculesare consumedthus
theintensityremained approximately constant

The results indicate a very fast protonation. Subsequently, time of gelation for different
time of gelation ofan exemplarysample was measured, to confirm the time of gelation in
thestudied range does nioave any impact on the gelation kinetics.

The hydrolysis was conducted fu®fp andp® Q. The time of gelation occurring for
each of thesexperimentsvas not significantly different. Any variation was within standard
deviation of the measuremerfisg). 20.

Due to tlke confirmation of the first hypothesis iThe hydrolysis of
methyltrimethoxysilane in acidic conditiondb&sed on a protonation mechanism, and this step
occursvery rapidly, thus, the time of conducting the hydrolysis reaction should not influence
further stage of the sol gel synthesis: the gelation process and tpeigelalueo ) 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 kinetic§ he model was developed for methyltrimethoxysilane gels formation,
however the analytical description could be adapted for other organoalkoxysilanes as well.
Thegoals of this part were as follows
- developing methodologyfor experimentalregistering methyltrimethoxysilane gelation
kinetics in basic conditia based orultravioletvisible (UV-Vis) spectrophotometry
measurements

- establishing dependence between changas ok a napsbrieaéce due gelationprogress
and mass of condensing produoiethyltrimethoxysilandased alcogel)

- establishing dependence of produanass on time of reaction and precursor and base
catalyst concentratign

- identification of mechanisms of structure formation duriag organoalkoxysilane
condensation

The hypothesis for this section was formulated as follows:

2"d hypothesis

The condensation reaction of a chosen organoalkoxysi
(methyltrimethoxysilane) can be followed through -\4¥

spectrophotometric measurements, and the mass of the form
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formed due to polycondensation reaction progress is dire
proportional to the timalependant absorbance of a sample. -
condensation rate is dependent on the precursor and the
catalyst concentrations. Bawg on the condensation Kinetic
curves, the gelation can kaivided into three phases, and tt

dominant, mechanisms of thggese<an be identified

4.2 METHODOLOGY 1T EXPERIMENTAL

4.2.1 Synthesis

Methyltrimethoxysilane based alcogel samples were prepared according to synthesis
procedure analogical as {Dhapter3. The two step acitbase sebjel method was applied,

according to chemical reactions:

K"YQO'Y 0 f k™YQUL™O Y 0O (4.2)
K"YQ0 O 00 "YRf k"YQU YR OO0 (4.2a)
or alternatively:
K"YQOY O0 "YRf k'YQ0O YR Y 0O (4.2b)

In this solgel system, mthyltrimethoxysilane (MTMS) was used as precurg.
afirst step, { was mixed with methanoth(e solvent) and with aqueous solution of oxalic acid
(as the catalyst of hydrolysis reacti@uy. 4.1) The acid solution was prepared in distilled water
and the concentration was equati@t p0 8The sample was stirred mechanically for one hour
at room temperaturé Y ¢ v3 ). Subsequentlythe condensation reactiofeq. 4.2)was
initiated by the addition of base catalystvhich is, aqueous ammonia solution with
concentration ofp 0 . Condensation was conducted under constant temperature of either
o tfr fv tp tory n3

Samples were observed during condensation and tikisigube method was used for
determination othe gelpoint (time of gelation) It is a straightforwardhowever commonly
applied techniqu§l04i 114]. 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 gelledsample can be turned upside down, and the gel structure should not be affected

destroyed Determination othe gelpoint by this method can be quite precise, especially for
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MTMS-based alcogels, as in their cabe gelpoint isprecededy transition from transparent
into turbid solution.

The aging of the condensed samples was performed{dR at temperature af 13
Drying was conducted under ambient pressure conditions (APD), at temperapure ®f
until total evaporation othe liquid filling the pores(mixture of solvent, water and unreacted
components)

During the describé synthesis, the& "Y0 7% "Q) "Cratio was planned to be constant, while
"O070 "YO Tétio is a variable.

Additionally, the results were compiled with earlier waidrried outby the Aerogel
Engineering Teanof Warsaw University of TechnologdAET WUT) on precipitatior{115].
Four samples (denoted &$5M5HO) were prepared with constai@ 070 “YO "Molar ratio
(b & v hthus, for extremely low precursor concentration. The variable was tNé 1Y
0 "Q) "Oratio. In the case of the cited researche tsynthesis procedure was different, as
hydrolysis catalyst was injected using syringe pump at a rageraf &Q, while the reaction
mixture was stirred mechanically fay 1 Q. Subsequently, the ammonia solutiomitk
concentration op 10 ) at a rate ofp Tad FQ was added into the solution to start ¢fedation
The mentionedsynthesigprocedurevas based owork of Rao etal. [110]. Gelation, ageing
and drying were carried out @tz 8

Molar and volume ratios ddothsynthesigown work and cited earlier works of AEG WUT)
ingredients are included in:
- Table 2 for precipitants (samples denoted a8Mh5HO) obtained for constant

"O070 "YO ™olar ratio (earlier works of AET WUT)

- Table 3 for monoliths (samples denoted &GO obtained for constant

MTMS/MeOH molar ratio(own results)

Table 2 Molar and volume ratios of synthesis reagents (precipitant samglgs A

Sample MTMS/CHOH HO/MTMS  MTMS : MeOH : NHOH (10M) :

denotation vol. ratio molar ratio C:H204(0.01M) vol. ratio
A 1:10 1:10:4:4
B 1:15 1:15:4:4
C 1:20 59.75 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 samgifs E

Sample  MTMS/CHOH H20/MTMS MTMS : MeOH : NHOH (1M) :

denotation vol. ratio molar ratio C2H204(0.01M) vol. ratio
E 8.09 1:2:05:05
F 1:2 9.71 1:2:06:0.6
G 11.33 1:2:0.7:0.7
H 12.94 1:2:0.8:0.8

4.2.2 Kinetics designation

Forregisteringcondensation kinetics data, two methods were used:

- tor the precipitants §amples denoted &g hHO, Table 3) filtration of a gelling

solution

- for monoliths (samples denoted @@GiQ Table 2) absorbance measurement

with a UV-Vis spectrophotometer.

During filtration methodor precipitants, the gelled prodweas collected on a cellulose
filter material placed oB ¢, ¢ hfaneel at preset time intervals. The filtrate, after drying at
v T3 , was weighed The results othe mass deposition after certain time intervals were

plotted as condensation kinetics
1.0 i _a=-AO--A curves. Spectrophotometric
{1’ ) method utilizesGenesys 10S UV
0.8 || Vis spectrophotometer Thermo

¢ Scientifi measurements  at

0.6

i wavelength. @ o & a. After

an addition of the base catalyst

(ammonia solution,catalyst of

—& E (r=8.09) condensation reaction) solution
spectrophotometry )
-0 E (r=8.09) filtration was poured to a disposable

dimensionless mass/absorbance [-]

polystyrene cuvette and placed in
0 3000 6000 9000 12000

_ spectrophotometer Pure
time [s]

methanolwas used siareference

Fig. 21 Comparison of the gelation kinetics obtained byiU sample The increase of

Vis spectrophotometry and filtration method (synthé&sis=
8.09 [115]

absorbance, occurring as initially

transparent sample turns turbid as
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thecondensation proceeds, was measured in certain time intervals. The results were plotted as
kinetics curve.

The equivalence of #@se two methods was proven by comparing results obtained by
filtration/spectrophotometry for ti@sample Fig. 21). It also proves that absorbance is directly
proportional to mass @condensing solution an importantact that will be used duringext
chaptersof this thesis. Both methods offer a relatively simple and repetitive way to designate
gelationkinetics curves.

Based onthe gelpoint valuesdesignatedfor samplesO O during synthesis,
the Arrhenius equation (Eg. 4.3) could be applied to designatadtieation energy and

constant(constant in Eq. 4.4, related to Arrhenius constait It was assumed thgelation
time is inversely proportional to the mean or initial) reaction taté P TQWhiCh led to

thelinear form of the Arrhenius equation (Eq. 4.4)

., 0 (4.4
[ B (0] W

Whereo denotes the Arrhenius constamt; constant dependent on Arrhenius constafit,

universalgas constant, arid- activation energy.

4.3METHODOLOGY 1T NUMERICAL

To explain the form of kinetics that was observed during experiments, analytical
approach was applied in order to understand the formation and groatlalcbgel structure.
To do so, first step is to identify dominant mechanisms of the process. Intuitively four main
types of phenomena in the systeam be distinguished
(1) the reaction between two or more precursor particles leading to the appearance
of small alcogel cluster
(i) the reaction between precursuaplecules(or very small clustersand already
formed cluste(surface reaction);
(i)  merging of small clusters into a larger cluster

(iv)  merging of big clusters
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(iii) + — detectable
clusters
g FE A

Fig. 22 Distinguished mechanisms of structure formation (grapdetectablepectroscopically

bluei detectable spectroscopically)

Once the mechanisms are defined, it has to be established which of them affect
the increase of thenassof the structurethusthe kinetics of the gelation process

The first mechanisni denoted asi) in Fig. 22 - admittedly is a basis of structure
formation, however the size and mass of suohgomerclustesis too small to be registered
spectrophotometrically or captured by a cellulose filter.

The second mechanishdenoted aéi) (Fig.

22) - assuming the cluster is alreadyaadetectable
size, does indeed affect the condensing product
mass, however in a very slow manijgue to very
low mass ofprecursor molecules/oligomers

The third mechanismii(), assuras the case

of two small, undetectable clustengrger intoone,

mass of a condensed product

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
: big, detectableaggregate It affects the kinetics
|

()

time

(structure formation rategandleads to the most rapid
Fig. 23 Assumed phases of a condensa mass increase of a condensing system.

kinetics curvg122] The forth {v) mechanism affects strongly
morphologyof a gelling structureghowever it has no

impact onthecondensing mass assuming the big aggregates were already of detectable size.
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Thus, only (i) and (i) mechanismlead totheincrease of condensed product mass
one more slowly, other more rapidly. idan observe on our kinetic such regioRiy(23).
Mechanisms are presented schematicellyig. 22, and summary of this consideration is
gathered immable4.

Table 4 Assumed mechanisms of structure formation during particular condensation phases

Stage of condensation Dominant mechanism

(@) nucleatioh (i) and {i)

(b) intensive mass growth (microscopic phase separe (i)
ii
(c) clustercluster gelation (plateau)

(iv)

* Nucleation in this context meamsgenesis of a new cluster of particles a newprimary particle
of amorphous silicatructure, contrary to the nucleation described in Chapter 2, which was a genesis
of a new precurserich phase.

Within the scope of this model the focus istbe (i) mechanism reaction between
precursor molecules and gel clusters. Thus, gel formation rate has to be proportional to
precursor concentratioeg. 4.5).

Qa Q4
Q0o
Inthe Eq4.5,& denotes the mass of alcogsi, precursor concentratiof§)s a reaction

(4.5)

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

In order to understantie evolution ofa condensingsystem the manner of decrease of
precursor concentration has to be considered. Mathematical descriptite pfecursor
concentration decrease assumes, that the sum of measured mass of formed alcogel and mass of

precursor irtheform of molecules present e reacting solution should be constant.

I I d 4 4
w W = E a a (4.6
W w
wherea wwand® is equal to an initial precursor concentration. Subsuquently,

equationd.5can be rewritten as follows:
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Qa .. 4.7
qy (4% @

Where the only unknown parameters are aerogel mass an@d).

Regarding the exponent it must be noted that if  p, the E. 4.7 would become
awell-known description of product of firstrder 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 proportiondletosurface. Mass is
proportional to0 and surface td) , where 0 denotesa linear dimension of particles.
Subsuquently the exponent value is assumed to be equgl to¢fo. The final form of

theequation that describes trete of mass increase in tbensidered system tadk#he form of:

Qa : (4.9)
— |a & a '
Qo |

Theequation4.8 can be solved analytically as follows:

Qa Q6 4.9
la  a a
By performing following substitution (ed.10, equation4.9is transformed int a sum of two
fractions Eq. 4.12).

o & (4.10
(4.1)
Qw .
; | O
a W
) (4.12
0 0w o0 )
Qw Qw | o
a W a a W o
Where constants aegual to:
o 6 —— (4.13
o 4.1
5 G (4.19
o
The first integral can be solved into:
o o : 4.1
—Qw P a &d W 419
a W oa

62



The second integral is further transformed into a form of:

i~ O, —~
Qw an Qw (4_1@

1Q
Q-
—1Qq

. P (4.17)
o S Q6 —P— s 4 ©0 O
.6 , ca
W T fC(
-84 Qo ~— OO OE— (4.18
Considering eq. 13, 15, 16 leads to the final solution:
a a a a Mo ., . .ca a “
P e GO E——— — |5 (419
ca & & a Noa
44 RESULTS

Themorphology of thebtained monolith structures aleown inFig. 24. Imagesvere
captured withscanning electron microscedSEM) HITACHI TM-100Q One can observe
different type of morphologies. Sampl&sand"Oare the cocontinuous type of morphology
(according to pr of49]) dddewed due tosthe isginedal dléconpasitiom n
mechanism, while samplé®@andOare 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 tle impact of the PS mechanism on the final morphology of a sample will be discussed

in the next chapter.
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Fig. 24 SEM pictures of synthesesHEstructures, magnification x200015]
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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)
andmodel result$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 (sampld).

This discrepancy can be caused by different dominant mechanism during initial steps of
condensation for very | ow precursor concent
between precursor molecules (or their oligomers) as the main mechanisnbagiti@ng of

reaction A following formula of mass growth rateas obtained

Qa .- (4.20
00 w

Taking into accoungquatioré.6:

Qa (4.20)
EI .

wherg is kinetic constant, proportional to condensation reaction rate. The solutinkf 9
has a welknown form:

6o a pT?—doo (4.22
This equation describes initial steps of condensation kinetics more accuratdly. 9y still
valid forthelater steps. The results of this approach (hybrid molenalecule and molecule

cluster) are presented for sampbeandOin Fig. 26.
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Fig. 26 Comparison of experimental and mathematical results of the dependence of aerogel mass on
time of gelation when assuming twtages of gelation process. The precursor to solvent ratio is equal
to 1:20 (c) and 1:25 (d115]
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In Fig. 27 it can be observed the model works well for condensation kinetics for

themonolithicsampls O "O.
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Fig. 27 Dependence of mass of aerogel on time during aerogel formation for four vai@4 TS
ratio: (E) 8.09 (F) 9.71 (G) 11.33 (H) 12.94Comparison oéxperimental (UWis) and model
results[115]

Duringthedata analysis it was noted that the kinetics coeffid®nt wis not constant
for all of the investigated samples. A dependence between val@saod volume of used
catalysts. It cannot be precisely stated whiietid or basé as their ratio was the same for all
syntheses (accordingp Table 2 and Table 3). It was assumed that ammonia solution
concentrations more significant in the condensation reaction step o$yhéhesisBy fitting

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

0 0% o 4 (4.23

And with consideration ofHg.4.7) the final dependence of condensation ratétained:

Qa . (4.29

— Qmw 18) a a
Qo
The values of reaction rate constadtfor both series of measurements are included in

Table5. Despiteslightly different values, the agnitude 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 measurkErbgnts

based on absorbance based on filtrated mass
measurements measurements
reaction rate constang k
(11 o P @p 1 T® 1O T

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,
anapplicability of UV-Vis spectrophotometrior 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
andby collecting product deposited on a cellulose filter during reaction. However, it should be
kept in mind that spectrophotometric measurements are more suitable for mosalitiples,
and filtration method for precipitates.

The dependencef an aerogel mass on time (also for very low concentrations of
precursor) was obtained (E424). 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 mechanisnn the initial phase of condensatibthe nucleation. The second mechanism
is characteristic and dominant in the second phaseralensationit is based on addition of
monomers to a bigger (already detectable) cluster.

The reaction rate constant designated for both experimental series (sampl@s
andO O has slightly different values, but the magnitude of them seems correct.
Thedifferencecan be a result of relatively high errors for ‘'O samples (thus, for the results
obtained by the filtration method).

The presented results offer the advancement of the state of the art for organoalkexysilane
based alcogel and aerogel synthesis. Two simple experimental methods of condensation
kinetics designation were proposed. The results were compared and provedvakemigui

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 catidenwere

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
theorganoalkoxysiloxarnased gels synthesis 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 group® within the precursor molecule),
ii.  chemical composition of the reaction mixturgproportions 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 0O and tothree methoxy groups 0 0O . 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 OY{); (PMSQ).

2. Vinyltrimethoxysilane (VTMS)with the central silicon atom connected to one vinyl
group 06 'O 00O and tothree methoxy groups 0 6"O . The final network

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

60 060lYQ
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3. Dimethyldimethoxysilane (DMDMS)ith the central silicon atom connected to two
methyl groups 060 and totwo methoxy groups U 6O . This precursor
does not gel on its own, and it was decided to use it agpeecarsor wittMTMS.
Theformula of thefinal network after hydrolysis and condensation of the methoxy
groupsdepends on the applied molar ratio of these twprecursors
All of the aerogels synthesised based on aboeationed precursors due to organic
groups remaining within the final molecular structure, possess hydrophobic properties and can
exhibit impressive flexible behavio{tt10,116 119]. However, thdocus 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 structuref these compounds.

CH,

CHs (!H CH,3
CH3—O—S|i—O—CH3 CH3—O—SIi—O—CH3 CH3—O—SIi—O—CH3
0 0 oHy

CH, CH;
methyltrimethoxysilane  vinylltrimethoxysilane dimethyldimethoxysilane
(MTMS) (VTMS) (DMDMS)

Fig. 28 Representative serstructural formula of precursors studied within the thesis:
methyltrimethoxysilane (MTMS), vinyltrimethoxysilane (VTMS) and (used es-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\Wi&/spectrophotoméat measurements. By
observations of the final form of the gel, it can be decided whether we observe monoaolith,
precipitant or macroscopic phase separation (not fully gelled structure). In order to deduce
themost information about the parallel processdbe condensation and phase separation
was decided to use ternary plots for the comparison of the studigdlssyistems. Thdried
monolithic samples were observed with scanning electron microscope (SEM). Based on

thetype of their structure, it could be deduced whether the structure was formed due to
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thenucleation and growth (the thermodynamically netble mechanism) or the spinodal
decomposition (the thermodynamically unstable mechanism). All of these mechanisms were
thoroughly discussed in the introduction sectidh2(Phase separation during spél
transition). This knowledge enables drawing a location of binodal and spinodal curve in
thephase diagrams for the studied-gel systems. Coupling information about the phase
separation mechanism and gelation kinetics provides a comprehensive and extensive
knowledge about the formation of organoalkoxysitaased gels depending on the molecular
structure of the precursor and the chemical

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 werrdtud
I.  The ternary diagram for MTMSvith variable catalyst concentration (system
denoted as’YO 0 p). 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 includéhe results in this thesis.

II. The ternary diagram for MTMS with constant catalyst concentration (system
denoted as'YO 0 ). This MTMSbased ternary diagram was used for an actual
comparison with the results of the two next casesliagrams for VTMS
andDMDMS-MTMS systems, as the only difference between any point on these
three diagrams was the chosen precursor.

lll.  The ternary diagram for VTMS (system denoted¥8 ) with constant catalyst
concentration.

IV.  The ternarydiagram for DMDMS(as a coprecursor with MTMS in molar ratio
DMDMS:MTMS = 1:4) (system denoted asY'O 'O) with constant catalyst
concentration.

The chosen systems and correlation between them are presented schematically in

Fig. 29. The chosen systems can anstherfollowing research questions:

- by the comparison 6¥'O 0 pand”YO U ¢: 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 ofYO 0 ¢, "YO ®, "YO 'O how the molecular structure of
aprecursor 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:

39 hypothesis

With ternary diagrams based synthesis, one can esta
thelocation of binode and spinodthe range of the metastable a
unstable thermodynamic conditions on a ternary plot). Addition.
one can gain a comprehensive and extensive knowledge on imj
(i) molecular structure of precursor, (i) chemical composition
thereaction mixture on: condensation kinetics, thermodyne

conditions as well as the aerogel morphology

RESEARCH QUESTIONS

MeOH
Influence of pH value on range and variety of aerogel

b= morphologies
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0

c

o}

[&]
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-

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

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, aciebase sehel method, analogical as fprevious sectionA given organoalkoxysilane
(MTMS, VTMS or ceprecursor mixture of MTMS and DMDMS in molar ratio 4:1) was mixed
with methanol in an aitight polypropylene container on an electromagnetic stirrer. After
stirring mixture of precursor and alcohol (approxiety one minute) the hydrolysis catalyst
the aqueous solution of oxalic acivas added (according tbe values in the tables included
in the attachment A1 and attachment A2). The hydrolysis was conducted for one hour in
theroom temperature’Y ¢ u3 , while a sample was vigorously stirred. After this time,
agueous solution of condensation catalysammonia solution- was added to initiate
thecondensation. 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 timerig® desolvent
exchange was conductédirst to methanol, then two times to ethanol. After the last solvent
exchange samples were left in the oven in the temperaturgw¥for one day. Subsuquently,
the samples were dried in1t @.J

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

- for systemi’YO 0 p (ternary diagram for MTMS with variable catalyst concentration):
the concentration of oxalic acid wamst g and for ammonia solution it wasi .
Theternary system was prepared on volume fractions, according to values included in
the table in the attachment Al.

- System "YO 0¢, "YO w, "YO O (ternary diagram for MTMS, VTMS,
andMTMS:DMDMS with constant catalyst concentration) for each synthesis
theaqueous 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 amountwafter in the system. The syntheses were
distributed over the whole area of a ternary plot for given, constant ratios of precursor
(or coprecursors in case 6YO O) to water (presented Kig. 30). Also, these systems
were synthesized in a mass fraction based ternary plot.

- Additionally, the systemY'O 'O (ternary diagram for MTMS:DMDMS with constant

catalyst concentration) required addition of surfactéimis cetrimonium bromide
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(CTAB) with amount ofp "Q per o ma & of reaction mixturevas addedleading to

concentration CTAB in the initial gelling solution o8t wp .

alcohol alcohol

A

MTMS water precursor water
(ag. cat.solution)  (co-precursors) (cat. conc. constant)
TD-M1 TD-M2, TD-V, TD-D
syntheses evenly distributed over whole syntheses distributed for constant
ternary system precursor/water ratios

Fig. 30 Schematic representation of studied ternary system and their relation to answering the :

research questions

The recipes for all of the synthesis are included in tables in the attachment AdGfor
0 p system) andA2 (for "YO 0 ¢, "YO w, and"YO Osystems). All of the chemical
reactions formulas (condensed and sstnictural) forthe hydrolysis and condensation of the
chosen precursors (MTMS, VTMS and DMDMS) are showhiin 31.

5.2.2 The gelation kinetics experimental designation

The gelation kinetics was registered with WAS spectrophotometry. THeenesys 10S
UV-Vis SpectrophotometeiTfiermo Scientificwas used, and measurements were made for
the wavelength. ¢ o @ q.

Samples were prepared according to the methodology and recipes described in
theprevious subsectiob (2.1 The synthegisAfter the addition of ammonia solution (the base
catalyst of the condensation), a solution was stirred for approximately thirty seconds
andthegelling solution in volume of® & & was transferred to a disposable polystyrene
cuvette. Theeuvette was aitight closed and secured with a parafilm to avoid any solvent
evaporation (especially for sample with slower gelation) due to low evaporation point (

X@ 3 pgmand met hanol 6s toxicity.
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Fig. 31 The hydrolysis and condensati@actions formulas (condensed and sstnictural) for

thechosen 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
gelationi from a transparent colloid to a millgpaque gelled structure. The absorbance was
measured until complete gelation of a sample with certain time intervat@ssst 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 pts (samples with a g@loint below three minutes).

The measured values of the absorbance collected over time during gelation process were plotted
as kinetics curve.

The overall experimental process synthesis of samples and parallel Wé

spectrophotometric measurements of gelation kinetics are presented schematagli$2n

/ % \ / CHs Y /vo & o sivon
] i
R ey | HO—Si—OH | Fole o }
N © / Y\ OH / ‘\ HO\Si O~ Si/Chy /
N cHy 7 N 4 N, CHTon f
ST e 7 S 1
+ oxalic acid + ammonia
(0.01M) (1M) I
I bt S
. i condensation
hydrolysis formation :
of sol particles of solparticles
MTMS solution | sol wet ge
in MeOH | [
N g
g
&
=
g
. 8
a| O %A detector L) F
—
i entrance  dispersive I ;
e slit Sloment exit slit  condensing
source sample —

Fig. 32 Overallscheme of theexperimental procegsthe sample synthesis and parallel Y5

spectrophotometric measurementtad gelation kinetics

5.2.3 Scanning electron microscopy and image analysis

Final dried samples were observed under scanning electron microscope (SEM),
HITACHI TM-100Q 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 gatth a
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nanolayer with vacuum sputter coakemnitech K550Xwith pressure inside the chamber of
PTT G A

The pictures were analysed in terms of morphology, analogically to the morphology
classificationproposed by professor Nakanishi et.[48]. The four main types of micfo
structure are presentedHhig. 34.

For"YO 0 p, "YO 0 ¢ and™O w systems théamageJsoftware was applied for
theanalysis of secondary particles size distribution. The particles were assumed to be sphere
shaped (whiclwas confirmed bySEM 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,

thedispersity (polydispersity index) was calculated as , j'J , wheredis the number
weighted mean diameter of secondary patrticles for a given aerogel samplésahd standard

deviation. Samples with 1@ are classified as polydisperse.

5.3 RESULTS

5.3.1 Phase separation in TM1 system

The samples prepared for t(h€O 0 p system (according to the initial reaction mixture
compositions included in the table in the attachment W#&je plotted inFig. 35 with
consideration of the obtained type of morphology. Basing on the SEM analysis, structures were
classified according tavork of Nakanishiet 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
thespinodal curve in the phase diagram. The areas of the two types of microscopic phase
separationr nucleation and growth or spinodal decompositiamere marked with two shades
of grey areas (as presented-ig. 35).

The binodal curve is based on the MTMZO side of the ternary diagram. Within
thearea of the binode, the transition from nucleation & growth mechanism to spinodal
decomposition can be observed while increasing the MTM3fHolar 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 (l4d%6ondensation does not occur

within the whole sample volume for the whole range of MeQBYIratio. Too low precursor
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contribution in the ternary system leads to the macroscopic papaeation, thus the synthesis
results in precipitants or collapsed, not completely interlinked structures. In the low water
concentrations region (~5%), no signs of the condensation reaction were observed, probably
due to insufficient hydrolysis conversion ratio.Regarding he solventcontent and
thecondensation rangethe monolithic samples were obtained even for just 4.296f

methanal

» b AN 1= 5 ~ -' " ,‘ ' J =y
Bo & Raedll ' N0 ’ . %y B
Fig. 34 Four types of an aerogel miestructure (magnification: 2000x), from the left: partic

aggregates, eoontinuous, isolated pores, nanoporous structure

MeOH
nucleation & growth

. spinodal decomposition

Enanoporous

eparticle aggregates

% cocontinuous

Xisolated pores

* no gelation

Omacroscopic phase separation

Oprecipitant

water MTMS
Fig. 35 Ternary diagram for the TIM1 system

The influence of the initial chemical composition of the reaction mixture on
themorphology of the final dried gels is presentedFig. 36. The schematic comparison

highlights the influence of precursor concentration on product morphfdoggnstant solvent
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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 precursaoncentration when MeOHHA ratio is increasing.

In the ternary diagramF{g. 35 and morphology comparisorfFi¢). 36), spinodal
decomposition mechanism occurs for approximately precursor concentration aboxg 35%
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 conter{s@@&higher,
lead only to particle aggregates type of structure, moreover, for drastically high water
concentrations synthesis resultegbrecipitates

While analysing the influence of methanol amount in the system it was observed that
for constant concentration of solvent, N&G occurs for approxima€hiyS/H.O > 1.9 (mass

ratio).

Enanoporous
®particle aggregates
@ cocontinuous
Xisolated pores

Oprecipitant

Fig. 36 The influence of the initial chemical compaosition of the reaction mixture on the
morphology of the final dried gels
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The values of thalried samples' porosity (described by the Equatiohl, with
structural density” p& "Qowda , and” denoting envelope density of a san)pdee
plotted as irthe Attachment A3The evident tendency is the decrease of structure's porosity
with the increase of MTMS/HD 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. Althoughctwontinuous
samples, with composition 30-26.9643.31%nas (MTMS-MeOH-H20 %ma9 and 39.49
8.3452.17%xas also exhibit relatively high porosities (82% and 90%, respectively).

The diagram with included volume shrinkage) (values defined according to B2
as a ratio of dried samplé () volume to alcogel volumey (Attachment A3 has, naturally,
a reversed form. These two parameters are connected with each other: the higher volume
shrinkage occurs, the lowaerogeporosity 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.
(5.1)
w (5.2)

The values of the mean diameter of secondary patcié polydispersity index are
plotted as inthe Attachment A4applies only for the particle aggregates type of samples).
Theparameter was calculated for both monoliths and precipitants, as long as the structure
exhibitstheparticle aggregate type of morphology. The investigated region appears re#ir the

side of the binodal curvéfor samples with MTMS concentration approximately 10, 20

and30%mag. The polydispersity index was designateztording to the formula el

(where'dis the number weighted mean diameter of secondary particles for a given aerogel
sample and, is the standard deviation). Samples with 1@ were classified as polydisperse.

. The only sampkethat exhibitspolydispersity of secondary patrticles' size ( &)
are the samples for the concentration of MTMS approximatelym29%

These preliminary observations can find the confirmation in secondary particles' size
distributionsi a comparison is presentedhig. 38. The magnification ohistogram for one

themost monodisperse sample (:¥&712.0%nas T8t p and the most polydisperse
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sample (19.8.2-72.2%nas & Jjtare includedn Fig. 37 and thedifference between them
is selfexplanatoryi we observe narrow peak for the monodisperse sample and a very wide

peak (can include multiple maxima) for the polydisperse sample.

100 100

80 A 80 A

60

count [%]
count [%]

40 A

20 4 20 A II

0 4
< N N © T N © © © <
ST © N ©

o~ [ap] < w
diameter [um]

Fig. 37 The comparison of histograms for tm@st monodisperse sample (¥R 7-12.0%nas
a=0.01) (left) and t he8av@.8%uns p@l=Pdi2Odpern(seée gham

The comparison of thaistograms Fig. 38) and morphologiesFig. 39) highlights
theimpact of the precursor and solvent concentration (consequently, also the wateraontent
the third component in the ternary system, oowerall initial chemical composition of a given
sample) on the particle aggregates morphology observe different width of the botihecks
between particles, or regularity of the spherical shape. For MTMSiL0% index remains
very low value 0.040.05 within the whole range 6f'Q 0 7@ 0 ratio. For samples with 205
of MTMS within the initial composition, the increase of QU @ U ratio leads to less
polydisperse aggregates (lower polydispersity index). Forg@¥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 inRhge 36, Fig. 38 and Fig. 39 volume
concentrations were plotted, as this parthefexperimental research was originally planned
with volume concentrations. The rest of grapdrsd all theernary plotpresented in thEig.

35 and attachments AB6) were plottedor mass concentrations to maintain tomsistency
with the phase diagramacludedin the next sections of this chaptas it was decided to
continue research using mass concentratibhe) exemplary pictures of particle aggregates
structures are compared Kig. 39. When comparing the pictures for MTMS 1@%the
transition from precipitant (:Q0-80, 1020-70, 1330-60%u01) to macroscopic phase separation
structures (1€10-50, 165040, 1660-30, 1370-20, 1080-10%.0) can be observedlhe
changes in the length of botttecks are also visible with the precipitamacroscopic PS
transition, it even seems that the length of the bawleks is increasing with methanol

concentration.
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Fig. 39 The comparison of "particle aggregates" morphology due to initial chemical composi
asample in terms of polydispersity (magnification 5000x)
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When comparing samples with 1Q¢of MTMS to samples with 20% of MTMS
(especially 2610-70, 2620-60, 2030-50%.01) the changes in polydispersity gseominent,
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despite moderate changes in
pol ydi spersity i ndex
10%,00 MTMS is 0.02, and for 20%

MTMS it is equal to 0.14). Whereas,
samples with 30% of MTMS seem like

a transition from between “particle
aggregates” and "econtinuous”
structures with moderate values of
polydispersity index

0.05).

5.3.2 Phase separation in D
M2, TD-V, TD-D system

The phase diagrams for theO
0¢, "YO w and"YO O systems are
presented in Fig. 40. Location of
thenucleation & growth region as well as
spinodal decomposition region were
marked with two shades ofayr. 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 ofrig. 40a, b
and c respectively).

For'YO w andYO 'O systems

Fig. 40 Phase diagrams for the (a) 2, (b) TD-V

the majority of the samples had

and (c) TDD systems
themorphology type of particle aggregates.
The "YO 0 ¢ system exhibits théargestrange of binode and three types of monolithic

structureg(particle aggregategocontinuousand nanoporous). One difference comparing to
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"YO 0 pis the lack of presence of isolated pores type of strudimeMTMS and VTMS
monoliths could be obtained up to 70% of methanol in the system. Systems with MTMS (both
"YO 0 ¢ andasco-precursor'YO ‘O) offer higher variety of structures types comparing to
VTMS: n the"YO  system only particle aggregates asdlated poresstructures were
obtained. ThéYO 'O system, based on a mixture ofgecursors (MTMS and DMDMS),
resulted also in not homogenous morphologies, such as combinationtiole paggregates
andisolated pores or continuous morpholdgyarked as separate type of points in the ternary
diagrams)

This analysis of structure types allowed to approximately establish areas of
themetastable region of nucleation and growth and unstable region of spinodal decomposition.
Binodal curve (including all monolithic samples) has the largest range for MTMS sy¥t@m (

0 Q).

Comparing”YO 0 p system (presented in previous sséxtion of this chapter
and”"YO 0 ¢ (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 peacisg,for
example, to isolated pores type of structure, which was not observéido ¢.

The mean size of particles fov'O 0 ¢ and"YO  system is presented figures
included in the attachment A3n general the VTM$ased samples have larger sizes of
particles.

The polydispersity index fofYO 0 ¢ and”"YO  system is presentezh a ternary
plot included in the attachment Al6can be observed, that VTM&ased samples exhibit higher
polydispersity in most cases. The highest polydispersity index feMZDvastd 11,@nd for
TD-V the value was® v

5.3.3 Gelation kinetics in TEM2, TD-V, TD-D system

The results of kinetics investigation are gathered in attechments(A7- A9).
Thekinetics curves were measured for monolithic sasyflat only in case the gelation time
was long enough to capture the whole process. Furthermore, there was a few samples with
atendency to breaking during gelatiofY’Q 0 ¢ system) that were omitted, because the
cracks would interferthe registered spectamd change the overall outcome of the experiment.
Threetypes of gelation kinetics curves were observed during the studies. The first one,
presented ifrig. 41 ais charactestic for most opaque, monolithic samples. The sigmoid shape
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is sharp and more or less symmetric. $heond type, presentedhiy. 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 @cipitant, followed by complete gelation within
thewhole volume of a sampléFig. 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 syst¥i@s:0 ¢, "YO w
and"YO O are gathered in the attachments & 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/waterYgatiould 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) ©)
24-40-36 Yomas Amax=3.1 36-40-24 % ae Amax=0.8 42-40-18 %mas, A,.,=0.4
] 19 0.5
3 - ] ]
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5 2 1 § 0.6 - EOB -
s 5 ] 5
£ 204 802 1
1 4 © p © J
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O4 i v e 0 N — - 0 -----------------------------
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time [s] time [s] time [s]

Fig. 41 Three types of the observed kinetics curves

Theinvestigation offered a lot of qualitive analysis and comprehensive understanding
of the sampl ebds c¢ o mpwhsthetamonolithc sathpld cantiedinedp ut ¢ o m
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 dgsicnn or type of analysis which would
actually allow to compare the rate of gelation for different samples.

It was decided to interpolate the kinetics datad() with a spline and calculate the first
derivative(Q &Q p (Fig. 42). As it was confirmed in previous chaptdr @Analytical model of
alcogels gelation kinetiggshe absorbance is directly proportional to mabsisthe kinetics in

its normalised form can be interped asdt 0, thus the first derivative i® 6FQ 0The values
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of the maximum value of the first derivativehe maximum condensation rdte "YO 0 ¢
and’YO wwere gathered ithe attachment A1@&nd the values confirm the previously stated
observations that gelation proceeds faster for VTMS as precursor, even despite larger size of

the molecule angossible impact odteric effects.

- —At) — dA/dt - —A{t) —dA/dt
] 0.03 1 3 - 4E-04
1: ——— 0.025 09'; z"—- i
] - . 3 ’ i
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Fig. 42 The condensation kinetics data A(t) and condensation rate fdfitist and second type of a

kinetics curve

condensation progress [%]
condensation rate

time

Fig. 43 Scheme of the analysis of a condensation kinetics ¢LRig

The point of maximum condensation rat®,6 Q6  was used to designate a tangent
line to the kinetic curvél 0, and thed point which physical meaning is the end of first phase
of gelation. The time gelation, fon¢ syntheses studied in previous chaf@rapter 4 0
"Owas stated taorrespond too w Peaction progres$asing on the comparison of kinetic curve
registered with spectrophotometer andg@ht captured with the tilting tetibe methodThis
assumption was used to propose a method of kinetics curve analysis. Subsequdintly,¢he
the second phassas defined as a difference between time of gelatiorand the timeof

nucleationo . All of the above considerations are schematically presented.id3.
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In this case the phase 1 and 2 should be interpreted similarly as in previous chapter,

according toTable 1. First phase corresponds to tipenesis of a new cluster of gelling solid

phase (or a new primary particle of amorphous silica structare),the second phase to

theintensive structure growttoccurring either due to N&G or SD mechanisms.
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Fig. 44 Influence of water content on time of first asetond phase for MTMS (a and b) and VTMS
(c and d)

The results of thé andd for"YO 0 and’YO ware included in the attachment A11

and Al2 respectively. It is observed that with higher water content in the initial chemical

composition, thesamples 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 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 phaskig.(44b and Fig. 44d for MTMS and VTMS
respectively). This dependency can be explained by significant influence of water on reaction
pathways first of all, the amount of water is crucial to obtain tadrolysis 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 moleculesnist 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, presumablyo higher reactivity, despitgossible steric effects for the larger molecule.

5.4 CONCLUSIONS

Therangesof occurrence omonolithic samples aniheir different morphologies were
plotted inthe form of ternary plots, providing a comprehensive knowledge about correlation
between initial chemical compositionofthee act i on mi xture and fi nal

The outline of binodal curve in a precursmlventantisolvent ternary sajel system
was designated experimentally, basing on the analysis of products' morphology. Four types of
structure morphol ogy wer e o0 l49leThesstudies indicatene a s
that within the area of the binode, the transition from NG mechanism to SD can be observed
while increasing the precursor/water rafidie exact location of the spinodal curweas 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 guantitative comparison of condensation process
registered spectrophotometrically was proposed, based on kinetics data interpolat
andcalculation 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 kinetfcgetation, 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 systemNII) and the results lookgg@mising
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T 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 (gbove
reachinguptaw o b

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 s oparges, esuth as pomsityf, i n a |

secondary particles mean size and polydispersity index.
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6. DIFFUSION/REACTION LIMITED SECONDARY
PARTI CLESO AGGREG/?

6.1 OBJECTIVE

The fourth part of this thesis is focused on developimgdel oforganoalkoxysilanédased
alcogels condensation kinetids. difference to the analytical model presented in previous
section Chapter 4, this approach can follow not only condensation kinetics, but
themorphology oftheformed structure as wellThe goals of this part were as follows:

- developing acomputationabpproach based on a cellular automdtoA) system that

can mimic theineticsgelation process (aggregation of secondary particlbésicase

- developing a computational approach based on a cellular automaton system,tttat can

some extent, represahtie morphology ofvet-gel;

- proposing a method for correlation between model parameters and experimental

parameters, followed by thisethod verification

- analysis ofthe applicability of the developecellular automatoms a representation of

gelation of organoalkoxysilarigased alcogels

The hypothesis for this section was formulated as follows:
4™ hypothesis

A cellular automaton can be applied as a simplif
representation of the gelation process, in particular
theaggregation of secondary organoalkoxysiloxd@sed
particles. The model parameters can lerrelated with

experimental synthesis conditions with the Arrhenius equatic
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6.2 NUMERICAL METHODOLOGY

In order to implementthe process of aggregation of organoalkoxysHaased
secondary particles (SP) during condensafarellular automaton system was developed.

This kind of system is based ordimensional, divided into a regular grid of c€lsg.
45), computing domain with periodic boundary conditighey. 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, dependinen gi ven cel |
from theprevious step antthe state oits adjacent neighbours.

In thestudiedcase, which is aggregation of secondary patrticles, a cell céesbebed
by one ofthetwo possible states: it can kéher occupied by a secondary particle or empty
(Fig. 45). The number of occupied cells depends on the SP concenirakieriirst introduced
model parametdl). The particles diffuse randomily 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 (

D empty cell
' cell occupied by a secondary particle
] I ]
| RN ﬁ[
1
! ||
| t Nl
[ I ] —
- |
| [ ! -
I —t
| | ] I .
S iame e gEsEm
initial state (t=0) aggregates formation (t)

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 isignificantlylower than
p, we enter the RLCA regimé&he influence or

reaction probability (also referred as sticking

Fig. 46 Scheme of system periodicit}22] probability in the literature) is quite well
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established the higher probability the more branched &near are the structures, and for low

RLA regime more dense and compact structures are obtadiged ).

reaction probability

DLCA

Pr=0.2% Pr=100%
Fig. 47 Influence of reaction probability on aggregate morphology (initial results)

When the condensatiorreaction 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 isneglected possibilitpf the bondoreakage, which meatisat once created aggregate

cannot fall apart.

T connected particles

cril

m_. = 2.5%EXm
crit

— = 45
o m = 4%Im

&5 S om = 1%Em
56

0 2000 4000 6000 8000 10000
Simulation timestep [-]

Fig. 48 Impact of an aggregate threshold size on condensation kinetics curve for three dimensional
system121]

The probability of motior{diffusion) 0 is dependent on the size of a given aggregate.
ltds reversibly proportional t o Einstéinstokesi z e

equation for diffusion of spherical particles in I6Whumbers’Ox pj i).
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Qv (6.1)

0Xx - (6.2

WhereO is the diffusion coefficient,Q i Boltzmann constantyi temperatures-i dynamic
viscosity,i 1 radius ofaparticle.
The simulation stops when all of the SP emanectednto one clusterin percolation

theory this final state is called as large cluster or spanning cluster.
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Fig. 50 Qualitative comparison of experimental and numerical condensation kinetics curve [122]

The goal was talesignate condensation kinetics and compare them with experimental
one. In order to achieve that goal, a numerical procedure that would be analogical to
theexperimental one, had to be developed. Thus, it was assumed that in order to detect
anaggregatgfirst it has to reach certaindetectable threshold size. The value of this threshold
size, was chosen in such way, to obtain the highest resemblance to the experimental shapes of
the curvesThus,thefirst criterium was to observe the first kinetics curve inflection (unlike
theblack line inFig. 48). The second criterium was to obtain the gel point just after the second
inflection of the curvéFig. 49). The secondriterium might seem arbitrary, howeverstjust
an initial model assumptiofrurthermore this criterium was supported by observations of gel
points for certain experimental samplesvhich were chosen for the model validation in
thefurther part of thishapter (the samples selection is discussed in next sulbsgctio

The resemblance of final kinetics curves obtained experimentally and numerically is

presented ifrig. 50. At this point, there waso correlation between numerical and experimental
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parameters, just a qualitaticemparison othedependences 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 interlinkedl he kinetics curves were analysed according to the procedure described
in Chapter5 (Fig. 43).

The obtained structures were evaluated in terms of their porosity, determined as
thenumber of not occupied cells within a volume of a certaihesical shellwith certain
thickness. A representative area of the structure had to be selkéates chosen to select
amean distance of eagdarticle to the mass centre of an aggregasethis value could be
precisely determine@énd because the local porosity seemed to be approximately constant
around this point. Thus, the representative area for porosity designation was chosen to be
g 1T PRp ¢ TP . The scheme showing an exemplary aggregate with the representative
sphericalshell volumeis presented inFig. 5la. The exemplary dependence of porosity on
distance from the centre of an aggregate is showig. 51b.

(A) (B)

*  Local porosity
— -G — Mean distance from the aggregate center
[ IChosen area: mean dist. + 20 % mean dist.

1
Mean porosity = 89.98 %
_095f
z
‘B
e
5 ’
o9f N .
s I
* |
; |
|
|
0.85 — ——t— * '
0 10 20 30 40 50

distance from the aggregate’s centre [arb. unit]

Fig. 51 (A) scheme of the representative spherical shell volume, (B) exemplary dependence of

porosity on distance from the centre of an aggreld2tt]

In this thesis two type of cellular automata systems were studied:
a) the simpliefied,wo dimensionald ()

b) the advancedhteedimensional& 0)
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Naturally, the 3D system is more accurate asfters more results for interpretation
andvalidation. The work on the two dimensional system wasinitial approach used for
asimplification, whiledeveloping aractual three dimensionaimodel. Howeverthe results
even for the simplified 2d system were found interesting, iandas decided to show
thecomparison between the resutsdpros and cons of both systefhus, the differencein

assumptions in #se two systems were gathered able6.

Table 6 Comparison of the developed 2D and 3D cellular automata assumptions

Aspect Two dimensional Three dimensional
n=2 n=3
Neighbourhood Mooreds type of neig
Celli has 8 neighbours Celli has 26 neighbours

Diffusion . :
for each size of an aggregéem With an aggrgate size by
initial simplification) Einsteini Stokes equatior{EqQ.
6.1)
Tested for 4 chosen values: Tested for 5 chosen values:
0.0005, 0.001, 0.01, 0.1,
Reaction probability 0.001,0.01,0.1 _ _
(studied cases presented in F (studied cases presented in F
52) 59
1,5and 12.5% 05,1,2,3and 4 %
of number of cells in computin: of number of cells in computin
Tested concentrations domain domain

(studied cases presented in F (studied cases presented in F
52) 52)
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Model parameters Model parameters
(2D system) (3D system)
I ]

N 12 simulated cases - o 25 simulated cases -
Y O -

g c=0.05[] P=0.01[] § = c=001[] {\? P =0.001[-] ‘:g
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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 verification fothe two dimensional approach

The experimental samplegere prepared accordingtttetwo-step, aciebase synthesis
described thoroughly inChapter 4 and .5In this section of the thesis MTMS
(methyltrimethoxysilane) was used as a precursor, methanol as solvent, distilled water as anti
solvent, oxalic acid (@8t pd& € Q2 & ) asthe catalystof hydrolysis and ammonia solution
(p & €& ) asthe base catalyst of condensatidrhe precursoand acid werg@urchased
from SigmaAldrich (St. Louis, MO, USA)the solvenfrom Stanlab(Stanlab, Lublin, Poland)
andthebase fronEurochem BGD(T ar n- w,). Pol and

The molar ratios of reagents used during synthesis are given in6labAdter mixing
of precursor and solvent (MTMS and MeOH), thaltolysis wasinitiated with addition of
theacid andcarried out for 1 hour. After this time, a proper amounthefbase catalyst was
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