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ABSTRACT

Vacuum insulation panels (VIPs) with typical thermal conductivity values of 3 to 5
mW/mK are emerging as excellent systems nowadays for effective thermal insulation in
buildings and household applications. The achievement of such low thermal conductivities
in VIPs relies on the suppression of the gaseous convection by applying vacuum. A VIP
structure is composed of a core insulation material and an envelope film covering the core
material. Among different materials, fumed silica and glass fiber are the most commonly
utilized core materials owing to their appreciably low thermal conductivity values,
especially under vacuum conditions. However, these materials are not transparent and thus
cannot be used in the development of transparent vacuum insulation panels. The idea of
transparent VIPs has been recently established in order to replace the conventional window
glazing. Since then, research about transparent core materials and barrier films that can be
utilized in the development of transparent vacuum insulation panels has been gaining
increasing interest. Silica aerogels appear as the most promising nanostructured materials
to be implemented as filler materials in transparent vacuum insulation panels due to their
transparency in addition to extremely low thermal conductivity. One drawback of silica
aerogels is their poor mechanical properties which makes their utilization as monolithic and
crack-free materials challenging. This problem can be solved by reinforcing aerogels with
polymers which results in improved resilience that would allow for practical utilization.

In this study, monolithic composites of silica aerogels with hydroxyl-terminated
poly(dimethylsiloxane) (PDMS(OH)) were developed. The first route that was followed for
the synthesis of the composites was the modification of the conventional two-step sol-gel
process. The incorporation of the polymer in the synthesis was performed at different
stages of the sol-gel process. Additionally, different co-solvents such as THF and toluene
were used. The effects of several processing parameters such as polymer amount, type of



co-solvent and the polymer addition step, on the properties of the composites were
investigated. The composites synthesized with this route were obtained as opaque materials
since PDMS(OH) was not soluble in the sol mixture. Utilization of THF and toluene as the
co-solvents avoided the solubility problem, however the mechanical durability of the
aerogel composites was very low which resulted in very high volumetric shrinkage during
the supercritical drying.

Reactive supercritical deposition technique was employed as the second route and the
composites of silica aerogels with PDMS(OH) were developed by the deposition of the
polymer from supercritical CO,. The technique is composed of two stages; the first stage
includes the dissolution of PDMS(OH) in supercritical CO, that results in a single phase
binary mixture of PDMS(OH)-CO, and the second stage is the exposure of the silica
aerogel samples to the single phase binary mixture. Initially, the demixing pressures of
PDMS(OH)-CO, binary mixtures at various compositions were measured up to 24 MPa to
determine the single phase region of the binary mixture. The demixing pressures were
observed to decrease with increasing polymer content of the binary mixture. Subsequently,
deposition experiments were performed and monolithic aerogel composites were obtained.
The deposited samples were characterized by ATR-FTIR and BET analysis. It was revealed
that during the course of the deposition, the polymer molecules react with the surface —-OH
groups of the aerogel. The effects of various parameters such as polymer concentration,
deposition temperature, deposition time and polymer molecular weight on the properties of
composites were investigated. The polymer uptake of the deposited aerogels increased with
increasing PDMS(OH) concentration, deposition time and deposition temperature. It was
found that the transparency of the aerogels can be controlled by the amount of the polymer
loaded to the samples. It was also demonstrated that the deposition resulted in the coating
of silica aerogel surface with a thin layer (~1-2 nm) of polymer molecules. According to
the thermal conductivity model simulations, such a thin coating layer did not cause a



noticeable increase in the thermal conductivity of the composites. Moreover, compression
tests revealed a threefold improvement in the mechanical strength of the composites when
compared to native silica aerogels. Hereby, this work presents silica aerogel-PDMS(OH)
composite materials as novel candidates to be used as core insulation materials in

transparent VIPs.



OZET

Tipik olarak 3 ila 5 mW/mK 1s1 iletim katsayisina sahip olan vakum izolasyon panelleri
(VIP) giiniimiizde bina ve beyaz esya uygulamalarinda miikemmel 1s1 yalitimi saglayan
sistemler olarak ortaya ¢ikar. Vakum izolasyon panellerinde diisiik 1s1 iletimi katsayisi, gaz
faz iletiminin vakum kosullar1 altinda yiiksek oranda azalmasiyla saglanir. Vakum
izolasyon panelleri, bir cekirdek izolasyon malzemesi ve onu cevreleyen zarf film
tarafindan olusturulur. Ozellikle vakum kosullar1 altindaki diisiik 1s1 iletim katsayilarindan
dolay1, vakum izolasyon panellerinde c¢ekirdek malzeme olarak en ¢ok silica ya da cam
yiinli kullanilir. Fakat saydam olmadiklarindan dolayr bu malzemeler, saydam vakum
izolasyon panellerinde kullanim i¢in uygun degildir. Saydam vakum izolasyon panelleri
binalarda kullanilan pencerelerin gorevini yapabilmek iizere gelistirilmeye ¢alisilmaktadir.
Saydam vakum izolasyon panelleri fikri ilk ortaya atildigindan itibaren, saydam g¢ekirdek
yalittim malzemesi ve zarf filmlerin gelistirilmesi giinden giine artak bir ilgi uyandirmigtir.
Silika aerojeller, diistik 1s1 iletim katsayilar1 ve saydamliklarindan dolayi, saydam vakum
izolasyon panellerinde cekirdek yalitim malzemesi olarak kullanilabilecek en yiiksek
potansiyele sahip malzemelerdir. Fakat silika aerojeller zayif mekanik 6zelliklere sahiptir
ve bu sebeple monolit ve kiriksiz olarak {iiretimleri ¢ok zordur. Silika aerojellerin zayif
mekanik 6zellikleri, polimerler ile kompozitlerinin gelistirilmesi ile iyilestirilebilir.

Bu ¢alismada, silika aerojellerin hidroksil-son gruplu-poli(dimetilsilokzan) (PDMS(OH))
ile monolit komozitleri gelistirilmistir. Kompozitler, ilk olarak sol-jel metodunun farkli
asamalarinda polimerin eklenmesiyle elde edilmistir. Ayrica sentez asamasinda
tetrahirofuran (THF) ve toluene gibi farkli ikincil coziiciiler de kullanimistir. Polimer
miktari, c¢ozlicli cinsi ve polimerin eklenme asamasi gibi farkli parametrelerin,
kompozitlerin 06zellikleri iizerindeki etkileri incelenmistir. Bu yontemle sentezlenen

kompozitler, PDMS(OH) suda ¢oziinmediginden dolay1 opak olarak elde edilmistir. THF
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ve toluenin ikincil ¢oziicii olarak kullanilmasi ¢dziiniirliik problemini ortadan kaldirmis
ancak kompozitlerin mekanik 6zelliklerini olumsuz yonden etkilemistir.

Kompozitlerin {iretiminde ikinci yol olarak, reaktif siliperkritik depozisyon ydntemi
kullanimis ve polimerin siiperkritik karbon dioksitten silika aerojellere depozisyonu
gerceklestirilmistir. Bu yontem iki asamadan olusur. Birinci agsamada polimer siipercritik
karbon dioksitte ¢oziiliir ve tek fazda ikili karisim (PDMS(OH)-CO>) olusturulur. Ikinci
asamada ise silika aerojel, tek fazdaki bu karisima maruz birakilir ve polimerin
depozisyonu gergeklestirilir. Depozisyon deneylerinde tek faz PDMS(OH)-CO; karisimlari
kullanildigindan dolay1, dncelikle bu karisimlarin faz ayrim basinglari, genis bir bilesim
araliginda ve 24 MPa basing degerlerine kadar 6l¢iilmiistiir. Bu 6lgiimler neticesinde, faz
ayrim basincinin karigimdaki polimer konsantrasyonunun artmasiyla azaldigi goriilmiistiir.
Faz ayrim deneylerinin ardindan, polimerin depozisyonu gergeklestirilmis ve monolit
kompozitler elde edilmistir. Elde edilen kompozitler ATR-FTIR ve BET yontemleriyle
analiz edilmis ve 6zellikleri belirlenmistir. Depozisyon sirasinda polimerin, silika aerojelin
yiizeyinde bulunan hidroksil gruplariyla reaksiyona girdigi ortaya g¢ikarilmistir. Polimer
konsantrsayonu, depozisyon sicakligi, depozisyon siiresi ve polimer molekiil agirlig1 gibi
bircok parametrenin, kompozitlerin o6zellikleri {izerindeki etkileri incelenmistir.
Kompozitlerdeki polimer miktari, artan polimer konsantrasyonu, depozisyon siiresi ve
depozisyon sicakligr ile artmistir. Kompozitlerin saydamliginin, depozisyon yapilan
polimer miktariyla kontrol edilebildigi goriilmiistiir. Ayrica polimerin silika aerojel
yiizeyini yaklasik 1 nm kalinliginda bir tabaka halinde kapladigi ortaya cikarilmistir.
Yapilan 1s1 iletim katsayist simiilasyonlariyla, bu miktardaki polimer tabakasmin silika
aerojelin 1s1 iletim katsayisini etkilemedigi gozlemlenmistir. Ayrica yapilan mekanik
testlerle, kompozitlerin mekanik ozelliklerinin silika aerojelin mekanik 6zelliklerinden 3
kat daha 1yi oldugu goriilmiistiir. Sonug¢ olarak, bu g¢alismada {iretilen silika aerojel-

PDMS(OH) kompozit malzemelerinin, saydam vakum izolasyon panellerinde ¢ekirdek

vii



yalittim malzemesi olarak kullanilmak tizere c¢ok uygun malzemeler oldugu ortaya

¢ikarilmstir.
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CHAPTER 1

INTRODUCTION

High population growth rates combined with increasing energy consumption per capita in
developing countries are causing a steady increase in the worldwide energy demand. The
increase in energy production to meet this demand is resulting in higher energy prices,
increased emissions of greenhouse gases and a deterioration of the environment due to
increased usage of fossil fuels. These problems can be overcome by either usage of renewable
energy sources or reduction of the energy consumption or both. The biggest contribution to
total energy consumption originates from the amount of energy consumed in the buildings.
Moreover, 70 % of this amount is solely consumed for heating and cooling applications for
both residential and commercial buildings. Under these circumstances, thermal insulation has
been receiving increased attention and is considered as one of the most effective ways to
reduce energy consumption. The efforts in development of more effective thermal insulation
systems have concentrated on the improvement of existing materials as well as the

development of novel materials with enhanced thermal insulation properties.

Vacuum insulation panels (VIPs) with typical thermal conductivity values of 3 to 5 mW/mK
are emerging as excellent systems nowadays for effective thermal insulation in buildings and
household applications since with VIPs one can achieve high insulation properties with low
thicknesses [1-3]. The achievement of such low thermal conductivities in VIPs relies on the
suppression of the gaseous convection by applying vacuum. A VIP structure is composed of a
core insulation material and an envelope film covering the core material. The idea of
transparent VIPs has been recently established in order to replace the conventional window
glazing. Since then, research about transparent core materials and barrier films that can be
utilized in the development of transparent vacuum insulation panels has been gaining
increasing interest. Silica aerogels appear as the most promising nanostructured materials to
be implemented as filler materials in transparent vacuum insulation panels due to their

transparency in addition to extremely low thermal conductivity.

Silica aerogels have many extraordinary properties such as low density, transparency, narrow

pore size distribution, high surface area, high porosity and very low thermal conductivity. One



drawback of silica aerogels is that they are highly fragile and brittle materials due to their
poor mechanical properties which make their utilization and handling highly challenging.
However, this problem can be solved by reinforcing aerogels with polymers which results in
improved resilience that would allow for practical utilization. There have been many attempts
to produce flexible silica aerogel composites using various compounds and polymers.
However, it is apparent from Figure 1 that all of these composites had opaque appearances
and hence they are not suitable to be used in transparent VIPs. Under these circumstances one
critical question emerges: how can the mechanical properties of silica aerogels be improved
without losing the transparency? The answer of this question is that a transparent polymer can
be incorporated into the solid silica skeleton of the aerogel in such a way that the transparency
can be retained or the silica aerogel surface can be coated with a transparent polymer. In the
former case, the polymer addition should be performed during the synthesis so that the
polymer molecules are included in the solid network. On the other hand, the later case can be
achieved with a post-synthesis treatment employing techniques such as reactive supercritical
deposition.

Figure 1 Composites of silica aerogels with a) poly(hexamethylene diisocyanade) [4] b)
di-isocyanades [5] c) cellulose [6]

Regarding the above considerations, composites of silica aerogels with hydroxyl-terminated
poly(dimethylsiloxane) (PDMS(OH)) were developed within the scope of Nanolnsulate
project (FP7/2007 — 2013) in order to obtain monolithic, crack-free, transparent and
mechanically strong materials to be used as core insulation materials in transparent VIPs.
Among various polymers PDMS(OH) which is a functionalized form of
poly(dimethylsiloxane) (PDMS) with terminal —OH groups was chosen as the polymer
component for several reasons. PDMS is a rubbery polymer that belongs to a group of
polymeric organosilicon compounds, and is well known for its unusual rheological properties.
PDMS molecules have quite flexible polymer backbones due to the siloxane linkages. It has

high level of viscoelasticity owing to these flexible chains and a shear modulus varying



between 100 kPa and 3 MPa which can improve the mechanical properties of silica aerogels
[22]. 1t is extensively produced and consumed as silicon oil, and thus it is cheap. PDMS is a
clear liquid polymer at room temperature with a low refractive index of 1.4 which is
advantageous in terms of transparency of the composites. PDMS has a high chemical and
thermal stability and it provides hydrophobicity which is a key aspect for the long term
utilization of the composites. PDMS has relatively low thermal conductivity (0.17 W/mK)
compared to most of the polymers and it has substantial solubility in supercritical CO;
(scCOy,). The chemical structures of PDMS and PDMS(OH) are displayed in Figure 2.
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Figure 2 Chemical structure of PDMS and PDMS(OH), respectively.

Several techniques were adopted in the synthesis of the composites to achieve the goals of
the Nanolnsulate project and the procedures that were followed as well as the properties of
the developed composites are described in detail in the following chapters.

Chapter 2 involves with some fundamental information about the synthesis, structure and
properties of silica aerogels as well as production of composites of silica aerogels. Silylation
is briefly defined as a novel route for the development of silica aerogel composites which is
one of the most frequently utilized surface modification techniques. Furthermore, the
fundamentals of the heat transfer mechanisms in silica aerogels are explained. In addition,
the analytical techniques that were employed to characterize the derived composite materials
are also explained.

In chapter 3, the development of PDMS(OH)-silica aerogel composites by the modification
of the standard sol-gel process is defined. Different synthesis procedures are defined and
several material properties of the developed composites are demonstrated.

In chapter 4, the phase behavior studies of PDMS(OH)-CO, binary mixtures are explained.
The experimental technique to study the phase behavior is explained in detail. The
experimental demixing pressure data as well as different phase separation characteristics of
PDMS(OH)-CO; binary mixtures are demonstrated. Moreover, modeling of the bubble point

pressure data with Sanchez-Lacombe equation of state is also defined.



In chapter 5, the development of PDMS(OH)-silica aerogel composites by reactive
supercritical deposition is explained. The effects of different parameters such as polymer
concentration, temperature, deposition time and polymer molecular weight on the properties
of the composites are demonstrated. The properties of the developed composite materials
such as pore structure, hydrophobicity, mechanical durability and transparency are given in
detail.

Finally, in chapter 6, summary and conclusion of the overall study is given.



CHAPTER 2

SILICA AEROGELS

2.1 Synthesis of Silica Aerogels

Silica aerogels are nanostructured materials that have been attracting considerable attention
due to their unique and intriguing properties such as low density, transparency, high surface
area, high porosity and low thermal conductivity. Silica aerogels are produced as a result of a
two-step sol-gel process which is a complex chemical synthesis procedure. The sol-gel
process is generally used to describe any chemical process capable of producing ceramic
oxides from solution. In the two-step sol-gel process, there are five basic steps leading to
silica aerogel synthesis which are hydrolysis of the precursor compound, condensation of the
hydrolysis products, gelation, aging and supercritical drying [7].

Precursor compounds are the starting points of aerogel synthesis and thus have determinant
roles in the structure and properties of the final products. In the sol-gel process metal
alkoxide precursors are used which can vary in type depending on the metal and side groups
named as ligands. The general form of a metal precursor is M(OR) where M can be a silicon,
titanium, aluminum or a transition metal, R is an alkyl group, and x is the number of alkoxide
groups that the metal can have which determines the functionality and molecular
conformation of the precursor [1-2]. The most common alkyl groups are methyl and ethyl
groups, attached to the tetra—functional silicon atom. Thus, tetraethoxysilane (TEOS) and
tetramethoxysilane (TMOS) are the most well known silica aerogel precursor compounds
having the molecular formulas of Si(OC,Hs), and Si(OCHj3),, respectively. Figure 3 displays

the molecular structures of TEOS and TMOS precursors.

-OCH,
(Methoxy)

Figure 3 Molecular structures of TEOS and TMOS, respectively.



The silicon atom has four alkoxide groups tetrahedrally attached to it, making it tetra—
functional. The four alkoxide groups are evenly spaced in three dimensions, resulting in a
cancellation of dipole moments, thus resulting in a non—polar structure and immiscibility with
water. Therefore, in order for hydrolysis reactions to take place, a need for a co—solvent arises
with which both the precursor and water are miscible. The commonly used co—solvents are
the alcohols of the alkyl groups attached to the silicon, thus ethanol and methanol for TEOS
and TMOQOS, respectively. The co—solvents provide good miscibility and homogenous mixing
of the precursor and water for hydrolysis reaction [1-2,9]. Furthermore, acid or base catalysts
are widely used in order to accelerate the hydrolysis and condensation reactions. Figure 4
displays a typical sol—gel route for silica aerogel production with two step acid—base catalysis.
Understanding the underlying chemistry of the sol-gel process is necessary for the
development of the aerogel hybrid materials. The following subsections provide such detailed

information about each step of the sol-gel process.

—_| Condensation

—— /Gelation
Ethanol i
wno NH,OH
Water
Solvent
Exchange | Aging
(Ethanol)

Supercritical
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—
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Figure 4 Two step acid-base catalysis of silica aerogels.

2.1.1. Hydrolysis

Hydrolysis is the initial step of the sol—gel process which involves basically the hydrolysis of
the metal precursor, replacing the alkoxide groups (OR) with hydroxyl groups (OH). As
mentioned above, the addition of the co-solvent enables the formation of a homogenous

mixture of the precursor and water thus facilitates the hydrolysis reaction of the precursor
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molecule [1]. A general hydrolysis reaction scheme for a tetra—functional silica precursor is

displayed in Figure 5.

Hydrolysis:

EtO EtO

EtO— S —OEt 4 H,0 =P EtO—si —OH - EtOH

EtO EtO
TEOS Hydrolyzed Ethanol
TEOS

Figure 5 Hydrolysis reaction scheme for TEOS.

The hydrolysis reaction occurs by nucleophilic attack of the oxygen contained in water on the
silicon atom. This nucleophilic attack includes bimolecular nucleophilic displacement
reactions involving penta—coordinate intermediates or transition states [1]. The rate of the
hydrolysis reaction as well as the condensation reaction is intensively pH dependent which
can be observed from Figure 6 given below [4]. Strong pH dependency of the hydrolysis
reaction evokes utilization of catalysts in order to achieve rapid and complete reaction.
Depending on the catalysts used, the hydrolysis reactions can be attained in two different

ways; acid and base catalyzed hydrolysis.

Figure 6 pH dependencies of hydrolysis and condensation reaction rates [4].

The rate and extent of the hydrolysis reaction is mostly influenced by the strength and the
concentration of the acid or base catalyst utilized. It was reported that the mineral acids are
more effective catalysts than equivalent concentrations of base catalysts [1].



Besides pH and type of catalyst, the hydrolysis reaction is also influenced by steric and
inductive effects, water to silicon ratio, and solvent effects. Steric factors exert the greatest
effect on the hydrolytic stability of the precursor. The hydrolysis rate is mostly lowered by
bulky, branched alkoxide groups, which explains the retarded hydrolysis of TEOS compared
to TMOS. Moreover, although the increased water to silicon ratio seems to promote
hydrolysis, this increase reduces the condensation reaction rate thus causing an increase in the
gelation time since water is also the by—product of the condensation reaction. On the other
hand, the type and physicochemical properties of the solvent used such as polarity, dipole
moment, and viscosity are important as the solvent control the concentrations of silicate and

water that influence the gelation kinetics [1,9].

2.1.2. Condensation

Condensation is basically a polymerization reaction of hydrolyzed/unhydrolyzed silica
precursor species to form siloxane bonds. This polymerization reaction can occur in two
different ways, depending on the type of the product. In alcohol producing condensation
reaction an unhydrolyzed precursor molecule reacts with a hydrolyzed molecule, leading to a
leaving alcohol group. On the other hand, water producing condensation reaction occurs by
the reaction of two hydrolyzed precursor molecules [1-2]. The reaction schemes of these two

different condensation reactions are given in Figure 7.

Condensation:

EtO EtO EtO

EtO— s. s. —OFt <—> EtOOEt + H,0
EtO EtO
Hydrolyzed TEOS molecules Siloxane linkage
EtO EtO EtO

EtO— s| s. —OEt «—> EtOOEt + EtoH
EtO EtO

Figure 7 Alcohol and water producing condensation reactions.



Condensation step is the most complicated step of the sol—gel process as all the reactions are
reversible and occur simultaneously. Condensation is initiated during hydrolysis thus,
generally the siloxane bond formation starts before the hydrolysis reactions are completed,
which makes it even more complicated [1]. Similar to hydrolysis, condensation reactions also
have a strong pH dependency which can also be observed from Figure 6. According to Figure
6, there are two types of condensation reactions; acid and base catalyzed, although
condensation of silanols can proceed thermally without involving catalysts. The overall
condensation rate is minimized at about pH 1.5 and maximized at intermediate pH values
[1,4].

Condensation preferentially occurs between more highly condensed species and those less
highly condensed and somewhat neutral. This suggests that the rate of dimerization is low,
however, once dimers form, they react preferentially with monomers to form trimers, which
in turn react with monomers to form tetrameters. Further growth occurs by addition of lower
molecular weight species to more highly condensed species and aggregation of the condensed

species to form chains and networks [1].

The condensation reaction kinetics is influenced both by steric and inductive factors. Reduced
steric crowding in the transition state or on intermediate molecules enhances the condensation
kinetics, whereas the bulky groups attached to silicon retard the process. Furthermore, the

type of the solvent used is also effective in condensation kinetics similar to hydrolysis [1].

The type of the catalyst used during hydrolysis and condensation reactions has a great
influence on the microstructure of the solid network. For acid catalyzed reactions an open
network structure results initially, followed by further hydrolysis and co—condensation
reactions. On the other hand, in base catalyzed reactions highly cross—linked large sol
particles are initially obtained which eventually link to form gels with large pores formed
between the interconnected network particles [1,4-5]. Gel structures for acid and base

catalyzed reactions are displayed in Figure 8.

Acid-catalysed

Base-catalysed
gel

gel




Figure 8 Gel structures for acid and base catalyzed reactions [5].

The reverse reactions of alcohol and water condensation of siloxane bonds (alcoholysis and
hydrolysis) provide bond breakage and re-formation allowing continual restructuring of the
growing polymers. These reverse reactions also have pH dependency similar to condensation
reactions and they have determinant role in re-distribution of siloxane bonds and structuring
of the solid network [1].

2.1.3. Gelation

Gelation occurs when links form between colloidal sol particles that are produced as a result
of hydrolysis and condensation reactions. These links occur to such an extent that a giant
spanning cluster reaches across the containing vessel. At this point, although the mixture has a
high viscosity and it does not pour when the vessel is tipped, many sol particles are still
present as entrapped and entangled species in the spanning cluster. This initial gel has a high
viscosity but a low elasticity. There is no endotherm or exotherm, nor any discrete chemical
charge at the gel point, only the sudden increase in viscosity can be observed which is
illustrated in Figure 9 [1].

Following gelation, further cross—linking and chemical inclusion of isolated sol particles into
the spanning cluster continues, leading to an increase in the elasticity. The gelation time is
basically used as a measure of the overall condensation kinetics as it is inversely proportional

to the average condensation rate [1].

viscosity

concentration

time

gel point

Figure 9 Evolution of viscosity and Si—-O-Si as a function of time.
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2.1.4. Aging

After gelation occurs, the gelled samples, so called alcogels or wet gels, are aged in
appropriate solutions. Since the cross—linking of the network and structure evolution
continues after the gel point, aging is also a critical step of the sol—gel process. Aging process
can be controlled by varying the pH, temperature, pressure, and composition of the liquid
aging medium, and may thus be optimized. During aging, the structure and properties of the
alcogels are chemically and physically improved via evolutionary processes such as cross—
linking, syneresis, coarsening, ripening, and phase transformations [1,4-5].

During aging, a continuing gradual increase in the number of Q° and Q* species (silicon
attached via four oxygen links to three and four other silicon atoms) was observed with NMR
studies, due to cross—linking via condensation reactions of surface hydroxyl groups in the
pores. The net effects of these processes are stiffening and shrinkage of the alcogel. Shrinkage
occurs because new bonds are formed instead of weak interactions between the surface
hydroxyl and/or alkoxide groups. This shrinkage leads to expulsion of the liquid from the
pores of the gel, which is termed as syneresis [1]. However, syneresis can occur only in small
pores with diameter in the order of two hydroxyl or alkoxide molecular diameters. For larger
pores, these surface groups wouldn’t be at an appropriate distance to interact with each other.

Figure 10 illustrates syneresis during aging step of the sol—gel process.

H,0
H-0

w )

Figure 10 Syneresis during aging.

In coarsening and ripening, material dissolves from the surface of large particles and deposits
on the initially narrow “necks” which join particles to each other. These processes strengthen
the solid as well as leading to some evolution in pore sizes and shapes [1]. A schematic

representing the coarsening and ripening processes is illustrated in Figure 11.
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Figure 11 Coarsening and ripening during aging.

The final aging effect may be in the form of phase transformation. When gelation occurs very
quickly or several precursors of different miscibility with water are used, the porous alcogel
may contain isolated regions of unreacted precursor. On prolonged soaking in aging medium,
this material may react either completely or partially giving inclusions of material of different
structure and composition [1].

2.1.5. Drying

Drying is basically the removal of the liquid from the pores by replacing it with air and is one
of the most important steps of the sol-gel process. Due to the nanoporous structure of the gels
produced, drying is usually problematic since the removal of the filler liquid disrupts the pore
structure leading to modified material properties. The destruction of the pore structure during
drying occurs because of the capillary stresses produced in the pores due to the liquid-gas
phase boundary. This can lead to changes in pore size and shape, collapse of the pores, even
cracks in the macroscopic gel structure. This corruption is more significant in smaller pores
since the resulting capillary stresses are inversely proportional to the pore size [1,4-5]. Thus
ambient drying of the alcogels which is basically the evaporation of the liquid from the pores
causes remarkable shrinkage and enormous change in gel structure. The capillary pressure
effect which occurs during ambient drying is illustrated in Figure 12.

Ap1 < A[.ID2

i

==

N

I
N

‘ .

i

Crack 9

i

i

i

IR EE

i

Figure 12 Capillary pressure formed in the small pores during ambient drying.

In addition to ambient drying, freeze drying can also be used which is a more efficient
technique than the ambient drying since the liquid-gas phase boundary is avoided in freeze
drying. In freeze drying, the crystallization of the pore liquid is accomplished by rapid cooling
and the liquid crystals are drained from the pores via vacuum. However, one disadvantage of

freeze drying is that it requires long aging periods. Supercritical drying is the most efficient
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and harmless technique eliminating the phase boundary in the pores, and thus capillary
stresses. The wet gel having - most commonly - alcohol inside the pores, is contacted with the
solvent in the supercritical state. Upon this contact the pore fluid is dissolved in the
supercritical fluid forming a single phase binary mixture. The pore fluid is drained from the
pores by continuous flow of fresh supercritical fluid. Finally, the system is depressurized
resulting in a gaseous phase inside the pores. Since no phase boundary is experienced
throughout the process, the removal of the pore fluid is accomplished without damaging the
aerogel structure [4-5]. Being relatively nontoxic and cheap, CO, is the most widely utilized
solvent in supercritical drying processes, due to its good solvation power for alcohols, since
the pore liquid is usually an alcohol in the sol-gel process. Additionally, CO, has mild critical
conditions with a critical temperature of 304 K and a critical pressure of 74 bar which can

easily be attained.

2.2. Structure and Properties of Silica Aerogels

Silica aerogels are highly porous materials, consisting of up to more than 99% air and less
than 1% silicon dioxide. Aerogels were first created by Samuel Stephens Kistler in 1931 from
a gel by replacing the liquid part with gas [1-2]. Among various organic and inorganic
aerogels, silica aerogels are the most widely studied and utilized type of aerogels. They are
amorphous materials having a disordered molecular structure with tortuous paths through
their solid network [1]. Silica aerogels are mesoporous materials having pores in 2 - 50 nm
size range. The solid skeleton of silica aerogels are composed of so-called secondary silica
particles with sizes 5-10 nm that are arranged like random beads on a string. These secondary
particles are built up from primary silica particles which are formed from non-porous, dense
silica. The air-filled voids between the secondary particles are the so-called pores having
widths at nanometer scale. Figure 13 and Figure 14 display the structure of silica aerogels in
nano-scale. Silica aerogels possess unique properties that are listed in Table 1, most of which
arises because of their highly porous structure [3—7]. For instance, due to their high porosity
they have extremely high specific surface areas and low densities such that they are one of the
lightest solid materials derived so far. Furthermore, they have a monolithic structure meaning
that they can be produced in any shape and size. Another important property of silica aerogels
is their transparency. The light scattering property of aerogels varies basically with the solid
network and pore structures which can be tuned during synthesis with the type of precursors,
composition of the components, and processing conditions such as temperature. Hence,
transparent, translucent or opaque aerogels can be obtained for specific applications by
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changing the aforementioned variables [2]. Aerogels are materials that have the lowest
thermal conductivity values of any solid known so far. They have thermal conductivities even
lower than still air. Typical thermal conductivity values of silica aerogels vary in the range of
0.010-0.020 W/mK at ambient conditions [3—7]. Due to this unusual thermal property, silica
aerogels gained tremendous interest in thermal insulation applications. The fundamental
reasons for the low thermal conductivity of silica aerogels are described in the following

section.

Secondary Silica
Particles

Pores filled with
air

PrimarySilica
Particles

Figure 14 (a) SEM and (b) TEM images showing the pore characteristics of silica
aerogels.

Table 1 Properties of silica aerogels.

Property Value Comment

Density ~0.003g/cm” One of the lowest density solids [8]
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Porosity
Surface Area

80-99.8%
500-1200 m?/g

High porosity [8-9]
Determined by Nitrogen
Adsorption/Desorption (BET) [8-9]

Mean Pore Diameter 20-150 nm Mostly in mesoporous range [8]
Thermal Conductivity ~ 0.017-0.021 W/m.K High thermal insulation property[8-9]
Thermal Tolerance Up to 500 °C Shrinkage starts at 500°C and increases with
temperature. Melting point is 1200 °C [10]
Dielectric Constant 1.0-2.0 Low for a solid material [8]
Sound Velocity 100 m/s One of the lowest velocities for a solids[8]
Poisson’s Ratio 0.2 Independent of density, similar to the dense

Young’s Modulus

Index of refraction

Optical Property

0.002-100 MPa

~1.05
> 90%

silica [10]
Very small compared to dense silica
(10*MPa) [9]
Low for a solid material [8]

Transmittance Measurement at 630 nm [10]

One of the most important features of silica aerogels is that their properties can be tailored for
specific applications and thus silica aerogels have enormous number of application areas
expanding day by day such as acoustic insulation, catalyst support, optical applications, low
dielectric constant materials, batteries, etc [8]. Despite having numerous fascinating properties,
silica aerogels have one inadequate characteristic: they are highly brittle materials unable to
endure mechanical loads, which cause difficulties in processing and handling, and thus limit
their widespread use in various application fields. Due to the weak interactions between the
components of the solid silica network, aerogels are very fragile materials inadequate to bear
even small amount of mechanical loading. Therefore, even small cracks in the microstructure
damages the whole structure and makes production of monolithic and crack—free silica
aerogels highly challenging. However, these problems can be overcome by reinforcing silica
aerogels with polymers in such a way that monolithic, crack-free silica aerogels with
improved mechanical properties can be obtained. Some of the notable studies that attempted

to develop silica aerogel composites with polymers are explained in Section 2.4.
2.2.1. Heat Transfer in Aerogels

As stated previously, aerogels have gained special attention in the insulation applications due

to their superior insulating properties compared to conventional insulation materials.
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Therefore, the heat transfer phenomenon through aerogels has become a crucial topic for most
of the scientific studies as well as industrial applications. Some porous materials with
appreciably low thermal conductivities are listed in Table 2. Unlike continuous and single
phase materials, heat transfer is more complicated in aerogels, since the means of energy
transportation is altered according to the highly porous structure, and thus the classical heat
transfer theory is generally insufficient to be applicable. Understanding the fundamentals of
the transfer of heat in aerogels necessitates a detailed knowledge about the structure of the
material as well as how the porous structure affects the heat transfer mechanisms. In this
section, different mechanisms of heat transfer in aerogels will be reviewed and the effects of

structural parameters on these mechanisms will be briefly discussed.

Table 2 Thermal conductivities of some porous insulation materials at room

temperature.
Material Thermal Conductivity (W/mK)
Molded Polystyrene 0.034 [11](p = 19 kg/m®)

Extruded Polystyrene 0.032 (p = 28 kg/m®)
Injected Polystyrene 0.034 (p = 20 kg/m®)
Polyurethane board 0.023 (p = 28 kg/m®)
Glass fiber 0.035 (p = 30 kg/m®)
Rock wool 0.042 (p = 50 kg/m®)

Lightweight concrete 0.120 [11](p = 551 kg/m®)

Silica Aerogel 0.016 (p = 100-130 kg/m®)
Resorcinol Formaldehyde Aerogel 0.012 (p = 157 kg/m®)
Polyurea Aerogel 0.019 (p =118 kg/m°)

2.2.1.1. Mechanisms of Heat Transfer in Aerogels

The thermal insulation performance of a material is evaluated by its effective thermal
conductivity. Therefore it is crucial to be able to determine the total or effective thermal
conductivity of aerogels [12]. Thermal conductivity of a material is extracted by solving the
energy equation throughout the material however there have been various correlations

developed so far to obtain the thermal conductivity value in a more simplistic way.

The three major mechanisms by which heat can be transferred are conduction, convection and
radiation. However, for porous materials such as aerogels some of the components that

16



contribute to each of these mechanisms differ from that of homogenous media. For instance,
the flow of the gas molecules within the pores is suppressed due to the fine pore sizes (2-50
nm) of aerogels. Therefore, at ambient pressure, the contribution from convection approaches
to negligible values for the structures composed of pore sizes smaller than 1 mm [13]. As a
result, convection is not pronounced for aerogels. For the case of conduction, the transfer of
heat is achieved by phonon conduction of the solid matrix and the gas phase conduction that
emerges due to the collisions between the gas molecules and the pore walls. Heat transfer by
radiation is mainly attained by the scattering from the interfaces and the grain boundaries.
Figure 15 displays the schematic representation of different mechanisms of heat transfer in a
porous material which is built up of interconnected pores. All of these mechanisms are
considered to apply simultaneously that can be realized as parallel resistances in a circuit;
therefore the total thermal conductivity in aerogels is given as the sum of the aforementioned

terms:

Atotal = lsolid conduction + Agaseous conduction + Aradiation (2-1)

Heat Flow

Porous
Aerogel
Structure

Electronic & Phonon Conduction
=== Gas Phase Conduction
“== Knudsen Conduction

=== Radiation

Figure 15 Heat transfer mechanisms in a porous media.
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2.2.1.2. Solid Conduction

One of the terms that contribute to heat transfer by conduction is the solid conduction which
strongly depends on the structural parameters of the material such as density, porosity and the
intrinsic conductivity of the material that build up the solid network. The solid conductivity

term for a porous material can be given with a simple model by [14]:

1

A =20 (i) (2.2)

where A, is the solid conductivity, A0 is the intrinsic conductivity of the nonporous network
material, p and p, are densities of porous and nonporous forms of the material, respectively.
Fricke et.al. [15] and Hrubesh et.al. [16] derived a similar formula from Kkinetic theory to be

implemented for aerogels:

A = Ago (Paerogez) (vaerogel) (2.3)

Psioz Vsio2

Where, paeroger aNd psio, are the density of aerogel and silica, vgeroger and vgio, are the

longitudinal sound velocities in aerogel and bulk silica medium, respectively.
2.2.1.3. Gaseous Conduction

Another parameter that contributes to the conductive term of thermal conductivity is gaseous
conductivity which is governed by the Knudsen equation [14-15, 17-19].

_ lgng

97 (1+BKy) (24)

with, 4,40 is the thermal conductivity of free air, § is a gas parameter that considers the energy
transfer between the gas molecules and the solid matrix during the collisions (~2), V, is the
volume fraction of voids or porosity, and K,, is the Knudsen number. Knudsen number is a
characteristic parameter for the transfer of heat in porous media which describes the flow of
gas molecules. For K, > 1, the gas molecules are considered to obey the Knudsen flow in
which they collide mainly with the pore walls rather than each other. On the other hand, for
K, « 1, gas molecules behave like liquid, and thus they frequently collide with each other
[13]. Knudsen number is a function of the mean free path of the gas molecules, [;, and the

pore diameter, ¢, with the following equation [14-15, 17-19].
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K,=2 (2.5)

The mean free path term depends on the temperature and pressure, and at ambient conditions
it has a value of 60—70 nm for air. The highly porous structure of aerogels confines the gas
molecules within the pores since the average pore size is in a comparable range with the mean
free path of the gas molecules (2 to 50 nm). With this confinement, the collisions between the
gas molecules are restrained due to their restricted motion which results in a reduced K.
Therefore, the gaseous thermal conductivity is greatly reduced with fine pore sizes and solely
comprises the gas molecule—solid collisions, which is known as the Knudsen effect [13, 15,
17-19].

2.2.1.4. Radiation

For most materials, the heat transfer by radiation is generally ignored and its contribution to
the total thermal conductivity is neglected in the models. However, radiation term becomes
dominant at high temperatures. The contribution of radiation is also significant for porous
materials since it is affected by the scale of the pore structure and scattering by the interfaces
and the grain boundaries [20]. For optically thick materials, the heat transfer by radiation is
considered to be a local phenomenon and can be regarded as a diffusion process through a
homogenous medium. Under these circumstances, the radiative conductivity is governed by
the following formulation based on the Rosseland approximation [14, 19, 21-22].

__ 16 on?T3
T3 pe(T)

(2.6)

where, o is the Stephan—Boltzmann constant, n is the refractive index, T is the absolute
temperature, p is the density of the material and e(T) is the mass—specific extinction
coefficient which is obtained from the IR—optical measurements of spectral mass specific

extinction coefficient.
2.2.1.5. Parameters Controlling the Thermal Conductivity

There are some important structural parameters that influence the thermal conductivities of
aerogels according to the above equations. Among these parameters, porosity and density are
the two prominent factors that are inversely related and can be converted to one another by
using the formula given in Eqn. 2.9. Solid conductivity is directly related to the density and
porosity in Eqn. 2.2. With this relation, it can be realized that with increasing porosity and
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thus decreasing density, the amount of solid material is reduced, so is the solid conductivity of

the material.

A more direct relationship between the density and solid thermal conductivity was established
by Lu et.al. who proposed that the solid thermal conductivity scales with the density of the

material with the following relation [15, 23];
As = Cp® (2.7)

where the pre—factor C is expected to depend on the interconnectivity of the solid network and
the scaling exponent, a, was found to be approximately 1.5 for both silica and carbon aerogels
[15, 18, 21, 23-24].

From Eqgn. 2.4. and 2.5. it can be realized that for average pore sizes of ¢ > 140 nm the
gaseous conductivity becomes solely a function of the porosity, since the second term in
denominator of Eqn. 2.4. becomes negligible, and decreases when the porosity is decreased.
However, for values ¢p << 140 nm the second term in the denominator of Eqn. 2.4. cannot be
neglected. Indeed, it becomes dominant as the pore size decreases. Therefore, the gaseous
conductivity depends on both the porosity and the average pore size for that pore size range.
In that case, the reduction of gaseous thermal conductivity can be accomplished by reducing
both the porosity and the pore size [17]. The important point is that porosity can be decreased
by increasing the solid network content which in turn raises the solid thermal conductivity
contribution. On the other hand, decreasing the pore size does not have such an adverse effect,
hence the most effective way to reduce the thermal conductivity is considered to be the
synthesis of aerogels with very fine pore sizes [17]. It is obvious from these considerations
that the material density strongly affects the gaseous thermal conductivity term owing to its
direct relation to the porosity. In order to elucidate this effect, in 1992 Hiimmer et.al.
conducted thermal conductivity experiments with aerogels having definite densities, and

proposed the below correlation [15, 24-25].
Ag = Kp~0®° (2.8)
with parameter K considering the material properties.

It is clear with Egn. 2.7. and 2.8. that, the solid and gaseous thermal conductivities have

different dependencies on the material density. Hence the total thermal conductivity is

20



affected by material density according to a combinatorial effect of solid and gaseous thermal

conductivities which is shown in Figure 16.

Besides the structural parameters, temperature and pressure also have influence on the thermal
conductivity. Temperature dependency of the total thermal conductivity majorly arises from
the radiative contribution, especially for the materials where the heat transfer by radiation
plays a significant role. This dominant dependency can be realized from the third power of the
temperature term in Eqgn. 2.6. [26]. The mass—specific extinction coefficient in the
denominator of Eqgn. 2.6. also has a temperature dependency, which becomes negligible when
compared to the temperature term in the numerator. Moreover, temperature affects the mean
free path of the gas molecules that is employed for the calculation of the Knudsen number in
Eqgn. 2.5. The relation between the mean free path and temperature in fact originates from the
kinetic theory of gases and the formulation can be found elsewhere. Combination of all of
these effects results in a complex temperature dependency of the total thermal conductivity
[27]. For optically thick materials such as carbon aerogels, the effect of the temperature
increase on total thermal conductivity is insignificant due to the small contribution of the
radiative term. However, for silica aerogels the contribution of the radiative term becomes

significant and thus the temperature dependency of the total thermal conductivity.

Pressure is another determinant parameter for the total thermal conductivity, as the
contribution of gaseous conduction is also influenced by pressure, since the mean free path of

the gas molecules depends on pressure, as well, from the kinetic theory of gases.
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Figure 16 Variation of total thermal conductivity, A; (m), calculated radiative thermal
conductivity, A, (—), gaseous conductivity, Aq (@), and solid conductivity, A; (A) of
Risolcinol Formaldehyde (RF) aerogels with density [38].

With the above considerations, it can be realized that the density of the aerogel is the major
parameter that controls the total or effective thermal conductivity. It has a determinant role for
the amount of gas molecules inside the pores and thus the gaseous conductivity due to the
direct relation with the porosity of the aerogel. Different mechanisms of heat transfer that
contribute to the total thermal conductivity exhibit different dependencies on density. The
solid conduction term increases with increasing density, since increasing density implies
additional solid content. On the other hand, increasing density causes a reduction of gaseous
conduction term owing to the decreasing porosity. Entire of these coupling effects yield in a
complex behavior of total thermal conductivity which is depicted in Figure 16.

2.3. Composites of Silica Aerogels

One way to improve the mechanical properties of silica aerogels is the development of
composites with polymers which can be achieved by somehow incorporating an organic or
inorganic polymer into the silica framework. Some of the recent studies on polymer-silica
aerogel composites reported so far, utilized trialkoxysiyly terminated polyoxyethylene (POE)
[12-13], poly(vinylalcohol) (PVA) [14-15], poly(hexamethylene di-isocyanate) (di—I1SO)
[16-17], polymethylcyano acrylate, polyvinylacetate (PVAc) [15], polymethylmetacrylate
(PMMA) [15], polypropylene oxide (PPO) [15], polyethylene—polyethylene glycol (PEPEG)
[18], polydimethysiloxane (PDMS) [12, 19-21], and polymethylhydrosiloxane (PMHS) [22]
as the polymer phase. In the synthesis of silica aerogel-polymer hybrid materials there are
several critical factors such as polymer-to-precursor ratio, chemical structure of the polymer,
chain length of the polymer, the stage that the polymer is incorporated into the silica aerogel,

duration of treatment, temperature and pressure which affects the final product characteristics.

There are different routes that can be followed for the incorporation of a polymer into the
aerogel structure. One way is to add the polymer to the sol mixture before the gelation occurs,
i.e. during the hydrolysis or condensation steps of the sol-gel process. Composites of silica
aerogels with poly(2-vinylpyridine) [28], syndiotactic polystyrene (sPS) [29] and
polyethylene glycol (PEG) [30] constitute some examples to this technique where the gelation
of the precursor molecules occur in the presence of the polymers chains. By this way, the
polymer chains are distributed between the silica particles which make-up the network

resulting in a composite material with a silica phase and a polymer phase.
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An alternative route involves the reaction of the polymer molecules with the surface groups of
the silica aerogel which is carried out after the formation of the solid gel network. The
hydroxyl groups of the native silica aerogel surface can in principle participate in such
reactions. A more commonly used method is to functionalize the aerogel surface with specific
chemical groups. The surface functionalization procedure can be performed during the
synthesis by adding the appropriate agents into the reactant mixture, or can be carried out as a
post-gelation treatment by utilizing surface —OH groups of the already formed silica network.
Once attached, the functional surface groups constitute active sites for further reactions and
are used for the attachment of the polymers. Thus far, there have been many studies on the
modification of the silica aerogel surface with various silane based compounds having
different functionalities. For instance, amine groups have been introduced to the silica aerogel
surface by co-condensation of TEOS or TMOS with bis(trimethoxysilylpropyl)amine
(BTMSPA) [31], and 3-aminopropyltriethoxysilane (APTES) [32-34]. These amine groups
have further been employed for the reactions with isocyanates to yield a coating of polyurea
on the aerogel surface. As an alternative method for the coating of the silica network with
polyurea, the surface —OH groups have been directly employed after the gelation step for the
binding of di- or tri- isocyanates [35-36]. Additionally, amine functionalized silica gel
surfaces have also been reacted with different epoxy compounds to yield epoxy reinforced
materials [32-33, 37]. In all these cases, the polymers coat the surface of the silica particles
which make up the silica aerogel network. Such conformal coatings were also achieved with
polycyanoacrylates [38-40], polystyrene [34, 41-43], polymethylmethacrylate [44] and
polyvinyl alcohol [45] by utilizing native or functionalized gel surfaces.

As a third alternative, polymers can be added to the reactant mixture during the synthesis and
can directly participate in the co-condensation reactions with the hydrolyzed precursor
molecules. This method requires specific polymers that can undergo co-condensation
reactions with —OH groups of the hydrolyzed silane precursors. PDMS with hydroxyl end
groups (PDMS(OH)) is one of the rare polymers that can participate in such reactions. Kramer
et.al. synthesized a composite of PDMS(OH) with silica aerogel for the first time by reacting
the polymer with the hydrolyzed TEOS molecules [46]. After the supercritical extraction of
ethanol from the pores, an aerogel composite also termed as “aeromosil” was obtained. The
aeromosil had a polymer content up to 20 wt% with improved mechanical properties,
however had an opaque appearance. Being a water-insoluble polymer, PDMS is quite

incompatible with the conventional sol mixture (ethanol, water and TEQOS) for synthesis of
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silica aerogels and the addition of the polymer into this mixture causes immiscibility. The
immiscibility between the polymer molecules and the sol mixture results in composites with
two different phases; silica gel network and polymer aggregates. The clusters of polymer
molecules form additional scattering centers in the aerogel and thus lead to opaque materials.
Eventually non-homogenous composites are formed with poor optical properties [47-48]. This
incompatibility can be overcome somewhat by eliminating the water from the reactant
mixture. Following a similar route, Jespersen et.al. produced aeromosils having up to 75%
PDMS(OH) content by direct synthesis in scCO, without any water [49].

So far, PDMS(OH) as well as epoxy—PDMS have been extensively studied in sol—gel process.
Most of these studies correspond to incorporation of PDMS into the xerogels which are sol—
gel products obtained with ambient drying. There are only few studies associated with the
PDMS-incorporated silica aerogels. In the study of de la Rosa—Fox et al., PDMS(OH)/TEOS
aerogels were derived via high—power—ultrasound-assisted reactions and the mechanical
behavior and modifications made to the microstructure were investigated. Their results
revealed phase separation between the tough silica matrix and the elastic polymer chains.
They also observed micro cracks in the pores of the synthesized composites [19]. The phase
separation probably originated from the lack of co—solvent usage in their synthesis procedure.
The effect of co—solvent is dramatic in sol-gel synthesis since it enables homogenous mixing
of the precursor, water and PDMS, and thus prevents phase separation. In another study, Luis
Esquivias et al. synthesized OH-PDMS/TEQOS aerogels to study the bioactivity of these
hybrids. They used ultrasound mixing in order to ensure homogenous mixing of the solution,
avoid cyclidation of chains and increase its cross linking. However, they also observed
heterogeneities in their structures and low branched network [20]. Similar to the previous
study, these heterogeneities were probably caused by the lack of co-solvent during the
synthesis. Moreover, the composites they synthesized had a molar ratio of TEOS/DMS=1.05
which corresponds to a very high polymer content. It was reported in xerogel studies that
when the polymer content is increased above the molar ratio of TEOS/DMS=2.5, achieving a
homogenous mixture of precursor and polymer becomes harder, and thus the phase separation
is inevitable. In all the aforementioned studies ethanol was used as the supercritical drying

medium.

A significant contribution in this area was carried out by ASPEN aerogels. They synthesized
OH-PDMS as well as epoxy—PDMS-based aerogels and investigated the transparency,

shrinkage, thermal conductivity and mechanical properties of the derived composites. They
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utilized a partially hydrolyzed silica source as a precursor and HF as acid catalyst. They
performed two different synthesis procedures; one was carried out at room temperature and
the other was at 70 °C. They examined the effects of processing routes, aging solution, PDMS
ratio, and PDMS molecular weight on the aforementioned properties of the derived
composites. Higher density aerogel hybrids made with OH-PDMS and epoxy—PDMS showed
higher maximum flexural strengths and strains than pure silica aerogels due to the effects
resulting from bonding between PDMS and the silica precursor. However, for composites
with higher molecular weight PDMS, they observed a decrease in flexural strain due to phase
separation between PDMS and the silica precursor, caused by the lower solubility of PDMS.
Additionally, with increasing molecular weight of PDMS, the transparency of the hybrids
decreased, although the thermal conductivity value didn’t have a remarkable alteration

compared to the pure silica aerogel [12].

A novel route that can be followed for the processing of composites of silica aerogels is the
Reactive Supercritical Deposition Technique (RSCD) with scCO,. One requirement for this
technique is that, the polymer that is used in the development of composites should be soluble
in scCO,. Among others, silane-based compounds are known to have appreciable solubilities
in scCO; [50-54]. In fact, thus far many silane-based agents dissolved in scCO, have been
extensively employed in surface modification applications, the name of the technique being
Silylation from scCO,. In addition to silane-based compounds, substantial solubilities of
silane-based polymers in scCO, allow for exploitation of silylation to develop composites of

silica aerogels.

2.4. Silylation from Supercritical CO;

Surface modification is frequently used in many fields to bring new physical, chemical and/or
biological characteristics to the surfaces. Different methods can be employed for the
modification of surfaces to alter a wide range of functional properties such as roughness,
hydrophilicity, surface charge, surface energy, electronic, magnetic, mechanical properties,
corrosion resistant properties, biological functionality and reactivity. One prominent
requirement for the surface modification applications is the uniformity of the introduced
characteristics throughout the surfaces or at a desired region in the case of graded surfaces,
which can be accomplished merely by a controlled process. However, achieving homogenous
surface characteristics after the modification is the biggest challenge for the conventional

techniques. scCO, based techniques come into play when the control over the process is of
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interest. It is well known that deposition or impregnation processes that were carried out using
scCO; provides uniform distribution as well as easy control since the final material properties
can be fine-tuned by simply adjusting the processing parameters such as pressure and/or
temperature when scCO, processes are employed. More importantly, high solubilities of
silane-based compounds in scCO, pave the way for silane-scCO, mixtures to be easily
employed in surface modification. Thus far, such systems have been frequently utilized in
several studies related to diverse research areas.

Being one of the most frequently employed surface modification techniques silylation is
exploited to bring novel functionalities to the materials. Silylation agents are extensively
utilized in paints and adhesives to improve transparency and adhesion to inorganic substrates,
and to reduce viscosity [55]. They are also essential for semiconductor encapsulants and flat-
panel displays in electrical applications. In the automotive sector, silylation is utilized for the
development of silica reinforced tires, high molecular weight rubbers, highly weatherable
paints and new types of materials. In addition, silylation agents are frequently used in energy
applications to manufacture encapsulating resins for solar panels and hybrid materials for use
in wind power systems. Recently, the utilization of silane reagents in construction sector
gained increased attention. Silylation reagents were started to be used in paints and plasters to
impose water repellant property and to improve the durability of exterior walls and
infrastructure of buildings [55]. The diversity of the research and application areas as well as
the properties that can be introduced to the materials demonstrates the role and importance of

the silylation process nowadays.

Silylation is carried out by contacting a surface with a silane based reagent containing reactive
groups that have the ability to form stable bonds with the organic and inorganic materials.
During the contact, silane agents react with the surface groups which results in the attachment
of silicon containing functional groups to the surface. There are conventionally two different
routes that are followed for silylating a surface. First route is to expose the surface to the
vapor of silane reagent at high temperatures [56]. One requirement for this technique is that
the silylation agent should have a high vapor pressure at the working temperatures. Hence, the
vapor phase treatment is limited to volatile organosilanes. The second route is the
modification from the liquid phase which is performed by contacting the surface with a liquid
solution of the silylation agent. This technique is usually employed at low temperatures which
can be advantageous in terms of energy savings. However, at these low temperatures there is

usually no direct reaction between the silylation agent and the surface groups [57-58]. During
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the indirect route self-polymerization can occur between the organosilanol molecules before
reaching and reacting with the surface groups which reduces the effectiveness of the
technique and gives rise to non-uniform surfaces. The competition between the surface
reaction and self-polymerization is dictated by various factors including type of solvent and
organosilane, working temperature and the amount of water adsorbed on the surface which

results in poor control of the modification process and makes it even more complicated.

Regardless of the technique employed, the underlying mechanism for silylating a surface is
the same. Silanes, especially organosilanes of the form R,SiX,., is generally employed as
reagents, where R is the non-hydrolysable organic group that possess the functionality and X
is a hydrolysable group i.e. halogen, alkoxy, acyloxy or amine [59-60]. In the case of X group
being a halogen or an amine, the silane reagent can readily react with the surface hydroxyl
groups of the substrates whereas a priori hydrolysis reaction is required for alkoxy and
acyloxy groups. Water, either adsorbed on the surface or present at trace amounts in the silane
solution, can be used to convert the alkoxy or acyloxy organosilane to reactive organosilanol
which then reacts with the appropriate surface groups of the material to be modified. As a
result of these reactions covalent attachment of the organosilane to the surface is achieved
where the organic group, R, extends from the surface and imparts the desired functionality to
the surface [56, 59-60]. The type of the R group determines the final physical and chemical
properties of the surface, and thus silylation agent should be selected considering the desired

material properties.

It was mentioned previously that the main advantages of silylation from scCO, over
conventional techniques is the high and fast penetration provided by the low viscosity and
high diffusion coefficients which result in enhanced mass transfer rates. The viscosity and
diffusion coefficient is closely related to the solubility of the silylation reagent in scCO, at a
specific temperature and pressure. With increasing solubility, the amount of silane dissolved
in a certain amount of scCO; at a specific temperature and pressure increases which raises the
density and viscosity of the mixture resulting in decreased diffusion coefficient. Moreover,
increasing the molecular weight of the silane also affects the mass transfer rate by influencing
the diffusion coefficient. In addition, temperature also affects the mass transfer rates by
altering the diffusion coefficient and viscosity. Increasing temperature decreases the viscosity
while increasing the diffusion coefficient. The temperature dependency of the diffusion
coefficient can be simply explained by Stokes-Einstein equation. Besides, pressure of the

system also has a significant effect on mass transfer, such that increasing pressure decreases
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the mass transfer rates by increasing the density. Regarding these effects, it is apparent that
temperature, pressure, the solubility of silane reagents in scCO, as well as their molecular
weights influences the mass transfer rates by affecting the diffusion coefficients.

When the surface reaction rates are considered, the most important parameters become the
reactivity of the silane against the surface, temperature, solubility and concentration of the
silane in scCO,. The reactive groups of the silanes are of prominent importance and the
reactivity of silylating reagents varies depending on the functional groups they possess.
Hydroxyl groups are the most reactive moieties followed by phenol, carboxyl, amino and
mercapto groups as shown in Figure 17 [55]. Moreover, the chemistry of the substrate surface
is also crucial for the effectiveness of the silylation of the surfaces. The effectiveness of
silylation reagents on different substrates are summarized in Figure 18 [60]. In addition, the
concentration of the silane in scCO, also affects the rate of surface reaction. From the kinetic
point of view, a rate of a reaction depends on the concentration of the reactants and the effect
of concentration on reaction rate is determined by the order of reaction on reactants. However
in a simplistic view, one can say that with increasing concentration, the probability of the
silane molecules coming across the surface groups to react increases. Moreover, it is well
known that the reaction rate constant has an Arrhenius type dependency on temperature, that
is, with increasing temperature the rate constant increases exponentially. However, the effect
of temperature also depends on the energetic characteristics of the surface reaction. Therefore
it should be taken into consideration whether the surface reaction is endothermic or

exothermic.

R—OH > Aromatic—OH > —-CO,H > —-NH > -CONH > -SH

Figure 17 Reactivity of silylating agents containing different functional groups [55]
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SUBSTRATES
EXCELLENT  Silica
Quartz
Glass
Aluminum (AIO(OH))
Alumino-Silicates (e.g. clays)
Silicon
Copper
Tin (SnO)
Talc
Inorganic Oxides (e.g. Fe,03, TiO,, Cr,0,)
Steel, Iron
Asbestos
Nickel
Zinc
Lead
Marble, Chalk (CaCO,;)
Gypsum (CaSO,)
Barytes (BaSO,)
Graphite
Carbon Black

Figure 18 Effectiveness of silylation agents on inorganic materials [60]

Modification of the surface chemistry of porous materials has always been challenging when
conventional vapor or liquid phase treatments are employed. The diffusion and homogenous
distribution of the molecules on the surfaces is precluded due to the fine pore sizes which
forms the major limitations of the conventional processes. Deposition of the modifying agents
from scCO; is considered as an alternative route which eliminates such drawbacks of the
conventional techniques. More importantly, for some porous materials such as aerogels,
utilization of scCO, based surface modification eliminates the possible damages in the porous
structure that originate from the surface tension occurring at the vapor-liquid phase boundary,
therefore the original porous structure can be retained after the surface modification.

During the silylation of surfaces of porous materials, such as aerogels, there are few basic
steps that are followed; the silane molecules first dissolve in scCO,, the binary mixture of

silane-CO; then diffuses through the pores and reaches to the reaction site on the surface, and
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finally the silane reacts with surface groups of the material. These steps can be generalized as
the dissolution, mass transfer and surface reaction and are represented schematically in Figure
19. In the case of nonporous materials, the diffusion step is eliminated since there is no
tortuous path for the molecules to diffuse through and as a result the mass transfer step
reduces to only external mass transfer which is the transfer from bulk fluid to the surface.
Elimination of the diffusion simplifies the overall process steps for nonporous materials.
Although the mechanism of silylation is not fully understood, it is well known that the mass
transfer and reaction rates govern the overall surface modification process. The overall rate of
the silylation process is determined by the slowest step, namely, rate limiting step which can
be either diffusion or surface reaction. The time needed to achieve a desired level of silylation
thereof can be identified considering the rate limiting step. There are several factors that affect
the mass transfer and reaction rates to some extent, the most important ones being solubility
of the silane in scCO,, molecular weight and the functional groups of the silane, concentration,

temperature and pressure.

2. Exposure

1. Dissolution

Silane Reagent
disselved in
5¢CO;

C0, —

Silane Reagent
—) dissolved in

scCOy Porous Material
Silane Reagent
R Silane-CO; mixture
T.P and concentration are
determined according to the phase -
behavior studies

3. Mass Transfer

Transfer of silane&CO, from the
mixture to the outer surface of the
material

Silane-CO, mixture | _ .-~
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4. Surface Reaction

Si CcO,
cO, R P X,‘_n 5

~=a

CO, co, CcO,

—8i~

—Si~ . Co,

bzl
b

b

Xin

Diffusion of silane&CO,; to the
surface inside the pores

M: Metal R: Organic group
0: Oxygen X: Hydrolysable group,
MO,: Metal Oxide ie. halogen, alkoxy, amine

Figure 19 Fundamental steps of silylation of porous materials with scCO,

Silica aerogels consist of interlinked tetrahedral SiO4 groups and at the pore surface, the
structure can terminate in either Si—O-Si groups with the oxygen link pointing to the surface,
or in several types of Si—-OH groups. The polarity and reactivity of aerogels largely depends
on the ability of these groups to interact with each other by the formation of hydrogen bonds.
Due to the presence of these surface hydroxyl groups, aerogels are inherently produced as
hydrophilic materials. However, their hydrophilic nature is generally considered as a
drawback since to the adsorption of water vapor on the surface destroys the porous structure
and limits the life time. Modification of silica aerogel surface with suitable silane-based
agents can be achieved rendering them hydrophobic. Moreover, the surface of aerogels can
also be silylated in such a way that appropriate chemical groups for specific applications such
as catalysis can be attached to the surface [1-2].

There have been few studies aiming to adjust the surface chemistry of silica aerogels to render
them hydrophobic. In 2010, Kartal and Erkey demonstrated that hydrophobic silica aerogels
can be obtained by the reactive deposition of hexamethyldisilizane (HMDS) from scCO, [61].
The modification of surface chemistry was achieved by the reaction of surface —OH groups of
silica aerogel with trimethylsilyl (Si(CHs)s) groups of HMDS which resulted in 130° contact
angels. A similar surface modification study was carried out by the deposition of
trimethylethoxysilane (TMES), octyltriethoxysilane (OTES) and chlorotrimethylsilane
(CTMS) from scCO, [62]. It was revealed by the authors that with varying the silylation agent
and deposition conditions such as pressure, it is possible to control degree of functionalization

which allows for gradual variation of hydrophobicity.
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Considering substantial solubilities of silane-based polymers in scCO,, high reactivity of -OH
groups of silane agents and effective silylation of silica surfaces, RSCD technique emerges as
a very promising technique also for the development of composites of silica aerogels with

silicon-based polymers.

2.5. Characterization Techniques

The mass uptakes of all the aerogel composites that were produced by RSCD technique were
determined gravimetrically by weighing the samples before and after the deposition. For
calculations to be precise each weighing was performed five times and the average of the five

values was taken into account.

2.5.1. Bulk Density, Porosity and Volumetric Shrinkage

The bulk densities of the composites were calculated by simply dividing the mass of the

aerogel by its volume.

The dimensions of the samples in the alcogel or aerogel conditions are measured with the help

of a caliper for most accurate results.

The porosity of the aerogels was calculated based on the following equation where psio, Was
the density of pure silica (2.19 g/cm®) and Paerogel Was the bulk density of the aerogel.

Porosity (%) = Psio2"Paerogel , 1)) (2.9)

Psioz

The volume shrinkage of the composites was calculated by comparing the volumes before
(labeled as alcogel) and the after the supercritical drying (labeled as aerogel). The volume
shrinkage can be obtained as follows:

AV(%) — (Valcogel_vaerogel) % 100 (210)

Valcogel

2.5.2. Pore Structure Characteristics with N, Adsorption/Desorption

The pore properties of the samples were determined by N, adsorption—desorption
measurements by using Micromeritics ASAP 2020 instrument (Figure 20). Prior to the
analysis the samples were degassed at 353 K under vacuum for the removal of the impurities
from the surface. During the analysis N, was adsorbed on the surface of the samples at 77 K
by increasing the N, dosing at each step up to 1 relative pressure (P/P°). Following the
adsorption, the desorption of N, was performed by decreasing the N, dosage and as a result
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adsorption-desorption isotherms of the aerogel samples were obtained. The surface areas of
the samples were determined with Brunauer—Emmett—Teller (BET) method which is an
extended form of Langmuir’s kinetic theory to multilayer adsorption [63]. The pore volumes
and pore size distributions were determined with Barrett-Joyner—Halenda (BJH) method from

the N, adsorption—desorption isotherms.

Figure 20 Micromeritics ASAP 2020 N2 adsorption-desorption analysis system; (A)
analysis dewar; (B) sample tube; (C) analysis port; (D) degas dewar; (E) heating jacket;
(F) degas ports.

2.5.3. Chemical Composition with ATR-FTIR

Thermo Scientific Nicolet Avatar 360 E.S.P. FTIR spectrophotometer with Horizontal
Attenuated Total Internal Reflectance (ATR) Accessory (Figure 21) was employed to
investigate the chemical composition of the samples. Infrared Radiation spectroscopy is used

to identify the chemical structure and composition of a sample by measuring the light
absorbed by different types of vibrations in molecules.

A small piece of sample is placed between a crystal of high refractive index and a clamp
constructed of a metal tip. The infrared radiation is sent through the crystal towards the
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sample at a specified angle for total reflection. The radiation beam can only penetrate into the
sample a few wavelengths of light such as between 0.5 to 2.0 microns. During this penetration,
the chemical bonds of the sample absorb some of the beam. The attenuated reflected beam is

directed towards the detector that would result in the IR spectra of the sample.

Sample in contact \

/ \

/ with evanescent wave \

Infrared \ ATR

Beam Crystal

To Detector

Figure 21 Thermo Scientific Nicolet Avatar ATR system

2.5.5. Transparency with UV-VIS

UV-VIS Spectrophotometer with integrating sphere apparatus that is displayed in Figure 22
was used for the analysis of transparency of the aerogels. The Integrating sphere system is
composed of UV-VIS-NIR light source, sample holder, detector at the center of the system,
two BaSO4 powder to reflect the incoming light and reference beam (Figure 23). Analysis
range was 200 nm-900 nm. Scan speed was arranged as medium. Sampling interval (nm) was
set as 1.0 and auto mode is selected for sampling mode. Measuring mode was always
transmittance and slit width was selected as 20 nm. External 2 detector (Not direct) was

selected for detector unit.
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In order to determine haze value or transparency ratio of a sample, both total and diffuse
transmittances should be analyzed by following three consecutive steps. First measurement
was performed without sample for baseline correction (Figure 24(A)). After baseline
correction, sample was placed inside the integrating sphere and total transmittance was
measured (Figure 24(B)). For diffuse transmittance, BaSO4 | was removed from the
integrating sphere and only forward scattered light was measured (Figure 24(C)). Ratio of
diffuse to total transmittance gives haze value for the measured aerogel samples (Eqgn. 2.11).

Dif fuse Transmittance
Haze =

x 100 (2.11)

Total Transmittance

__ Total Transmittance—Dif fuse Transmittance

Transparency Ratio = 1 — Haze = x 100 (2.12)

Total Transmittance

Figure 22 (1) Shimadzu UV-VIS Spectrophotometer with (2) BaSO, powder and
(3)integrating sphere system
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Figure 23 Components of integrating sphere apparatus.
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Figure 24 Methodology for transparency measurements; (A) baseline correction; (B)
total transmittance measurement; and (C) diffuse transmittance measurement.
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2.5.6. Mechanical Properties with Dynamic Mechanical Analyzer (DMA)

Mechanical properties of the aerogels were determined with Thermal Analysis (TA)
Instruments Dynamic Mechanical Analyzer (DMA) Q800 instrument (Figure 25) which is a
highly sophisticated equipment with several measuring modes such as 3-point bending,
tension, shear and compression. Due to the size limitations of the samples compression mode
of DMA was employed and compression tests of the aerogel samples were carried out. The
small cylindrical samples of 1 cm diameter and 0.8 cm height were used in the tests. The
samples were compressed with a rate of 1IN/min up to 18 N of maximum load. During the
compression, parameters such as displacement, static force, stress, strain, stiffness and
relaxation modulus were recorded. Stress-strain curves of the samples were obtained and the
compression modulus of each sample was calculated. At strains below 10%, the compression

modulus can be obtained from the slope of plots of = versus (A — 172) [64].
T=G6GA—-172) (2.13)

where 7 is the applied stress and A is the ratio of the deformed length over undeformed length.

Figure 25 Thermal Analysis (TA) Instruments Dynamic Mechanical Analyzer (DMA)
Q800 instrument.
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2.5.7. Hydrophobicity

The contact angle measurements of the deposited samples were performed with Kriiss contact
angle measuring system (Kriiss G10) by placing a droplet of triple distilled de—ionized water
on the samples. The images of water droplets on aerogel samples were recorded and from

those images the contact angles were determined by using MB-Ruler software.
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CHAPTER 3

PDMS(OH)-SILICA AEROGEL COMPOSITES BY MODIFICATION OF THE SOL-
GEL PROCESS

3.1. Introduction

Composites of silica aerogels were developed with the purpose of obtaining monolithic,
crack-free, transparent and mechanically durable nanostructured materials to be used as core
insulation materials in transparent VIPs. The first route that was followed for the development
of composites of silica aerogels was the modification of the conventional two-step sol-gel
process. Two different polymers were used; hydroxyl terminated poly(dimethylsiloxane)
(PDMS(OH)) and bis(hydroxyalkyl) terminated poly(dimethylsiloxane) (PDMS-
bis(alkylOH)), and the composites of silica aerogels with these polymers were derived. The
polymers were incorporated at different stages of the sol-gel process that is displayed in
Figure 4. The effects of parameters such as polymer-to-precursor ratio, aging conditions and
type of co-solvent on the monolithic form, transparency, homogeneity, mechanical strength

and pore structure of the aerogels were investigated.

3.2. Experimental Methodology

3.2.1. Synthesis of Native Silica Aerogels

Native silica aerogels were synthesized with the standard two-step sol-gel process by using
tetraethylorthosilicate (TEOS) as the silica source, ethanol (EtOH) as the co-solvent,
hydrochloric acid (HCI) as the acid catalyst and ammonium hydroxide (NH,OH) as the base
catalyst. The processing steps are displayed in Figure 4 in Chapter 2. The mass ratios of
TEOS:H,O:EtOH utilized in the synthesis was 1:0.34:1. During the hydrolysis step, the
precursor — TEOS — was hydrolyzed with water in the presence of ethanol as the co—solvent.
0.2 ml of 2M HCI solution was added as the acid catalyst in order to increase the rate of
hydrolysis reaction. After the addition of the acid catalyst, the sol mixture was stirred for 40
minutes for the completion of the hydrolysis reactions of the precursor molecules. Following
the hydrolysis step, 0.5 ml of 5% NH,OH in ethanol solution was added to the sol mixture as
the base catalyst to accelerate the condensation reactions. Following the addition of base

catalyst, the sol mixture was poured into the cylindrical syringe molds and sealed.
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Subsequently, gelation occurred in the molds at room temperature, within 5-10 minutes.
Following the gelation, aging of the wet gels was performed in order to replace the pore liquid
with pure ethanol before the supercritical drying. The aging of the gels was carried out by
immersion in equi—volume ethanol-water solution at 323.2 K for 24 h and then, in pure
ethanol at room temperature for 72 h. After the aging, the wet gels (alcogels) were dried with
supercritical CO, (scCO,) at 313.2 K and 88 bar.

3.2.2. PDMS(OH)-Silica Aerogel Composites with Standard Synthesis Procedure

PDMS does not have any solubility in water. However, it has partial solubility in ethanol.
Based on this information, initially, the composites of silica aerogels were developed by
following the standard sol-gel processing routes. Two different functionalized forms of
poly(dimethylsiloxane) (PDMS) were employed as the polymer phase: hydroxy-terminated
PDMS (PDMS(OH)) with 65 cSt viscosity (M, = 2750 g/mol) and bis(hydroxyalkyl)—
terminated PDMS (PDMS-bis(alkylOH)) with 100 cP viscosity (M, = 5600 g/mol). Figure 26
displays the chemical structures of these two polymers used in the synthesis.

(a) (b)

CH3
HO
HO+S|—~ }» H—S[— +S|— }—SlHOH
CH3 Hs CH3

n CHa

Figure 26 Molecular structures of (a) PDMS(OH) and (b) PDMS-bis(alkyl-OH).

Polymers were added to the sol mixture at two different stages during the synthesis: before
and after the hydrolysis of the precursor. The amount of polymer was varied from 0.1 gto 1 g.
For all of the samples, the gelation was observed to occur within 10 minutes after the base
catalyst addition and the wet gels were observed to be translucent before aging. The gels were
aged in the equi—volume solutions of ethanol and water at 323.2 K for 24 h. Subsequently,
washing with pure ethanol was carried out for 72 h. Following the aging step, the gels were
dried with scCO, at 313.2 K and 88 bar. Table 3 and Table 4 summarize the synthesis
conditions for the PDMS(OH)-silica aerogel and PDMS-bisalkyl(OH)-silica aerogel

composites, respectively.
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The opaque appearance of the aerogel composites was attributed to the insolubility of the
polymers in the sol mixture. It was stated previously that PDMS is not soluble in water
although, partially soluble in ethanol. Ethanol present in the sol mixture probably dissolved a
certain amount of polymer, however it was not enough to form a miscible mixture of PDMS

with water, which is non-solvent of the polymer.

Table 3 Synthesis conditions for PDMS(OH)-silica aerogel composites derived with the
standard sol—gel procedure.

Sample ID TEOS Appearance Addition of the
/PDMS(OH) after drying polymer
(9/9)
D1410-1-1 1/0.1 O-PS(nH) Before hydrolysis
D1410-2-1 1/0.1 O-H After hydrolysis
D2010-1-1 1/0.5 O-H After hydrolysis
D2010-2-1 1/1 O-H After hydrolysis

O: opaque, H: homogenous, PS: phase separated, nH: non-
homogenous

Table 4 Synthesis conditions for PDMS-bis(alkylOH)-silica aerogel composites derived
with the standard sol—gel procedure.

Sample ID TEOS /PDMS-bis(alkyl- Appearance Addition of the
OH) after drying polymer
(9/9)

D2210-1-1 1/0.1 O-H Before hydrolysis

D2210-2-1 1/0.1 O-H After hydrolysis

D2210-3-1 1/0.5 O-H Before hydrolysis

D2510-1-1 11 O-PS(nH) Before hydrolysis

O: opaque, H: homogenous, PS: phase separated, nH: non-homogenous

3.2.3. PDMS(OH)-Silica Aerogel Composites with THF as Co-solvent

Since using mixtures of ethanol and water were observed to lead to opaque aerogel
composites due to the insufficient solubility of polymer, the need for a good solvent of the
polymer emerged. Tetrahydrofuran (THF) is known to be a good solvent of PDMS and its
derivatives. Therefore, composites of silica aerogels with PDMS(OH) were developed by
employing THF as the co-solvent. Standard synthesis procedure was followed and
PDMS(OH) was included in the synthesis at two different stages: before and after the
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hydrolysis. Two different polymer amounts were used: 0.1 and 0.2 g. The amount of THF
added to the sol mixture was determined by drop—by—drop addition until a clear mixture was
obtained. The amount of THF needed to completely dissolve PDMS(OH) was observed to
increase with PDMS(OH) amount and decrease with ethanol amount. However, even for very
small polymer amounts, the amount of THF needed was significantly high. Additionally, the
presence of water and TEOS in the sol mixture was observed to decrease the solvent power of
THF for PDMS(OH). Due to these solubility reasons, the resulting sol mixtures had excess
amount of co—solvent which caused dilution effects. Table 5 summarizes the amounts of the
solvent, co-solvent, precursor and polymer together with the aging solution composition and

conditions.

The gelation of the solutions was observed to occur within 2 h at room temperature after the
addition of the base catalyst. The wet gels were observed to be transparent after the gelling in
the molds. However, the gels were very soft and weak for release from the molds. The
weakness of the wet gels was attributed to the dilution effect occurred due to the excess
amount of co—solvent. In addition, most of the composites were broken after the supercritical
drying. As a result, the strength of the gels was determined to be insufficient to retain the

monolithic structure.

Table 5 PDMS(OH)-silica aerogel composites synthesized with THF as the co—solvent.

Sample ID TEOS/PDMS(  H,O/EtOH/TH Aging sol’n Appearance Addition of
OH) F (9/9/9) (V%/v%0) after drying polymer
(9/9)
D1501-1-1 1/0.1 0.37/1.01/2.21 (E/W): 50/50, 50 °C O-H, Before hydrolysis
Broken
D1501-1-2 1/0.1 0.37/1.01/2.21 (T/W): 50/50, RT O-H, Before hydrolysis
Broken
D1501-2-1 1/0.1 0.34/1.0/2.5 (E/T): 50/50, RT O-H Before hydrolysis
D1501-2-2 1/0.1 0.34/1.0/2.5 (E/TIW): 33/33/33, RT O-H, Before hydrolysis
Broken
D1501-3-1 1/0.1 0.37/1.03/2.01 (E/W): 50/50, 50 °C O-H, After hydrolysis
Broken
D1501-3-2 1/0.1 0.37/1.03/2.01  (E/T/W): 33/33/33, RT O-H, After hydrolysis
Broken
D1601-1-1 1/0.2 0.36/1.0/2.5 (E/T/W): 44/44/13, RT O-H, Before hydrolysis
Broken
D1601-1-2 1/0.2 0.36/1.0/2.5 (E/T): 67/33, RT O-H Before hydrolysis
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D1601-1-3

D1601-2-1

D1601-2-2
D1601-2-3

D1601-2-4

1/0.2

1/0.2

1/0.2
1/0.2

1/0.2

0.36/1.0/2.5

0.39/1.01/2.5

0.39/1.01/2.5
0.39/1.01/2.5

0.39/1.01/2.5

(E/T): 33/67, RT

(E/T/W): 40/40/20, RT

(E/T): 67/33, RT
(E/T): 33/67, RT

(E/W): 80/20, 50 °C

O-H,
Broken
O-H,
Broken
O-H
O-H,
Broken
O-H,

Broken

Before hydrolysis

After hydrolysis

After hydrolysis
After hydrolysis

After hydrolysis

O: opaque, H: homogenous, E: ethanol, W: water, T: THF, RT: room temperature

For completion of the restructuring of the pores and strengthening of the wet gels, the gels

were kept in the molds overnight at room temperature after the gelation occurred. Table 6 lists

the synthesis conditions for the PDMS(OH)-silica aerogel composites obtained with

overnight gelation.

Furthermore, it was found that increasing the temperature of the gels enhanced the co—

condensation reactions ongoing in the pores and as a result strengthened the gels. Therefore,

additional experiments were performed at 323.2 K in autoclaves. Sol mixtures were poured

into the glass molds after the addition of the base catalyst and gels were kept at 323.2 K for 72

h. The wet gels were directly dried with scCO, without any aging step. Table 7 lists the

synthesis conditions for these aerogel composites.

Table 6 PDMS(OH)-silica aerogel composites synthesized with THF as co—solvent
(overnight gelation).

Sample ID TEOS/PDMS- H,O/EtOH/THF Aging sol’n Appearance Addition of
OH (9/9/9) (V%/v%0) after drying polymer
(9/9)

D2001-1-1 1.03/0.21 0.37/1.01/2.52 (E/T): 50/50, RT O-H Before hydrolysis

D2001-1-2 1.03/0.21 0.37/1.01/2.52 (E/T): 80/20, RT O-H Before hydrolysis

D2001-1-3 1.03/0.21 0.37/1.01/2.52 (E): 100, 50 °C O-H Before hydrolysis

D2001-2-1 1.05/0.21 0.34/1.0/2.52 (E/T): 50/50, RT O-H After hydrolysis

D2001-2-2 1.05/0.21 0.34/1.0/2.52 (E/T): 80/20, RT O-H After hydrolysis

D2001-2-3 1.05/0.21 0.34/1.0/2.52 (E): 100, 50 °C O-H After hydrolysis

D2001-2-4 1.05/0.21 0.34/1.0/2.52 (T): 100, RT O-H, After hydrolysis

Broken
D2701-2-1 1.03/0.05 0.35/0.9/1.1 (TIn): 100, RT Cracks Before hydrolysis

O: opaque, H: homogenous, E: ethanol, T: THF, TIn: toluene, RT: room temperature
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Table 7 PDMS(OH)-silica aerogel composites synthesized with THF as co—solvent
(gelation at 323.2 K, without aging).

Sample TEOS/PDMS(OH  H,O/EtOH/TH  Appearance Addition of

ID ) F (g/9/9) after drying polymer
(9/9)

D2101-1 1.01/0.1 0.33/1.03/2.12 Broken Before hydrolysis

D2101-2 1.05/0.12 0.36/0.52/2.55 O-H, Before hydrolysis
Broken

D0102-1 0.51/0.1 0.16/0.5/0.75 O-H, Before hydrolysis
Broken

D0102-2 1.0/0.05 0.2/0.29/0.71 TI-H Before hydrolysis

D0102-3 1.0/0.1 0.19/0.3/0.8 Broken Before hydrolysis

O: opaque, TIl: translucent, H: homogenous

3.2.4. PDMS(OH)-Silica Aerogel Composites with Toluene as Co-solvent

Toluene is another good solvent for PDMS and its derivatives. Therefore, toluene was also
included in the synthesis procedure as the co-solvent. Aerogel composites with
TEOS:PDMS(OH) weight ratio of 1:0.15 were synthesized. Toluene was added into the sol
mixture drop—by-drop until a clear solution was obtained. The necessary amount of toluene to
dissolve the polymer completely was observed to be less than the amount of THF, which
indicated that toluene has stronger solvent power against PDMS(OH) than THF. Table 8
displays the compositions used in the synthesis as well as appearance of the composites after

drying.

The gelation was observed to occur within 30 min at room temperature after the addition of
the base catalyst. The wet gels had transparent appearances before the supercritical drying.

Table 8 PDMS(OH)-silica aerogel composites synthesized with toluene as the co-solvent.

Sample ID TEOS/PDMS(O  H,O/EtOH/T Appearance Addition of the

H) In (9/9/9) after drying polymer
(9/9)
D2701-1-1 1.0/0.15 0.35/1.0/1.0 TI-H, Broken After hydrolysis
D2701-1-2 1.0/0.15 0.35/1.0/1.0 TI-H After hydrolysis

TI: translucent, H: homogenous, E: ethanol, T: THF, TIn: toluene, RT: room

temperature
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3.2.5. PDMS(OH)-Silica Aerogel Composites with THF and Toluene as Co-solvents

The composites of aerogels with PDMS(OH) were additionally derived by utilizing both THF
and toluene as the co-solvents. The polymer was added into the sol mixture before the
hydrolysis of the precursor, at a TEOS:PDMS(OH) mass ratio of around 1:0.1. Table 9 lists

the compositions used during the synthesis.

For the entire set of experiments, the gelation occurred within 1 h at room temperature.
However, the gels were left in the molds overnight in order to facilitate the completion of the
condensation reactions and strengthening the wet gels. The wet gels had cloudy appearances

before the supercritical drying.

Table 9 PDMS(OH)-silica aerogel composites synthesized with THF and toluene as the

co-solvents.
Sample ID TEOS/PDMS(OH)  H,O/EtOH/THF/T Aging sol’n Appearance  Addition of the
(9/9) In (v90) after drying polymer
(9/9/9/9)

D0102-4-1 0.99/0.11 0.33/0.8/0.8/0.7 (E): 100, RT TI/O-H, Before
Broken hydrolysis

D0102-4-2 0.99/0.11 0.33/0.8/0.8/0.7 (T): 100, RT TI/O-H Before
hydrolysis

D0102-4-3 0.99/0.11 0.33/0.8/0.8/0.7 (TIn): 100, RT O-H Before
hydrolysis

D0102-5-1 1.0/0.1 0.38/1.63/0.7/ 0.1 (E): 100, RT TI-H, Cracks Before
hydrolysis

D0102-5-2 1.0/0.1 0.38/1.63/0.7/ 0.1 (T): 100, RT TI-H, Broken Before
hydrolysis

D0102-5-3 1.0/0.1 0.38/1.63/0.7/ 0.1 (TIn): 100, RT TI-H Before
hydrolysis

O: opaque, TI: translucent, H: homogenous, E: ethanol, T: THF, TIn: toluene, RT: room temperature

3.2.6. PDMS(OH)-Silica Aerogel Composites by Aging in PDMS(OH)

PDMS(OH)-silica aerogel composites were also derived by contacting the gels with
PDMS(OH). Since PDMS(OH) is a liquid polymer with low viscosity, the aging was
performed in pure PDMS(OH). After the gelation step, the wet gels were removed from the
molds and submerged in PDMS(OH). The aging was performed in an autoclave at 393 K for 1

week to facilitate the reaction between the polymer and silica gel surface.
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3.3. Results and Discussions

3.3.1. Native Silica Aerogels

All of the native silica aerogel samples synthesized by the standard two-step sol-gel
procedure were monolithic and crack—free. Figure 27 displays the images of two different
native silica aerogel samples. The sample on the left had a cylindrical shape with 1.1 cm
diameter and 0.8 cm height, while the sample on the right was a square prism with 5x5x1 cm
dimensions. The image on the left shows the top view of the cylindrical aerogel sample. The
high transparency of the native silica aerogels can clearly be understood from both images.

Additionally, some of the measured properties of the native silica aerogel samples are listed in

Table 10.

Figure 27 Top view of a cylindrical aerogel sample after supercritical drying.

Table 10 Properties of native silica aerogels synthesized by standard two-step sol—gel

process.

Density (g/cm3)

Porosity (%)

Volumetric shrinkage (AV (%))

BET Surface Area (m?/g)

Pore volume (cm®/g)

Average pore radius (nm)

Thermal Conductivity (mW/mK)
Haze (@ 600 nm)

Light Transmittance (%)(@ 600 nm)

0.13
94
5
1047
4.76
9.1
16
18.2
81.8
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Figure 28 displays the ATR—FTIR spectrum of the native silica aerogel sample. There are two
intense peaks that are specific to the chemical structure of silica. These peaks occur at 800
cm ' and 1061 cm ™ and are characteristic to Si—-O-Si network bending and network stretching
vibrations, respectively [65]. The broad band which appears at 3150 to 3560 cm* originates
from hydrogen bonded Si—OH with the adsorbed molecular water. Furthermore, the peak at
960 cm* can be attributed to stretching of Si-OH groups of the aerogel [65-66] and the peak
at 3745 cm* originates due to isolated or geminal Si-OH groups. The spectra given in the

figure is quite typical for the silica aerogels.

Additionally, the graph in Figure 29 shows the TGA analysis results of the native silica
aerogel sample. A 6% weight loss was observed up to 100 °C which occurred due to the
removal of the molecular water that was physically adsorbed on the aerogel surface. In
addition, after 300 °C, a weight loss of approximately 5% was observed up to 700 °C which

was attributed to the condensation of the germinal or isolated surface —OH groups.

105
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Figure 28 ATR-FTIR spectrum of native silica aerogel.
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Figure 29 TGA results of native silica aerogel.

Furthermore, pore size distribution of the native aerogel sample is given in Figure 30 together
with the N adsorption/desorption isotherm of the sample. It is clearly observed from the
isotherm that the aerogel samples have Type IV isotherm with H1 type hysteresis loop which
is typically observed for mesoporous materials with narrow pore size distributions such as
silica aerogels. Moreover, the existence of H1 type hysteresis loop (parallel adsorption and
desorption branches of the isotherm indicates that the evaporation of the pore liquid occurs at
thermodynamic equilibrium and there is no pore blocking, cavitation and percolation effects
that contribute to hysteresis. The pore size distribution was obtained from the desorption
branch of the isotherm by employing BJH method. Although both branches (adsorption and
desorption) can be used for pore size calculations, from both a thermodynamic and historical
point of view, the desorption branch is often favored for pore size assessment since the
desorption process is more stable than the adsorption. It has been suggested that the
adsorption of N on the surface can cause contractions and can alter the structure of aerogels.
Thus, the information extracted from desorption branch is more reliable. The pore size
distribution given in Figure 30 reveals a narrow pore size distribution for the native silica

aerogel sample.
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Figure 30 Pore size distribution and N2 adsorption/desorption isotherm of native silica
aerogel.

Moreover, total and diffuse transmittance of the aerogel samples were measured in the UV
and visible range by UV-VIS measurements. The spectrum is displayed in Figure 31. The
haze of the silica aerogel was calculated from the ratio of the diffuse transmittance to total
transmittance. Haze of a material is a measure of cloudiness and is usually used to quantify
the transparency. Hence, the spectra obtained with UV-VIS measurements were employed for

the calculation of haze and thus quantification of the transparency of the samples.

Compression test was also performed with DMA to quantify the mechanical properties of
silica aerogels. The maximum load in the compression tests were 18 N and the rate of the
loading was set as 1IN/min. The small cylindrical samples of 1 cm diameter and 0.8 cm height
were used in the tests. According to the results given in Figure 32, no yield was observed for
the material. Compressive strength is defined as the capacity of a material to withstand the
compressive forces and the maximum compressive strength of the native silica aerogel sample
was observed to be 0.1 MPa. Additionally, the specific compression modulus was calculated
as 0.113 MPa. There is no data available in the literature about the maximum compressive

strength or the specific compression modulus of native silica aerogels.

49



120

—— Diffuse transmittance
Total transmittance
90 |-
Q
3]
C
g 60 |-
&
/)]
C L
©
| .
|_
30 |
0 1 N | 1 | X

300 600 900 1200
Wavelength (nm)

Figure 31 Total and diffuse transmittance of native silica aerogel obtained by UV-VIS
measurements.
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Figure 32 Stress—strain curve of native silica aerogel sample obtained with DMA
compression test.
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3.3.2. PDMS(OH)-Silica Aerogel Composites with Standard Synthesis Procedure

As given in Table 3, PDMS(OH)-silica aerogel composites that were synthesized by
following the standard procedure described in Section 3.2.1. were monolithic, homogenous
and opaque. In Figure 33 the images of a native silica aerogel and a PDMS(OH)-silica
aerogel composite synthesized by the standard procedure are displayed to give an idea about
how dramatically the transparency of the composites is lost. All of the composites had the
same appearance. The samples were opaque because PDMS(OH) was not dissolved in the sol
mixture. Upon this “mis-dissolution” the polymer molecules form liquid suspension in the sol
mixture, resulting in a two-phase system; liquid aggregates of polymer dispersed in the sol
mixture. While solid silica network was forming during the condensation and gelation steps,
the aggregates of polymer molecules were probably entrapped between the network particles.
Thus, PDMS(OH) was concluded to entangle inside the pores or between the silica particles
of the silica network, forming additional scattering centers and thus causing opaque
appearance of the composites. Table 11 summarizes some calculated and measured values of

the PDMS(OH)-silica aerogel composites obtained with the standard sol-gel procedure.

It can be identified from Table 11 that, addition of the polymer after hydrolysis resulted in
lower density and higher surface area. With increasing polymer amount, the density and the
average pore width of the composites increased whereas the porosity and the surface area
decreased. The decrease observed in BET surface area was attributed to the filling up of the
pores with the polymer phase. This outcome can additionally be observed in Figure 34 which
gives the pore size distributions of the composites together with the native silica aerogel. It
can be clearly seen that the peak point of the pore size distribution curve decreased to smaller
values with increasing amount of polymer used in the synthesis, indicating that the polymer
phase that is present within the pores has an effect of filling of the pores when compared to

native silica aerogel.
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Figure 33 Top view of cylindrical aerogel samples; native silica aerogel (left) and
PDMS(OH)-silica aerogel composite (right).

Table 11 Bulk density, porosity, BET surface area and average pore widths of
PDMS(OH)-silica aerogel composites synthesized with the standard sol-gel procedure.

Sample ID TEOS Bulk density  Porosity (%) BET Average
/PDMS(OH) (g/cm®) Surface pore width
(wiw) Area (m?/g) (nm)
D1410-1-1 1/0.1 0.16 93 814.5 17.9
D1410-2-1 1/0.1 0.15 93 840.2 17.7
D2010-1-1 1/0.5 0.21 90 677.8 21.3
D2010-2-1 11 0.17 92 452.3 22.6
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Figure 34 Pore size distribution of composites synthesized with different amounts of
polymer together with native silica aerogel.

Figure 35 and Figure 36 display the TGA analysis results of PDMS(OH)-silica aerogel
composites with TEOS:PDMS(OH) mass ratios of 1:0.1 and 1:0.5, respectively. The weight
decrease in pure silica aerogel due to the adsorbed water was previously given as 6% in
Figure 29. For the PDMS(OH)-silica aerogel composites the weight decrease due to the
adsorbed water was measured as 2.1% and 2.5%, respectively, for TEOS:PDMS(OH) mass
ratios of 1:0.1 and 1:0.5. PDMS(OH) is a hydrophobic polymer by nature owing to the methyl
side groups attached to the backbone silicon. Thus, decrease in the amount of adsorbed water

was expected since with increasing polymer in the composites the hydrophobicity increased.
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Figure 36 TGA analysis of PDMS(OH)-silica aerogel composite with TEOS:PDMS(OH)
mass ratio of 1:0.5.

The ATR-FTIR analyses of the samples were performed to investigate the chemical
composition and the spectra of the composites are given along with the native silica aerogel
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sample in Figure 37. There are three peaks indicative of the presence of the polymer in the
composites. The peak at 2963 cm™* represents the C—H stretching vibrations originating from
the methyl side groups of PDMS(OH). The peak at 1267 cm ™ is due to the Si—C stretching
vibrations that originate from methyl side groups attached to the polymer backbone. The peak
appearing at 850 cm* for the composite samples was attributed to =Si-O-Si(CH3)>-R bond
that were formed due to the condensation reactions between the =Si—OH groups of the aerogel
and OH-Si(CH3)>—R end groups of PDMS(OH) [65]. The intensities of the C—H and Si-C
stretching vibration peaks as well as the Si—O-Si peak that signifies newly formed silica

network increased accordingly with the increasing polymer amount in the composites.
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Figure 37 ATR-FTIR spectra of PDMS(OH)-silica aerogel composites synthesized with
the standard sol-gel procedure.

PDMS-bis(alkyl-OH)-silica aerogel composites were additionally synthesized by following
the standard two—step sol—gel procedure as described previously in Section 3.2.1. As listed in
Table 4, all of the samples were obtained as opaque and the opacity was similarly attributed to

the insufficient solubility of the polymer in the sol mixture. Table 12 displays some of the
computed and measured properties the composites.
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It is clear from Table 12 that there is not a significant correlation between the polymer amount
and the surface area and pore width. However, it is interesting to note that with increasing
polymer amount the bulk densities of the composites decreased while the porosities increased.
This outcome can be explained by the formation of new pores within the polymer phase. It
was previously explained that during the condensation and gelation steps, the hydrolyzed
precursor molecules form the silica network and during this network formation the polymer
molecules form a separate phase that entangled between the silica particles or small pores. It
is possible that additional pores are formed within this entangled polymer phase which can
explain the increasing porosity and decreasing density with increasing polymer amount. The
pore size distributions of composites are compared to that of native silica aerogel in Figure 38.
The peak positions of the pore size distribution curves shifted to smaller values accordingly
with the increasing amount of polymer used in the synthesis which indicates filling of the

pores of silica aerogel with the polymer phase.

Furthermore, ATR-FTIR analysis were performed with the PDMS-bis(alkyl-OH)-silica
aerogel composites and the spectra that is displayed in Figure 39, demonstrated the same C—H
(2963 cm™?), Si—C (1267 cm™) and Si-O-Si (850 cm ) peaks that confirm the presence of the
polymer in the composites. There is not any correlation between the intensities of these peaks
and the polymer amount added during the synthesis. However, it is obvious that the intensities
are much more higher compared to the PDMS(OH)-silica aerogel composites given in Figure
39. Another important finding is that, there is a significant increase in the intensity of Si—O-Si
network bending vibration peak that is observed at 800 cm™. Such an increase can merely be
explained by the formation of additional Si—O-Si network by the polymer molecules. In fact,
such a formation additionally supports the decreasing density and increasing porosity issues
discussed above, since additional pores are probably formed between the newly formed Si—-O—
Si network of the polymer phase.
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Table 12 Properties of PDMS-bis(alkyl-OH)-silica aerogel composites synthesized with
the standard sol—gel procedure.

Sample ID TEOS /PDMS-bis(alkyl- Bulk Density Porosity BET Average pore
OH) (glem?) (%) Surface width (nm)
(wiw) Area (m?/g)

D2210-1-2 1/0.1 0.21 90 573.8 24.1

D2210-2-2 1/0.1 0.23 90 488.9 21.7

D2210-3-2 1/0.5 0.17 92 517.2 24.1

D2510-1-2 11 0.15 93 517.5 21.1

O: opaque, H: homogenous, PS: phase separated, nH: non—-homogenous, E: ethanol, W: water
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Figure 38 Pore size distribution of composites synthesized with different TEOS/polymer
ratios together with native silica aerogel.
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Figure 39 ATR-FTIR spectra of PDMS-bis(alkyl-OH)-silica aerogel composites
synthesized with the standard sol—gel procedure.

3.3.3. PDMS(OH)-Silica Aerogel Composites with THF as Co-solvent

Being a good solvent for PDMS(OH), THF was used in the synthesis procedure as a co—
solvent. Small amounts of THF is generally enough to dissolve pure PDMS(OH). However, it
was observed that the presence as well as amount of water and TEOS in the sol mixture
decreases the solvent power of THF for PDMS(OH). On the other hand, ethanol was found to
enhance the dissolution of PDMS(OH) in THF. The amount THF that is required to obtain a
clear solution of polymer was around 44 wt.% of the sol mixture which is a very large value
and causes dilution effects due to the excess amount of solvent in the mixture. This led to
retardation in the gelation times. Additionally, after gelation, the wet gels were very weak and
soft and not intact enough to remove from the molds. The aging stage also did not improve
the strength of the wet gels. As a result, most of the gels were cracked and broken during the
supercritical drying and the volumetric shrinkages of the monoliths were dramatically high as
displayed in Table 13. The opaque appearances of the composites were attributed to the very
large shrinkage values rather than the physical entanglement of the polymer inside the pores.
Moreover, due to the very high shrinkage, the bulk densities increased, whereas porosity
values decreased, as given in Table 13.
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Table 13 Density, porosity and volumetric shrinkage of the PDMS(OH)-silica aerogel
composites synthesized with THF as the co—solvent.

Sample ID TEOS/PDMS(O Aging sol’n Bulk Density Porosity Volumetric
H) (V%/v%b) (glem?) (%) shrinkage
(whw) (%)
D1501-1-1 1/0.1 (E/W): 50/50, 323.2 K 0.43 80 63
D1601-2-2 1/0.2 (E/T): 67/33, RT 0.30 86 83
D1601-2-3 1/0.2 (E/T): 33/67, RT 0.28 87 79

E: ethanol, T: THF, W: water, RT: room temperature
Since the wet gels were observed to be very weak and soft right after the gelation, the gels
were left overnight in the molds to increase the mechanical strength of the gels. This
procedure seemed to enhance the strength and retain the monolithic structure of the wet gels,
however high volumetric shrinkage was observed during overnight waiting period. Additional
shrinkage during the supercritical drying step resulted in very high volumetric shrinkages
similar to the previous results. However, the bulk density, porosity, surface area and pore
widths that are listed in Table 14 were similar to those of native silica aerogels. It is important
to note that the wet gels aged in pure THF or THF solution were observed to swell and
become soft and weak. It is speculated that the hetero cyclic structure of THF may have
played a role in the swelling behavior of the wet gels. The swelled gels were broken during

the supercritical drying.

Table 14 TEOS/PDMS-OH composite aerogels synthesized with THF as the co—solvent
(overnight gelation).

Sample ID TEOS/PDMS( Bulk Porosity ~ Volumetric BET Average
OH) Density (%) shrinkage Surface pore width
(W/w) (g/cm?) (%) Area (m?/g) (hm)

D2001-1-2 1.03/0.21 0.15 93 69 941.4 121

Furthermore, the solutions were allowed to gel at 323.2 K instead of room temperature since
higher temperatures facilitate condensation reactions and as a result enhance the strength of
the gel network. The aging step was omitted to avoid additional shrinkage. The synthesized
composites were observed to be stronger despite the absence of the aging step which a crucial
stage for the strengthening of the solid network. However, most of the gels were broken after
the supercritical drying. Table 15 displays some of the properties measured for these
composites. The bulk density, porosity, BET surface area and average pore widths were
obtained to be similar to those of native silica aerogels. In addition, doubling the polymer

amount in the composites decreased the density while increasing the porosity and surface area.
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This outcome points out the formation of new pore within the polymer phase, similar to the
PDMS-bis(alkyl-OH) case.

Table 15 Properties of PDMS(OH)-silica aerogel composites synthesized with THF as
the co—solvent (gelation at 323.2 K, without aging).

Sample ID TEOS/PDMS(O  Bulk Density  Porosity (%) BET Surface  Average pore
H) (glem?) Area (m?/g) width (nm)
(wiw)
D2101-2 1.05/0.12 0.17 92 933.4 10.9
D0102-2 1.0/0.05 0.23 89 849.6 134

ATR-FTIR analyses were also carried out and the spectra of the composites having the same
amount of polymer are displayed in Figure 40. The same C—H (2963 cm ™), Si-C (1267 cm™%)
and Si-O-Si (850 cm™) peaks that confirm the presence of the polymer were observed,
expectedly. There is additional increase in the intensity of Si—O-Si network bending and
stretching vibration peaks that are observed at 800 cm™ and 1061 cm*. This observation

indicates the formation of additional Si—O-Si network by the polymer molecules.
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Figure 40 ATR-FTIR spectra of different PDMS(OH)-silica aerogel composites
synthesized with THF as the co—solvent.
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3.3.4. PDMS(OH)-Silica Aerogel Composites with Toluene as Co—solvent

Being another good solvent for PDMS(OH), toluene was also utilized in the synthesis
procedures as the co—solvent. The amount of toluene that is needed to obtain a clear polymer—
sol mixture was smaller than that of THF, which indicates the greater solvent power of
toluene against PDMS(OH), compared to THF. The amount of toluene of 29 wt.% of the sol
mixture was enough to achieve clear and homogenous mixtures whereas the minimum
amount of THF needed was 44 wt.% of the sol mixture. The aerogels obtained with toluene as
the co—solvent had translucent appearance unlike the ones produced with THF which were
opaque. Table 16 shows the properties of a composite developed with toluene as the co-—
solvent. Considering the smaller amount of toluene used in the synthesis than THF, the
dilution effect due to the excess solvent was expected to be diminished. However, high
volumetric shrinkage was obtained similar to THF case which pointed out the weak silica
network structure. The bulk density was higher than that of native silica aerogel, which was
expected considering the very large volumetric shrinkage. However, the BET surface area and

average pore volume was close to the values that of native silica aerogel.

ATR-FTIR analysis of the PDMS(OH)-silica aerogel composite produced with both THF and
toluene revealed the same peaks that are specific to the polymer and observed for the previous
composites.

Table 16 Properties of PDMS(OH)-silica aerogel composites synthesized with toluene as
the co-solvent.

Sample ID TEOS/PDMS( Bulk Porosity ~ Volumetric BET Average pore
OH) Density (%) shrinkage Surface width (nm)
(Wiw) (g/cm®) (%) Area (m’/g)

D2701-1-2 1.0/0.15 0.234 88.90 63.5 825.5225 11.56135

3.3.5. PDMS(OH)-Silica Aerogel Composites with THF and Toluene as Co-solvents

PMDS(OH)-silica aerogel composites were further developed by utilizing both THF and
toluene as the co—solvents, since the combined effect of the solvent powers of THF and
toluene may be stronger. It was observed that addition of toluene as the second co-solvent
greatly enhances the solvent power of THF and reduces the amount of THF that is required to
obtain a clear polymer—sol mixture. Table 17 summarizes some measured properties of an
aerogel composite. The reduction in the required total amount of solvent also resulted in
reduced volumetric shrinkage compared to the previous composites. The aerogel composites
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derived with both THF and toluene had translucent appearance which is probably associated
with the reduced volumetric shrinkage. The density, porosity and average pore width of the
composite is close to that of a native silica aerogel. Furthermore, BET surface area is slightly
higher than native silica aerogel.

Pore size distributions of composites that were synthesized with THF and/or toluene are
compared to that of native silica aerogel in Figure 41. It is clearly seen that the pore volume
reached by the peak point of the pore size distribution curve decreased in all composites
compared to the native silica aerogel. Additionally, when both THF and toluene are used as
co-solvents the narrow distribution of the pores can be retained. However, when THF or
toluene is used alone as co—solvent, there occurs to be significant changes in the distribution
curves. For instance, when toluene is used as the co—solvent, the pores larger than 15 nm are
diminished and the distribution curve is narrow. However, when THF is used as the co—
solvent, the peak of the distribution curve is shifted to larger pore radius with a broader

distribution.

Table 17 PDMS(OH)-silica aerogel composites synthesized with THF and toluene as the

co-solvents.
Sample ID TEOS/PDMS(O Bulk Porosity  Volumetric BET Average
H) Density (%) shrinkage Surface pore width
(wiw) (glem?) (%) Area (m?/g) (nm)
D0102-5-3 1.0/0.1 0.143 93.47 155 1080.9344 13.13017
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Figure 41 Pore size distribution of composites synthesized with THF and/or toluene as
co-solvents together with native silica aerogel.

ATR-FTIR analysis of the PDMS(OH)-silica aerogel composite produced with both THF and
toluene revealed the same peaks that are specific to the polymer and observed for the previous

composites.

3.3.6. PDMS(OH)-Silica Aerogel Composites by Aging in PDMS(OH)

The PDMS(OH)-silica aerogel composite that was synthesized by placing the silica gel in
PDMS(OH) was transparent after the supercritical drying. In Figure 42 the images of the
composite and native silica aerogel are given. It is apparent that there is only a slight decrease
in the transparency of the composite when compared to the native silica aerogel. In addition,
in Figure 43 the ATR-FTIR spectra of native silica aerogel and the composite are compared.
Only one of the typical polymer peaks was observed in the composite: C—H vibration peak
that appears at 2963 cm* wavenumber. No experiments were carried out to investigate the
homogenous distribution of the polymer molecules throughout the sample, however, no non-

homogeneity was visually noticed in the appearance of the aerogel sample.
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Figure 42 Top views of cylindrical-shaped native silica aerogel (left), PDMS(OH)-silica
aerogel composite (right) that is produced by aging in polymer .
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Figure 43 ATR-FTIR spectra of native silica aerogel and aerogel composite derived by
aging in PDMS(OH) .
3.4. Summary and Conclusion

Composites of silica aerogels with PDMS(OH) and PDMS—bis(alkylOH) were developed by
adjusting the two-step sol-gel process. The incorporation of the polymers to the synthesis
procedure was performed at three different stages: before the hydrolysis, after the hydrolysis

and during aging. Besides the addition step, the effects of several processing parameters, such
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as aging solution, aging temperature, sol mixture composition, type and amount of co—solvent

on the final composite properties were investigated.

Initially, standard sol—gel procedure was followed for the synthesis of the composites. The
main drawback throughout the entire experimentation was that the polymers were not
compatible with the sol-gel process since it is not possible to form single phase mixtures.
Therefore the incompatibility resulted in non—homogenous aerogel composites in which the
silica network and polymer were present as separate phases, regardless of different addition
stages of the polymers. All of the composites could be obtained as crack—free monoliths and
had improved mechanical toughness. The presence of the polymer was confirmed by ATR-
FTIR analysis. However, the transparency was completely lost which was attributed to the
formation of additional scattering centers by polymer phase. In addition, the porosity and
surface area of the composites were reduced indicating the filling of the pores with the

polymer.

Since the transparency is lost because of the immiscibility of the polymer with the sol mixture,
two good solvents for PDMS, namely THF and toluene, were utilized in the synthesis to be
able to form single phase mixtures and thus improve the transparency of the composites.
Different amounts of THF and/or toluene were used in the synthesis as co—solvents. For the
entire set of experiments, the presence of the polymer in the composites was confirmed with
the ATR-FTIR analyses. When only THF was used as the co—solvent, the main problem was
that the required amount of co—solvent to achieve the miscibility was very high (~44 wt.% of
the sol mixture) which resulted in dilution of the sol mixture due to the excess amount of co—
solvent. The dilution led to long gelation times, and soft and mechanically weak gels. As a
result, the gels were either broken during the supercritical drying or had very high volumetric
shrinkage, up to ~90%. When only toluene was used as the co-solvent, the drawbacks of
dilution were similarly observed, although a smaller amount of toluene (~29 wt.% of the sol
mixture) was sufficient to achieve miscible polymer—sol mixtures. The gels were broken after
the supercritical drying or had ~64% volumetric shrinkage. However, when both THF and
toluene are utilized as co-solvents, it was demonstrated that the high volumetric shrinkage
due to the dilution can be decreased to ~16%. Moreover, the composite obtained with this
route had a translucent appearance, very high surface area and low density. The pore size

distribution was similar to the native silica aerogel.
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Furthermore, composites of silica aerogels were also produced by placing the gels in neat
PDMS(OH). It was observed that the transparency can be more or less retained when the
polymer is incorporated after the solid silica network is formed.

One problem for the entire of the aforementioned processing techniques was that the exact
amount of the polymer that was present in the composites could not be controlled properly.
Since PDMS and its derivatives are highly soluble in scCO,, most of the polymer that was
added during the synthesis was probably extracted by scCO, during the drying step. In
addition, TGA and ATR—FTIR analyses were insufficient for the determination of the amount
of polymer in the composites since the composites were not homogenous and had different

phases throughout the sample.

Nevertheless, it was demonstrated that opaque and translucent composites of silica aerogels
with PDMS(OH) can be synthesized by properly modifying the conventional two-step sol-gel
process. Moreover, it was revealed that the low density and small pore size of silica aerogels
which is necessary for low thermal conductivity can be retained in the composites. Regarding
these results, the composites developed by the modification of the conventional sol-gel

process are suitable materials for use in opaque VIPs.

66



CHAPTER 4

PHASE BEHAVIOR & MODELING

4.1. Introduction

Over the past few decades, the modification of the surface chemistry of materials by reacting
the surface groups with appropriate reagents has been an important research area with
applications in many diverse fields. Silylation is one of the most frequently utilized surface
modification techniques where a silane—based compound is employed as the modifying agent
to introduce various functionalities to the surface. A surface is conventionally silylated by
contacting it with a silylation reagent either from a gas phase or liquid phase. However, in
recent years, a novel technique, namely supercritical reactive deposition has become
especially attractive for the silylation of surfaces of porous nanostructured materials having
high surface areas and various surface chemistries [67]. Performing the surface modification
from the supercritical phase has significant advantages compared to conventional techniques
such as enhanced mass transfer rates, uniform surface characteristics, and more importantly,
control over the process, which allows for the fine—tuning of the desired properties by simply
changing the temperature and/or pressure. The substantially high solubility of silane-based
compounds in supercritical carbon dioxide (scCO,) has spurred the developments in this area.
Thus far, silylation from scCO, has been utilized for the modification of SiO, microparticles
[68], TiO, nanoparticles [69-74], silica gels [75-76], silica aerogels [77], silicon wafers [78-

85], nanoporous silica [81, 86], and methylsilsesquioxane films [87-91] by using several

silane—based reagents including octadecyltrimethoxysilane (ODTMS),
octadecyldimethylchlorosilane (ODMCS), hexamethyldisilizane (HMDS),
octadecyltrichlorosilane (OT9), (dimethylamino)octadecyldimethylsilane,

tetramethyldisilazane (TMDS), trimethylchlorosilane (TMCS), poly(dimethylsiloxane)
(PDMS), diethyldichlorosilane (DEDCS), dibutyldichlorosilane (DBDCYS),
dimethyldichlorosilane (DMDCS), methyltrichlorosilane (MTCS).

Surface modification from a supercritical phase is especially attractive for silica aerogels
since they are highly fragile structures which make the conventional liquid phase treatments
almost impossible. In 2010, Kartal and Erkey converted the inherently hydrophilic surface of
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silica aerogels to a hydrophobic surface by using HMDS dissolved in scCO; [92]. In a recent
study of Sanz—Moral et.al., hydrophobic silica aerogels were similarly produced by surface
modification from scCO, utilizing trimethylethoxysilane, octyltrimethoxysilane and
chlorotrimethylsilane [62]. Recently, we demonstrated that the surface of silica aerogels can
be modified by employing a hydroxy-terminated form of PDMS (PDMS(OH)) from scCO,
[93]. For the development of efficient supercritical CO, based processes, the knowledge of
phase behavior of mixtures of silane—based modifying reagents with CO; is necessary. Thus
far, very few studies involving the phase behavior data were reported which include the
mixtures of CO, with chlorosilanes [94], octlytriethoxysilane [95], HMDS [92], PDMS [50,
96-100] and some other CO,—philic oligomers [50, 53].

For synthesizing the composites of silica aerogels with PDMS(OH), the phase behavior
information of PDMS(OH)-CO, binary mixtures is necessary since the process involves
contacting silica aerogels with the single phase PDMS(OH)-CO, binary mixtures. Hence,

prior to deriving composites, phase behavior measurements were carried out.

Initially, hexamethyldisiloxane (HMDS) was utilized in the measurements. HMDS is the
smallest building block of PDMS with zero repeating unit while the chemical formula of
PDMS is (CHz3)3Si-[O-Si(CHs)2],-O-Si(CHg)s, n being the number of siloxane repeating units.
The bubble and dew point pressures and densities of HMDS-CO, binary mixtures were
determined. The measurements were performed at a wide temperature and composition range
by using a constant volume view cell that is displayed in Figure 44. The bubble point pressure
data were correlated using the Peng-Robinson Stryjek—Vera equation of state (PRSVE0S) and
the binary interaction parameters for each temperature were regressed from experimental data.
Furthermore, P-T data of the binary mixture at constant mixture densities were also obtained

and excess volumes were calculated.

Following that study, the demixing pressures of binary mixtures of CO, with PDMS(OH)
with different polymer molecular weights were determined using the same experimental setup.
The demixing pressures of the binary mixtures were determined for an extensive fraction of
the composition range, namely, up to 71.8 wt.% of PDMS(OH), and at three different
temperatures (313.2 K, 323.2 K, 333.2 K). The bubble point data were correlated using the
Sanchez—-Lacombe equation of state (SLE0S) by regressing the binary interaction parameters
at the studied temperatures. PDMS(OH)-CO, phase behavior data were further employed in

deposition experiments.
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4.2. Apparatus and Procedure for the Measurements

4.2.1. Experimental Setup for the Measurements

The demixing pressures of the binary mixtures were determined by visual observation in a
constant volume high pressure view cell equipped with two sapphire windows of 3.2 cm
diameter at each side, poly(ether ether ketone) O-rings and a rupture disk. The experimental
setup that was employed for the measurements is depicted in Figure 44. A syringe pump
(Teledyne ISCO model: 260D) was used for the transfer of CO, into the high pressure vessel.
The accuracy of the syringe pump pressure transducer was +0.1 MPa. Another pressure
transducer (Omega PX4100) and a thermocouple (Omega GTMQSS-062G-6) were
employed to record the temperature and pressure inside the vessel with a £ 0.1 K and +0.1
MPa accuracy, respectively. The temperature of the vessel was controlled by circulating water
through the machined internal channels of the vessel using a circulating heater (Cole—Parmer
model: 12108-15). The temperature of the syringe pump was controlled at 298 K with a
circulating heater (Cole—-Parmer model: 12108-15) by circulating water through the jacket
around the cylinder housing of the pump. A magnetic stirrer was used to mix the contents of

the vessel.
| TC Circulating
heater
Saphire
|_| window /
— H [PT]
Syringe
co, pump
tank
@ Magnetic
Inlet stir plate Outlet
valve valve

Figure 44 Experimental setup for the phase behavior measurements [101].
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4.2.2. Measurement of Bubble Point Pressures and P-T-p Data of HMDS-CO, Binary

Mixtures

For the bubble point and P-T-p measurements, the ranges for the mass of HMDS and CO; that
were charged into the vessel were 2.51-35.21 g and 8.28-43.16 g, respectively. Initially, a
certain amount of HMDS was weighed and placed inside the vessel. After sealing, the vessel
was connected to the syringe pump. Prior to the liquid CO, charging, the lines and the vessel
were flushed with CO, gas in order to eliminate the residual air. Keeping the inlet valve of the
vessel closed, syringe pump was started. The exit valve of the syringe pump was opened and
the pressure inside the syringe pump and the pressure in the line from the syringe pump to the
inlet valve were brought to the desired pressure. The inlet valve of the vessel was then opened
and liquid CO, was charged into the vessel until the pressure in the vessel reached the
pressure in the line before the inlet valve of the vessel was opened. Subsequently, the inlet
valve was closed and a single phase system was obtained inside the vessel. During the
addition of CO; to the vessel, the volume change of CO, in the pump cylinder was recorded.
The amount of CO; that was transferred into the system was determined using the density of
CO; at the pump conditions and the volume change of CO; in the pump cylinder. The density
of CO, at specific temperature and pressure was obtained from NIST database [102].
Consequently, the composition of the binary system was calculated from the amounts of
HMDS and CO; added to the vessel. Following the addition of CO, at room temperature, the
temperature of the vessel was brought to the experimental conditions using the circulating
heater.

After a homogenous, single-phase mixture of HMDS and CO, was attained inside the high
pressure vessel, the outlet valve of the vessel was slightly opened and adjusted to have a slow
rate of depressurization at constant temperature. The homogeneity of the mixture in the vessel
was accomplished with the slow rate of depressurization and rigorous mixing. The
compositions of the outlet stream and the mixture inside the vessel do not change during the
depressurization as long as the mixture is homogenous and single-phase. During the
depressurization of the vessel, the appearance of the single phase system was continuously
observed from the sapphire windows. At the phase separation point, a single bubble was
detected to appear at the top of the cylindrically-shaped vessel. The outlet valve was instantly
closed as soon as the formation of the bubble was noticed and the pressure at that point was
recorded as the bubble point pressure of the binary mixture at that composition and

temperature. Instead of the bubble point, dew point was also recognized at very low HMDS
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contents where the single phase system was observed to transform into a mixture with a white

cloudy appearance.

It is also possible to make successive measurements at the same composition and at different
temperatures with the assumption that the formation of the small bubble does not alter the
composition of the liquid phase as long as the outlet flow is immediately stopped as soon as
the bubble point pressure is reached. Subsequent to the closure of the outlet valve, the vessel
was heated to a higher temperature, during which the bubble or cloudy appearance
disappeared. The binary mixture was observed to reach again a homogenous, single-phase
state owing to the LCST behavior. The procedure explained above was repeated for various
temperatures and bubble point pressures were recorded for the respective temperatures at the
same composition. The measurements were repeated for various compositions by loading
different amounts of HMDS and CO; to the vessel.

The same experimental set-up was also used to make P-T measurements at constant density.
The vessel was filled with a certain amount of HMDS and CO, as described above. With the
inlet and outlet valves closed, the density of the single phase mixture inside the vessel was
calculated from the total amount of mass added to the vessel and the volume of the vessel
chamber. The single phase mixture was then heated successively to higher temperatures and
the pressure in the vessel at each temperature was recorded. From the recorded values, P-T-p
behavior of the binary system was deducted. The volume of the vessel chamber which was
needed for calculation of the mixture density was determined by filling the vessel with pure
CO; at room temperature and various pressures (10.3 MPa, 14.4 MPa and 20.7 MPa) and by
determining the volume change of CO; in the cylinder of the syringe pump. The experiment
was repeated for four times at each pressure value and the volume of the vessel chamber was

determined as 57.64 + 0.13 mL by computing the average of the recorded values.
4.2.3. Measurement of Demixing Pressures of PDMS(OH)-CO, Binary Mixtures

The demixing pressure measurements of PDMS(OH)-CO, binary mixtures were carried out in
a similar manner. Initially, a certain amount of polymer was weighed and placed inside the
vessel. After it was sealed, the vessel was connected to the syringe pump and was flushed
with CO; at atmospheric pressure in order to remove the air inside the vessel. While keeping
the inlet valve of the vessel closed, the syringe pump was started and the desired pressure was
attained in the line between the syringe pump and the vessel. The inlet valve of the vessel was
then opened and liquid CO, was charged into the vessel until the set pressure was attained in
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the vessel. Subsequently, the inlet valve was closed and a single phase mixture was obtained
in the vessel which had a clear, homogenous appearance. During the addition of CO,, the
volume change in the pump cylinder was recorded. The mass of CO; that was transferred into
the vessel was determined using the density of CO; at the pump conditions and the volume
change of CO; in the pump cylinder. The density of CO, at the conditions of the pump was
obtained from NIST database [103]. Consequently, the composition of the binary mixture was
calculated from the masses of PDMS(OH) and CO, added to the vessel. Following the
addition of CO, at room temperature, the temperature of the vessel was brought to the
experimental conditions using the circulating heater. During the charging of CO, and
demixing pressure measurements, the mixture in the vessel was continuously mixed with the
stir bar to provide the homogeneity. The high molecular weight of the polymer did not cause
any complication for the mixing of the solutions since the presence of the CO, lowered the

viscosity of the polymer.

After a homogenous, single—phase mixture of PDMS(OH) and CO, was obtained inside the
high pressure vessel, the outlet valve of the vessel was slightly opened and adjusted to have a
slow rate of depressurization (~0.007 MPa/sec) at constant temperature. During the
depressurization, the single phase mixture in the vessel was continuously observed from the
sapphire windows. As the pressure was lowered, three different types of behavior were
observed depending on the composition; cloud point, bubble point, or a color change. Such
measurements of the phase behavior of HMDS-CO, and POSS-CO, binary mixtures were

previously carried out with the same technique in a similar manner [92, 104].

It is important to note that the compositions of the outlet stream and the mixture inside the
vessel do not change during depressurization as long as the mixture is homogenous and
single—phase. Therefore, it was also possible to make successive measurements at the same
composition and at different temperatures as long as the outlet flow was immediately stopped
right after the detection of the changes. After the outlet valve was closed, the vessel was
heated to a higher temperature, during which the binary mixture in the vessel again turned to a
clear, homogenous and single—phase state due to the LCST type behavior. After the desired
temperature was reached, the depressurization procedure explained above was repeated at that
higher temperature and the demixing pressures were recorded at the same composition. The
demixing pressures were determined at three temperatures with this procedure by consecutive
heating of the binary mixtures. The measurements were repeated for various compositions
which were obtained by charging the vessel with different amounts of PDMS(OH) and CO,.
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The measurements were performed with two different number averaged molecular weight
PDMS(OH) (M,=2750 and 18000). The demixing pressures were determined for various
compositions and at three different temperatures, namely 313.2 K, 323.2 K and 333.2 K, for
PDMS(OH)( M,=2750)-CO, binary mixture, and at five different temperatures (313.2 K,
318.2 K, 323.2 K, 328.2 K and 333.2 K) for PDMS(OH)( M,=18000)-CO; binary mixture.

4.3. Modeling of Phase Behavior
4.3.1. HMDS-CO; Binary Mixtures

The modeling of HMDS-CO; binary mixture was performed by employing Peng-Robinson
Stryjek—Vera equation of state (PRSVEO0S) together with Van der Waals one fluid mixing
rules [105] using the software provided by Orbey and Sandler [106]. PRSVEOQS is the
modified form of Peng-Robinson Equation of State (PRE0S) in the sense that the formulation
for k; term is adjusted to depend not only on the acentric factor, w;, but also the reduced
temperature, T,... With this modification the vapor pressures of nonpolar, polar and associating
compounds can be predicted with accuracy comparable to the Antoine equation [105]. The

utilized equation of state is as follows.
— (BT _ (o™
P= (v—b) (v(v+b)+b(v—b)) (4.1)
with van der Waals mixing rules,
a =Y NjXixa; (4.2)

b =Y x;b; (4.3)

ai; = Ja;a;(1 - kij) (4.4)

In the above equations, subscripts i and j indicate HMDS and CO; and k;; is the binary
interaction parameter which depends on the nature of the molecular interaction between the
species in the system which is determined by fitting the experimental data to the model. The

parameters a and b for the pure components are given as follows:

a(Tr.)RZTCZ.
a; = 0.457235 [ DT (4.5)
P

i

RT,,
b, = 0.077796 ( ~ ) (4.6)

Ci
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where

a(T,,) = [1+ (1= JT)]° 4.7)

K; = ko; +req; (1 + \/T_n)(0'7 - Tri) (4.8)
Ko; = 0.378893 + 1.4397153w; — 0.17131848w;? + 0.0196554w;3 (4.9)

In the above equations, T, is the reduced temperature which is expressed as T, =T/T, , T
and T, being the system and critical temperature, respectively. P, and o are the critical
pressure and acentric factor of each component, respectively. k;; is a component-specific

parameter and it is calculated by fitting the vapor pressure data for each component.

The basic algorithm for the computation of the bubble and dew point pressures involves an
iterative method since both the vapor phase composition and pressure are not known for the
system. The binary interaction parameters that result in the minimum deviation at pressure
were regressed from the experimental data for each temperature value. The basic steps of the

algorithm that was followed in the computations are given in Figure 45.

Specify x;, T and
guess bubble point P
and y; .

Estimate ECS
parameters
accordingly

l Yes
Evaluate grﬁ\j’ B!
and Ki. Calculate K, | +— -— ‘ZKixi =17
and > Kx

l I No

Calculate all Yes
K.x,

.rr' = ZKI-.TJ:

l

Reevaluate 4" é*’
and Ki. Calculate Kx;
and X K

&

{Z K.x changed?

Figure 45 Algorithm for calculating the bubble point pressure.
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4.3.2. PDMS(OH)-CO; Binary Mixtures

For the modeling of the bubble point pressure data of PDMS(OH)-CO, binary mixtures,
Sanchez—Lacombe Equation of State (SLEoS) was employed which is known to be a well
established model for the correlation of the thermodynamic properties of polymer blends as
well as polymers in supercritical solutions [107]. SLEOS is applicable to polymers which are
non—crystalline, not cross—linked or only slightly cross—linked, and that are above their
melting temperatures [108]. By introducing the free volume (empty lattice sites) to account
for the compressibility of the systems, SLEOS is derived from Ising (lattice) fluid model
which is originally based on Flory—Huggins theory [97, 107, 109]. The SLEoS for a pure

component is given by:
pPP+P+T[In(1-p)+(1—-1/r)p]=0 (4.10)

where 5, P and T are the reduced density, reduced pressure and reduced temperature,
respectively, and r is the number of lattice sites occupied by a molecule of molecular weight
M. The reduced parameters for pure components are defined as:

T=T/T" (4.11)
P=pP/P* (4.12)
p=p/p" (4.13)

where T*, P* and p* are the component characteristic temperature, pressure and density,
respectively. For predicting the thermodynamic properties of mixtures, the mixing rules are
employed to obtain the mixture characteristic parameters where an additional parameter,
namely binary interaction parameter, §;; is introduced [108, 110]. Mixture characteristic

pressure for the mixture is given by:
P* =309 P (4.14)

where @; and @; are the close—packed volume fractions of components i and j and can be

obtained by the following equation:

_ my/p]
Q; = Z—jmj/p} (4.15)
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The term P is defined as:
P = (P;P)Y?(1 - &) (4.16)

Where §;; is the only adjustable parameter in the model which is required to calculate the
mixture characteristic parameters from the pure component characteristic parameters and it is
obtained by regressing the experimental data. The characteristic temperature of a mixture can

be obtained from:

T %“7% (P +P;—2P}; v 417
T 9itng; 0.9, RT (4.17)

where,
n=v;/vj (4.18)

The mixing rule for the characteristic volume is based on the assumption of conservation of

the close—packed volume of each component and is given by:

v =0,%; +0,°; (4.19)
where,
0o _ _mi/(piv)
0= Zjm;/(p;v}) (4.20)

At equilibrium, the criterion to be satisfied is the equality of the chemical potentials of a

component at different phases.
ui(T, P, 07) = ui' (T, P, 8f) (4.22)

where superscripts I and 11 represents different phases, and subscript 1 stands for CO,. The

chemical potential of CO, in phase [ is given by [108]:

uh(T, P, 0} = RT {Ing, + (1 - :—:) 0, + 100y 03} + rPRT {- 2+ 22

Z+ 240 |- pin -

) + %lnﬁ]} (4.23)
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The chemical potential of CO, in phase II and the chemical potential of polymer in phases /

and II can be obtained in a similar manner by simply changing the subscripts and superscripts.

In the modeling, only the bubble point pressure data were employed. At the bubble point, the
chemical potentials of the fluid phase with the known composition and the bubble phase (gas
phase) which was taken as pure CO, were equated. The binary interaction parameters were
regressed for each temperature and polymer mixture. The regression algorithm was based on

the minimization of the objective function which was defined as:

, 2
tal
(6 = Z (wipheaor = wikEeS om) (4.24)
Levenberg—Marquardt method was employed in the nonlinear regression procedures.

The input parameters for the model are the three pure component characteristic parameters for
each component that are defined with Eqn. (4.11), (4.12) and (4.13). The characteristic
parameters are generally obtained by fitting the pure component PVT data with the model
equations (Eqn. 4.10). In the case of polymers, the liquid density data can be utilized to obtain
the characteristic parameters [110]. The pure component characteristic parameters for CO,
[108] and PDMS(CHg3) [98, 110] were taken from the literature considering the studied
temperature and pressure ranges. The detailed description of the SLEoS model can be found
elsewhere [110-111].

4.4. Results and Discussion
4.4.1. HMDS-CO; Binary Mixtures
4.4.1.1. Bubble and Dew Point Pressures

In order to investigate the accuracy of the measurement technique, the bubble point pressure
measurements for the frequently investigated ethanol-carbon dioxide (C,;HsOH-CO;) binary
mixture were carried out. The bubble point pressures of C,HsOH-CO, binary mixture at
different compositions were determined and compared with the literature values. The
measurements for each data points were repeated three times and the deviations were given as
the error bars in Figure 46(a) to (c). The standard deviations are very low indicating that the
data are very reproducible. The reported data for the bubble point pressures at 298.2 K for this
binary mixture exhibit significant variations, especially for CO, mole fractions between 0.1

and 0.8 as displayed in Figure 46(a) [112-116]. Nevertheless, it can be also observed that the
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values determined in this study agree very well with the values published by Chin et. al. and
Mehl et. al. and also follow the same trend with the data of Gui et. al. [113-114, 117].
Moreover, according to Figure 46(b) and Figure 46(c), the bubble point pressures measured
with the proposed technique at 313.2 K and 333.2 K were in very good agreement with the
literature values [113-114, 118-128].

Before conducting further measurements with HMDS-CO, binary mixture, the bubble point
pressures at the same composition (Wco2=0.83) and at five temperatures were determined with
four successive experiments in order to verify the reproducibility of the measurements for this
binary mixture, as well. Figure 47 displays the results with standard deviations as error bars
for each temperature. The highest standard deviation was £0.15 MPa (2.6%) at 298.2 K and
the lowest standard deviation was £0.06 MPa (0.6%) at 333.2 K indicating that the data are

reproducible.
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Figure 46 Comparison with literature values of bubble point pressures of C,HsOH-CO,
binary mixture at (a) 298.2 K; (b) 313.2 K; (c) 333.2 K. The deviations in pressure for
the data of the present work were represented as error bars.
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Figure 47 Reproducibility of bubble point pressure measurements of HMDS-CO; binary
mixture at five temperatures (298.2 K, 308.2 K, 313.2 K, 323.2 K, 333.2 K) with CO,
mass fraction of 0.83. The deviations in pressure were given as the error bars.

Figure 48 shows the bubble point pressures of the HMDS-CO, binary mixture at different
CO; mole fractions and at five temperatures. The data are also listed in Table 18. For the
highest two temperatures, namely 323.2 K and 333.2 K, and for CO, mole fractions greater
than 0.94, the phase separations were observed to occur as dew points. The bubble point
pressures at constant temperature increased with the increasing CO, mole fraction. This
behavior was attributed to the low vapor pressure of HMDS (0.0042 MPa at 298.2 K) [129]
that is well below the vapor pressure of CO, (6.401 MPa at 298.2 K) [102] which makes them
the heavy and light components of the mixture, respectively. In addition, with the increasing
temperature the bubble point pressures also increased at a fixed composition, which is typical
for systems that show LCST behavior [130-131]. On the other hand, a decrease in dew point

pressures was observed for increasing CO, mole fractions.
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Figure 48 Bubble point and dew point pressures of HMDS-CO, binary mixture at
different temperatures. The color filled symbols represents the dew points for the
respective temperatures. The dashed lines represent the PRSVEo0S model predictions for

respective temperatures.

Table 18 Experimental bubble point pressures for HMDS-CO, binary mixture at
various mole fractions of CO, and temperatures.

T=2982K T=3082K T=3132K
Xco2 P (MPa) Xcoz P (MPa) Xcoz P (MPa)
0.98 6.1 0.98 7.4 0.97 8.0
0.97 6.0 0.97 7.3 0.95 7.5
0.95 5.8 0.95 6.9 0.86 6.6
0.86 5.1 0.86 6.1 0.78 5.8
0.78 4.6 0.78 5.4 0.46 3.4
0.46 2.8 0.46 3.2

T=323.2K T=333.2K
Xco2 P (MPa) Xco2 P (MPa)
0.98 8.2 (DP) 0.98 8.3 (DP)
0.97 8.2 (DP) 0.97 9.2 (DP)
0.95 8.7 0.95 9.6
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0.86 7.6 0.86 8.6

0.78 6.7 0.78 7.6
0.46 3.9 0.46 44
DP: Dew point

4.4.1.2. Modeling Results

For modeling the phase behavior of HMDS-CO, binary mixture, k,; for HMDS and CO,
were computed by fitting the vapor pressure data of each species and are summarized in Table
19 together with the pure component critical properties and acentric factors [129-130]. The
absolute average errors for optimizing k,; values were 1.28% for CO, and 0.4% for HMDS.

With the obtained k,; values, the binary interaction parameters, k;;, were computed for each

ijo
experimental temperature by fitting the experimental bubble point pressure data using the

PRSVEOQS as explained previously in section 2.4. [106].

The regression results for the computation of k;; values are listed in Table 20 together with
the average absolute error values (AAE %). The k;; values were found to increase almost
linearly with increasing temperature as shown in Figure 49. The computed k;; values were

able to predict the experimental data with errors smaller than 2% for each temperature. The
maximum average absolute error was 1.49 % at 333.2 K whereas the minimum error was
0.58 % at 308.2 K.

Table 19 Thermodynamic parameters of HMDS and CO; together with the optimized k1
values. The average absolute errors (AAE %) were computed from the experimental
and calculated vapor pressure data.

Material T.(K) P.(MPa) o K AAE (%)
CO; 304.19 7.325 0.23  0.108 1.28
HDMS 518.7 1.925 0.42 0.0152 0.4

Table 20 Computed binary interaction parameters. AAE (%) values were calculated
from the experimental and computed pressures.

T (K) k;j AAE (%)
298.2 0.0568 0.69
308.2 0.0748 0.58
313.2 0.0764 0.92
323.2 0.0875 1.41
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Figure 49 Variation of kj with temperature.
With the regressed k;; values, single phase and two-phase P-x-T regions of the binary mixture
were predicted for the entire composition range. The computed P-x-T regions along with the
experimental data points are displayed in Figure 48 at each temperature. It is obvious from

these figures that the predictions of the model agree very well with the experimental values

with small deviations.

Additionally, the P-T projection of the critical locus of HMDS-CO, binary mixture was
computed with PRSVEO0S for each k;; value by using GPEC software [131]. As shown in
Figure 50, HMDS-CO, binary mixture was found to exhibit Type Il phase behavior where, in
addition to the continuous I=g curve, one can also observe a I,=lI; critical curve and a l,l;g
three phase curve at low temperature values, intersecting at UCEP (Upper Critical End Point)
((1,=11)+g). The I,=I; critical curve runs steeply to high pressure values and represents upper
critical solution temperatures. There is no experimental evidence about the existence of a I,=I;
critical curve and a l,l1g three phase curve since there is no previous study of this binary
system. Thus, the critical locus displayed in Figure 6 should further be investigated
experimentally to test the reliability of the model predictions. In P-T-x space, a two phase
(I+11) region is observed at temperatures lower than the I,=I; critical curve and pressures

higher than the I>l:g three phase curve. The difference between k;; values does not seem to
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have a significant effect on the P-T projection since the only noticeable deviation was the shift

of I,=Iy critical curve to higher temperatures with increasing k;; values.
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Figure 50 P-T projection of HMDS-CO, binary mixture computed for each k;; value.
4.4.1.3. CO, Capture Capacity

Over the past few decades, a significant number of studies have focused on search of CO,-
philic molecules for a wide variety of applications involving supercritical carbon dioxide
(scCO,). These started with the pioneering study of Laintz et al. who discovered that the
solubilities of fluorinated metal diethyldithiocarbamates in supercritical carbon dioxide
(scCO;) were about 1000 times more than their non-fluorinated analogs [132]. The hypothesis
which formed the basis for this investigation emerged from realization that some of the
fluorinated compounds which were being tested as blood-substitutes at the time had very high
capacities to dissolve CO,. The authors correctly hypothesized that the reverse, namely
compounds having fluoroalkyl groups having high solubilities in scCO,, may also be true.
Subsequently, a number of reagents and polymers containing CO,-philic moieties such as
fluoroalkyl, fluoroether, phosphazene, siloxane and fluoroacrylate have been investigated or

developed for applications involving scCO; [133].
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On a similar note, Miller et al. recently hypothesized that oligomers and polymers that have
high solubility in scCO, may have high CO, absorbing capacities and therefore may be good
candidates as sorbents to remove CO, from gas streams [134]. The authors investigated CO,
absorption capacity of various oligomers including polyethyleneglycol dimethylether,
polypropyleneglycol ~ dimethylether ~ (PPGDME),  polypropyleneglycol  diacetate,
polybutyleneglycol diacetate, polytetramethyleneetherglycol diacetate, glyceryl triacetate,
polydimethylsiloxane (PDMS), and perfluorpolyether at two different temperatures. The
demixing pressures of the binary mixtures of these compounds with CO, were compared with
the values of the commercial CO, sorbent, Selexol. The demixing pressures of PDMS
(Mp=550) were demonstrated to be comparable to Selexol indicating a similar CO, absorption
capacity [134]. It was suggested that PDMS was more advantageous than Selexol since its
lower kinematic viscosity (2 mm?sec) than Selexol (v=5.73 mm?/sec) would lead to lower
pumping costs and mass transfer resistances. In addition, it was suggested that the
immiscibility of PDMS with water brought an additional advantage in the CO,-capture step at
the downstream of water-gas shift reactor of the IGCC process since Selexol is completely

miscible with water in all proportions.

PDMS is one of the few CO,-philic polymers with a high solubility in scCO,. Even though
the exact reason behind this phenomenon is not known, it is most likely due to the ability of
CO, molecules to mediate the attractive intra-chain forces responsible for the solvent-polymer
demixing [135]. It was also demonstrated that this favorable interaction led to the viscosity
reduction of PDMS using supercritical CO, [98, 136-137].

The chemical formula of PDMS is (CH3)3Si-[O-Si(CH3)2],-O-Si(CHs)s where n is the number
of siloxane repeating units. When n is equal to zero, the resulting compound is
hexamethyldisiloxane (HMDS). It is a well-known phenomenon that the solubility of
polymers in scCO, increases with the decreasing molecular mass of the polymer [138-139].
Therefore, being the smallest PDMS molecule, HMDS may have higher capacity for CO,

compared to PDMS oligomers with larger molecular masses.

In light of the considerations given above, HMDS could be an even more advantageous
sorbent for CO-capture since its kinematic viscosity (v =0.65 mm?s) is much lower than
PDMS and Selexol, and it is completely immiscible with water similar to PDMS. With regard
to CO, uptake capacities, the bubble point pressures of HMDS-CO, mixture are compared

with the demixing pressures of PDMS-CO, and Selexol-CO, binary mixtures in Figure 51(a)
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and Figure 51(b). The data of PDMS-CO, and Selexol-CO, mixtures were taken from the
study of Miller et.al. in which the measurements were performed at 298.2 K and 313.2 K. As
shown in Figure 51(a) and Figure 51(b), at a fixed pressure the solvent mass fraction is
appreciably lower for HMDS-CO, mixture compared to the two other binary mixtures which
demonstrates that the amount of CO, which can be dissolved by HMDS is greater compared
to PDMS and Selexol. Moreover, Selexol was previously reported to have a CO, capacity of
4.51 molcoa/KQgselexol at 40 bar and 313 K [140]. With the results displayed in Figure 51(b), the
CO; absorption capacity of Selexol was computed to be 5.68 molcoz/Kgselexot Whereas that of
HMDS was found as 7.5 molco2/kgumps under the same conditions. The variation between the
reported and calculated values of CO, solubility in Selexol probably originates from the
difference in the molecular weights since Selexol is formed from a mixture of dimethyl ethers
of polyethylene glycol and has a molecular weight range of 178-443 g/mol. Nevertheless, the
CO; solubility in HMDS was almost two fold of that of Selexol which demonstrates the

enhanced CO, capacity of HMDS compared to Selexol.

86



(a] T=298.2 K
6 | éf"\.
A
A 8
. o
—_ AN
© 8
4 -
= B
o g
5 aY
@ o
o o
a 2 kL oo
2 HMDS (M _=163; v=0.65 mm“/sec) DD
[ © PDMS (M =550; v=2 mm’/sec)
O Selexol (Mw=178-443; v=5.73 mmifsec)
0 . I . ! L | . ! .
0.0 0.2 0.4 0.6 0.8 1.0
salvent
(b) T=3132K
8 A
A
A 8
6L 8
_— AN O
@ g
=
o
o uf
2T
o A 8
@ .
8]
2F 2
A HMDS (M =163; v=0.65 mm‘/sec) a
L O PDMS (M =550; v=2 mm’/sec)
O  Selexol (Mw=178-443; v=5.73 mmzfsec)
0 . 1 . 1 . I ) 1 .
0.0 0.2 0.4 0.6 0.8 1.0

Solvent

Figure 51 Demixing pressures of HMDS-CO,, PDMS-CO, and Selexol-CO; binary
mixtures at (a) 298.2 K and (b) 313.2 K.

Since CO; uptake at atmospheric pressure generally is of interest for determining the potential
of a particular solvent for most of the CO, capture applications, the liquid and vapor phase
mole fractions of HMDS-CO, binary mixture at atmospheric pressure were predicted from the
model results to assess the viability of HMDS as CO; absorbent. The liquid and vapor phase
mole fractions at 1 atm were computed with the regressed k;; values. Table 21 lists the results
of these predictions. Considering the liquid phase mole fractions, the CO, uptake capacity of
HMDS at atmospheric pressure is around 1-2% and decreases with increasing temperature.
However, the amount of HMDS in the vapor phase is rather high and increases at higher
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temperatures, which may not be desirable for CO; capture applications. Therefore, a higher
molecular mass oligomer of dimethylsiloxane unit may be more suitable as a CO, absorbent
due to a lower vapor pressure value. For instance, the vapor pressure of HMDS (M,=163
g/gmol; kinematic viscosity (v) =0.65 mm?/s) at 298.2 K is 0.0042 MPa whereas the vapor
pressure of octamethyltrisiloxane with a repeating unit of 1 (M,=237 g/gmol; kinematic
viscosity (v) =1 mm?/s) is 0.00053 MPa and the vapor pressure of decamethyltetrasiloxane
with repeating unit of 2 (M;=310.7 g/gmol; kinematic viscosity (v) =1.5 mm?/s) is 0.000057
MPa at the same temperature. When compared to the vapor pressure of Selexol which is
9.3x10® MPa at 298 K, the vapor pressures of the abovementioned compounds still seems to
be high. However, solvent losses in the vapor phase may be sufficiently small since the given
values are quite low despite being higher than the vapor pressure of Selexol.

Table 21 Computed liquid and vapor phase mole fractions for HMDS-CO2 binary
mixture at 1 atm.

T(K) P(MPa) Xco2 XHMDS Ycoz YHmDs

298.2 0.10056 0.01880 0.9812 0.9403 0.05966
308.2 0.10023 0.01487 0.9851 0.9039 0.09614
313.2 0.10060 0.01369 0.9863 0.8802  0.1198
323.2 0.10080 0.01110 0.9889 0.8178  0.1822
333.2 0.10148 0.00898 0.9910 0.7322  0.2678

With these considerations, one can conclude that increasing the molecular mass of the
oligomer leads to a reduction in CO, absorption capacity, as well as an increase in pumping
costs due to increased viscosity. However, the vapor pressure of the sorbent decreases leading
to lower fractions of the oligomer in the vapor phase. Hence, the most appropriate
dimethylsiloxane based compound for CO, capture applications can be discovered by
exploring the phase behavior of binary mixtures of CO, and dimethylsiloxane oligomers with

different molecular masses. This investigation will be the concern of future studies.
4.4.1.4. P-T-p Measurements

Measurements at constant mixture densities were also conducted to determine the P-T
behavior of single phase HMDS-CO, binary mixtures. Initially, P-T measurements with pure
CO, were carried out at three different densities and the data were compared with the values
obtained from NIST database [102] as well as the IUPAC equation of state (IUPAC EoS) with

52 parameters [141] in order to examine whether the technique is suitable for density
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measurements. The results are given in Figure 52 shows that the measured P-T values are in
very good agreement with the values obtained from NIST database and the IUPAC EoS for all
three densities. In addition, successive P-T measurements were performed with the HMDS-
CO, binary mixture for a mixture density of 812 kg/m® and CO, mole fraction of 0.95 to
assess the reproducibility of the measurements for this mixture, as well. The pressures were
obtained as 10.9+0.003 MPa at 303.2 K, 13.4+0.015 MPa at 308.2 K, 16.0 £0.03 MPa at
313.2 K, 18.6+0.015 MPa at 318.2 K, 21.1+0.036 MPa at 323.2 K, 23.6+0.15 MPa at 328.2 K,
and 26.0+0.19 MPa at 333.2 K. The small deviations in pressure indicate the excellent
reproducibility of the data for HMDS-CO, binary mixture.
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Figure 52 Variation of temperature with pressure for pure CO; with densities of 809
kg/m?, 868 kg/m®, and 910 kg/m®.

P-T measurements of single phase HMDS-CO, binary mixture at various mixture densities
and CO, mole fractions are given in Table 22. Figure 53(a) displays the P-T data for identical
mixture densities but with two different CO, mole fractions. At a fixed temperature pressure
was observed to shift to a higher value with increasing CO, fraction which originates from
CO; being the lighter component in the HMDS-CO, mixture. In addition, the P-T data of two
different mixture densities for the same CO, mole fraction are shown in Figure 53(b). The
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increase in pressure with the increasing mixture density observed in Figure 53(b), was also

reasonable by means of the thermodynamic relation between the density and pressure.

Table 22 Experimental P-T data and calculated excess volumes (VE***) of HMDS-CO,

binary mixture at various mixture densities and CO, mole fractions.

T=303.2K T=308.2K T=313.2K
Xcoz  pmix (@lcm®) P (MPa) V& (cm®mol) P (MPa) V& (cm*mol) P (MPa) V& (cm*mol)
0.79 0.803 9.6 -5.77 124 -6.10 15.3 -6.43
0.81 0.848 14.8 -6.70 17.8 -7.00 20.8 -7.30
0.85 0.803 11.5 -2.43 14.3 -2.67 17.1 -2.90
0.87 0.884 135 -8.39 16.5 -8.60 195 -8.80
0.95 0.838 13.2 -3.56 15.9 -3.64 18.7 -3.72
0.95 0.812 10.9 -1.80 134 -1.88 16.0 -1.96

T=318.2K T=323.2K T=328.2 K
Xcoz  pmix (@lcm®) P (MPa) VE* (cm®mol) P (MPa) V& (cm¥mol) P (MPa) V& (cm*mol)
0.79 0.803 18.2 -6.77 21.0 -7.11 23.8 -7.46
0.81 0.848 23.7 -7.61 26.4 -7.92 29.0 -8.23
0.85 0.803 19.9 -3.15 22.7 -3.39 25.5 -3.64
0.87 0.884 224 -9.01 25.3 -9.23 28.0 -9.44
0.95 0.838 215 -3.80 24.2 -3.88 26.7 -3.97
0.95 0.812 18.6 -2.04 211 -2.12 23.7 -2.20

T=333.2K

Xcoz  pmix (@lcm®) P (MPa)  VF* (cm®/mol)

0.79 0.803 26.6 -7.82

0.81 0.848 31.6 -8.55

0.85 0.803 28.2 -3.89

0.87 0.884 30.9 -9.66

0.95 0.838 294 -4.05

0.95 0.812 26.2 -2.29
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Figure 53 Variation of temperature with pressure for HMDS-CO; binary mixture at; (a)
fixed pmix=803 kg/m3 and at two different CO, mole fractions; (b) fixed Xc0,=0.95 and
at two different mixture densities.

4.4.1.5. Excess Volume Calculations

The excess molar volumes of HMDS-CO, binary mixture were computed at 298.2 K, the
temperature at which the loading of the components to the vessel was performed. The

following equation was utilized for the calculations.

91



y Excess — [%] — [(x;ll\/ll) + (x;l\z/lz)] (4.25)

where x; and x, are the mole fractions of CO, and HMDS, M; and M, are the molecular
masses of CO, and HMDS, p, and p, are the pure component densities of CO, and HMDS,
and ppix 1S the mixture density. The pure component densities of CO, and HMDS at 298.2 K
were taken from the literature [102, 142].

The calculated excess volumes are listed in Table 22 along with the P-T-p data. All of the
excess volumes calculated for HMDS-CO, binary mixture were found to be negative. In
principle, the excess volume indicates how much the two components of a mixture like each
other. In the ideal case, when there is no intermolecular interaction between the molecules of
the components of a mixture, the excess volume is equal to zero, that is, the volume of the
mixture is equal to the sum of the volumes of the components. When two components of a
mixture do not have a favorable interaction, then the molecules of the two components tend to
be as far as possible from each other and as a result the volume of the mixture is greater than
the sum of the volumes components, that is, the excess volume has a positive value. On the
other hand, when the molecules of the components have attractive interactions they tend to
have a close-packed molecular order in the mixture. As a result, the volume of the mixture is
smaller than the sum of the volumes of the components and a negative excess volume is
obtained for such mixtures. Ideality of a mixture can be judged considering how far or close
the excess volumes to zero. Regarding HMDS-CO; binary mixtures, it is apparent that HMDS
and CO, molecules form attractive intermolecular interactions with each other resulting in
negative excess volumes. Figure 54 displays the variation of calculated values with CO, mole
fraction at various temperatures. The excess volumes became more negative with increasing
temperature. Therefore, it can be concluded that with increasing temperature the interactions
become more favorable causing HMDS and CO, molecules to adopt a more closely-packed
order. However, it is important to note that, the effect of temperature was more pronounced at
low CO, fractions, such that at high CO, contents the excess volumes for different

temperatures approach each other.
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Figure 54 Excess volumes of HMDS-CO, binary mixtures at various temperatures and
CO; mole fractions.

4.4.2. PDMS(OH)-CO; Binary Mixtures

4.4.2.1. The Demixing Pressures

The demixing pressures of PDMS(OH)-CO; binary mixtures were measured for an extensive
composition range. The demixing pressures of PDMS(OH)-CO, mixture with the polymer
with number—average molecular weight of 2750 g/mol are displayed in Figure 55 for various
CO, weight fractions and at three different temperatures. Different types of behavior were
observed at different composition intervals and represented with different markers in Figure
55. At high CO, weight fractions, namely, CO, fractions greater than 0.85, the appearance of
the binary mixture was slowly transformed from transparent and homogenous to a white cloud.
It is well-known that for the polymer mixtures the cloud point transitions occur over a
pressure interval of around 5-7 bar [139]. Similar transition intervals were also observed for
PDMS(OH)-CO; binary mixtures. However, the pressure where this transformation was first

noticed was taken as the cloud point pressure.

At higher PDMS(OH) fractions, that is for CO, weight fractions up to 0.546, a small bubble
of CO, was found to instantly form at the top of the vessel chamber and these pressures were
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recorded as the bubble point pressures. Additionally, for CO, weight fractions between 0.706
and 0.794 the color of the mixtures were observed to change slowly first to yellow, then to
brown and finally to black where all the light was absorbed and no visual observation was
possible through the sapphire windows. During this color change, the mixtures were
homogenous, clear and single-phase and no phase separation either as a cloud or bubble
formation was observed. Kirby and McHugh stated that the critical point for CO,—polymer
mixtures is not observed at the maximum of the coexistence curve of a typical P—x diagram
and shifts to higher polymer compositions and lower pressures when compared to the small
molecule—supercritical fluid mixtures [139]. Therefore, the color change was attributed to
being at a state close to the critical point of the mixture and the pressures where all the light
was absorbed by the mixtures were noted as the mixture critical points.

As given in Figure 55, the demixing pressures were observed to decrease with the increasing
polymer content at constant temperature. This trend was attributed to the much lower vapor
pressure of PDMS(OH) than CO, which makes it the heavy component of the binary mixture.
Figure 55 additionally shows that the demixing pressures increased with the increasing
temperature at constant composition which is a typical LCST behavior. The LCST behavior
was also observed by Kiran’s group for PDMS(CH3)-CO, binary mixtures for specific
composition and temperature ranges [96-97].

Similarly, Figure 56 displays the demixing pressures of PDMS(OH)—CO, binary mixture with
a polymer number—average molecular weight of 18000 g/mol for various compositions and at
three temperatures. Similar behavior was also observed for these binary mixtures. Bubble
points were observed up to a CO, weight fractions of 0.515, color change for wco, between
0.713 and 0.818, and cloud point for wco, greater than 0.9 [101]. Different markers in Figure
56 represent the respective type of the phase separation. The same LCST behavior was also
observed for these binary mixtures up to CO, weight fraction of 0.95, that is, the demixing
pressures decreased with the increasing PDMS(OH) fraction at constant temperature and

increased with the increasing temperature at constant composition.
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Figure 55 Demixing pressures of PDMS(OH) (Mn=2750 g/mol) — CO, binary mixture at
313.2 K, 323.2 Kand 333.2 K [101].
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Figure 56 Demixing pressures of PDMS(OH) (Mn=18000 g/mol) — CO, binary mixture
at 313.2 K, 323.2 K and 333.2 K [101].

The effect of polymer molecular weight on the demixing pressures of PDMS(OH) — CO,
binary mixtures is displayed in Figure 57 at 323.2 K. The data obtained at other temperatures
had the same trend, that is, the demixing pressures increased with increasing polymer
molecular weight. Such a trend with molecular weight is typical for other polymer-CO,
systems and was previously reported also for PDMS(CH3) — CO; binary mixtures. For 5 wt.%
of PDMS(CH3) and at 323 K, the demixing pressures were determined as 27 MPa, 30 MPa,
and 41 MPa for polymers with 13700, 31300, and 119500 (g/mol) number average molecular
weights, respectively [96]. The demixing pressures of PDMS(OH) — CO, binary mixtures
were obtained at the same composition as 23 MPa (extrapolated from the data points of 9.7
and 3.7 wt% of PDMS(OH)) and 28 MPa for polymers with 2750 and 18000 (g/mol) number
average molecular weights, respectively. These data are plotted in Figure 58 and it is evident
that the demixing pressures fall on a smooth line which suggests that the terminal groups of

the polymer does not have a significant effect on the demixing pressures.

Quite a few studies were reported thus far on the phase behavior of PDMS(CH3)-CO; binary
mixtures. However, in most of these studies the measured data were in limited composition
ranges. For example, in the study of Garg et.al. the solubility of CO, in PDMS(CH3) was
obtained up to 25 wt% at 333.2 K. In 1995 and 1999, the demixing pressures of
PDMS(CHj3)-CO; mixtures were studied by Kiran’s group for PDMS(CH3) weight fractions
up to 0.10. In this study, the demixing pressures of PDMS(OH)-CO, binary mixtures could
be determined up to 71.8 wt.% of polymer contents which makes these systems particularly

interesting for studying phase behavior of polymer — CO, mixtures.
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4.4.2.2. Modeling Results

There is no published data on the thermophysical properties of PDMS(OH) which would
enable the calculation of pure component characteristic parameters. The data for PDMS(OH)—
CO; binary mixtures were modeled by using the pure component characteristic parameters of
PDMS(CHg) [98, 110]. Table 23 lists the pure component characteristic parameters that were
employed in the modeling. This assumption can be justified by the observation that the
demixing pressures of PDMS(CH3)-CO, and PDMS(OH)-CO, binary mixtures fall on the
same line as demonstrated in Figure 58 which indicated that the terminal groups can be

considered to have a negligible effect on the demixing pressures.

Table 23 Pure component characteristic parameters.

Component T (K) P*(MPa)  p* (g/cm®)
CO, 305 567 151
PDMS(CHs,) 476 302 1.104

For a typical P—x loop of a binary mixture, the compositions of different phases that are in
equilibrium with each other are determined by horizontal tie lines. However, this is not the
case for the polymer mixtures; the compositions of the coexisting phases at constant pressure
donot fall on a horizontal line in the P—x loop. The reason for this behaviour is that each phase
contains different amounts of oligomers of varying molecular wieghts. Therefore, it is not
possible to predict the composition of the cloud phase with model and the only way to
determine these compositions is to perform measurements with the precitpitating phase at the
cloud point [139]. Therefore, only the bubble point pressure data of PDMS(OH)-CO; binary
mixtures were modeled by employing SLEoS. At the bubble point, the chemical potential of
CO; in the polymer rich phase was equated to the chemical potential of CO; in the bubble
phase as given by Eqgn. 4.13. The bubble phase was assumed to be pure CO,. The regressed
binary interaction parameters at the studied temperatures are given in Table 24 together with
the percent absolute errors (AE) in the compositions. It seems that one can predict the bubble
point pressures with an average abolute error of 17.5 % and 13.4 %, for the low and high
molecular weight polymer mixtures, respectively. As shown in Table 4.2, the AE% is higher
for mixtures with the lower molecular weight polymer. Additionally, the variation of the
binary interaction parameters with the temperature are displayed in Figure 59. The binary

interaction parameter for both of the mixtures decreased with increasing temperature.
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Even though there are some studies on the effects of inter—chain hydrogen bonding between
silanol groups of some silicon containing polymers such as 4-vinylphenyldimethylsilanol
(VPDMS) and 4—vinylphenylmethylphenylsilanol (VPMPS) [143-144], we could find only a
single study on the effects of hydrogen bonding between the terminal silanol groups of
hydroxy terminated PDMS. In this study, it was suggested that the surprising difference in the
kinetics of crystallization between PDMS and PDMD(OH) could perhaps be attributed to the
inter—chain hydrogen bonding between teminal OH groups [145]. Therefore, it is possible that
the decrease of the binary interaction parameters with the increasing temperature may be due
to the diminishing strength of the inter—chain hydrogen bonds between the terminal silanol
gorups. Moreover, the binary interaction parameter of the low molecular weight polymer
mixture was found to be more sensitive to temperature compared to high molecular wieght
mixture. This is reasonable since the effects of hydrogen bonding for the low molecular
weight polymer chains are expected to be higher than the chains with a higher moleular

weight.

In theory, one can expect the §;; values to be the same for both low and high molecular
weight polymer mixtures since the repeating units are the same and therefore the molecular
interactions with CO, are also expected to be the same. However, the slight difference
between binary interaction parameters for polymer mixtures of different molecular weights

can also perhaps be attributed to the differences in the strength of inter—chain hydrogen bonds.

Table 24 Regressed binary interaction parameters for the polymer mixtures together
with the predicted compositions and AE (%) [101].

PDMS(OH) (Mn=2750 g/mol)-CO,

T (K) 3; Wco2 experimental Wco2 calculated AE (%)

313.2 0.061 0.28 0.21 25.5
0.55 0.53 2.9

323.2 0.051 0.28 0.19 32.6
0.55 0.49 10.3

333.2 0.048 0.28 0.2 29.1
0.55 0.52 4.8

PDMS(OH) (Mn=18000 g/mol)-CO,

313.2 0.057 0.35 0.412 19.1

0.52 0.454 11.8
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Figure 59 Temperature dependency of the regressed binary interaction parameters for
low and high polymer molecular weight mixtures [101].

SLEO0S was previously employed for modeling the phase behavior of mixtures of CO, and
PDMS(CHgs) with higher molecular weights (50000 and 308000 g/mol) [98, 108]. In these
studies, the composition ranges varied up to 0.2 and 0.4 CO; weight fractions. The binary
interaction parameters were succesfully regressed with agreeable errors which indicated that
the succesful predictions of the bubble points were perhaps due to narrower composition
ranges compared to this study. As an example, the experimental data of Garg et.al. were
modeled with SLEoS and the results are displayed in Figure 60. The binary interaction
parameter was computed as 0.076 whereas it was originally reported to be 0.075 by Garg et.al.
[98]. Small deviation between these two values probably originate from the slight differences
in the characteristic parameters employed. It is interesting to see that the binary interacion
parameters regressed for PDMS(OH)-CO, mixtures are close to that of PDMS(CH3)-CO,
mixtures. More importantly, it can be observed in Figure 60 that as the CO, fraction increased

the deviations between the model predictions and the experimental data increased as well. In
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that respect, the errors obtained with SLEOS predictions in this study may originate due to the

measurement of bubble points at relatively higher CO, fractions.
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Figure 60 SLEoS model predictions of bubble point data for PDMS(CH3)
(Mw=308000)-CO, binary mixture [79].

4.5. Summary and Conclusion

Initially, the bubble point pressures of HMDS-CO, binary mixture were determined at various
temperatures and compositions and were found to increase with increasing temperature and
CO; mole fraction. The modeling of the phase behavior of the mixture was carried out using
the Peng-Robinson Stryjek—Vera equation of state (PRSVEO0S). The binary interaction
parameters, k;;, regressed from experimental bubble point pressures were observed to have a
linear dependency on temperature. The modeling results showed that the binary mixture
exhibits a Type Il phase behavior. P-T-p measurements and excess molar volume
computations were also conducted. Comparison of the bubble point pressures show that
HMDS can be considered as a better solvent than PDMS and Selexol with enhanced CO;
uptake capacity. One drawback of utilizing HMDS in such absorption processes would be the
rather high mole fraction of HMDS in the vapor phase which originates from the high vapor
pressure of HMDS. However, this obstacle can perhaps be overcome by utilization of a higher

molecular mass oligomer of dimethylsiloxane with a reduced vapor pressure.
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In addition to HMDS-CO, binary mixtures, the phase behavior of PDMS(OH)-CO, mixtures
with two different molecular weights of PDMS(OH), 2750 and 18000 g/mol were also
investigated. The demixing pressures for PDMS(OH)-CO, mixtures were measured for the
first time in an extensive composition interval and at three temperatures (313.2 K, 323.2 K
and 333.2 K). The compositions were varied up to 0.718 polymer weight fraction which
constitutes almost the entire composition range. Interestingly, due to the wide composition
ranges studied, three different types of behavior were observed during depressurization
depending on the composition of the mixture; bubble point, cloud point and a color change
which was attributed to the mixture critical point. The demixing pressures were found to
increase with the increasing polymer molecular weight. In addition, with increasing
temperature the demixing pressures at constant composition increased as well, which is LCST
type behavior. The bubble point pressures were modeled with SLEoS and the binary
interaction parameters for each data set were regressed. It was found that the binary
interaction parameters decreased with increasing temperature. The temperature sensitivity of
the interaction parameter of the low molecular weight polymer mixtures was higher than the
high molecular weight polymer mixtures. Both of these polymers were found to form miscible
mixtures with CO,; at all compositions at pressures lower than 31 MPa in the temperature
range 313.2 — 333.2 K.

The mixtures of PDMS(OH) and CO; can be considered as intriguing solvents for surface
modification applications due to the easily accessible single phase region which enables mild
operating conditions and tunable properties. The thermodynamic data about these mixtures
demonstrated in this study represent efficient guidelines for the surface modification studies
which reveal the temperature, pressure and composition ranges of the miscibility regions for
the PDMS(OH)-CO. binary mixtures as well as different phase separation characteristics.
Future studies utilizing the thermodynamic information demonstrated here can reveal

different application areas for these low viscosity solvent mixtures.
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CHAPTER 5

PDMS(OH)-SILICA AEROGEL COMPOSITES BY REACTIVE SUPERCRITICAL
DEPOSITION (RSCD)

5.1. Introduction

The desired transparency could not be achieved with the composites that were synthesized by
the modification of the sol-gel process. Hence, a novel route was followed and composites of
silica aerogels were synthesized by incorporating the polymer onto the silica aerogel surface
by reactive supercritical deposition technique. The technique basically emerged from the idea
of coating of the transparent aerogel surface with a transparent polymer so that the
transparency can be retained within the composites. The technique was developed based on
the information that PDMS(OH) and its derivatives have substantial solubility in scCO..
Reactive supercritical deposition of PDMS(OH) on silica aerogels is a surface silylation
technique and is conducted by accomplishing a few subsequent steps;
e Dissolution of the polymer in scCO, and obtaining a single phase polymer—CO, binary
mixture,
e Exposure of dry silica aerogel sample to the single phase binary mixture of polymer
and CO,,
e Covalent attachment of polymer onto the silica aerogel surface,

e Extraction of unreacted polymer with pure scCO..

The deposition conditions such as pressure, temperature and the polymer concentration were
determined according to the demixing pressure data that were obtained from phase behavior
measurements, in such a way that the single phase binary mixture of PDMS(OH)-CO; is
attained in the high pressure vessel throughout the deposition experiments. The depositions
were conducted with the experimental setup that is depicted in Figure 61. A syringe pump
was used for the transfer of CO, into the high pressure vessel. The pressure controller was
utilized to set the pressure value to the desired pressure. The pressure and temperature in the
high pressure vessel were monitored with a pressure transducer and a thermocouple,
respectively. A heating circulator was used to keep the temperature at the desired value. A

magnetic stirrer was used to stir the contents of the vessel during the course of the depositions.
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Figure 61 The experimental setup for the reactive supercritical deposition.

Initially, a certain amount of polymer was placed into the vessel together with the silica
aerogel sample and the vessel was brought to the desired temperature. A wire mesh was used
to separate the aerogel sample from the polymer in order to avoid the contact of the sample
with the liquid polymer which would destroy the aerogel structure. With continuous stirring,
CO, was pumped into the vessel and the dissolution of the polymer in CO, was achieved.
When the desired pressure value was reached, a single phase binary mixture of PDMS(OH)—
CO, was obtained in the vessel. The silica aerogel sample was exposed to this single phase
mixture for varying durations. Typical volumes of the aerogel samples were around 1 mL. As
the final step of the deposition, extraction with pure CO, was performed to remove the
unreacted polymer which remained in the vessel. The volume of pure CO; needed for
complete extraction of the unreacted PDMS(OH) from the vessel was determined in separate
experiments by passing varying amounts of CO,. The phase behavior measurements showed
that even if small amounts of PDMS(OH) existed in the mixture (< Wppmson)=0.01), cloud
points are observed during the depressurization of the vessel. It was found that 5-6 vessel
volume (~300 mL) of CO, was sufficient to remove the entire unreacted polymer since no
cloud points were observed during depressurization following the extraction. Furthermore,
material balance calculations showed that the PDMS(OH) concentration in the fluid phase
dropped to 1/200™ of its initial value after passing 6 vessel volumes of CO, at a flow rate of
100 mL/h. Following the depositions, the polymer uptakes of the deposited samples were

determined gravimetrically.

Initially, trial deposition experiments were carried out to verify the validity of the technique

for developing the composites of silica aerogels with PDMS(OH).

104



5.2. Trial Deposition Experiments

To test the efficiency of the reactive supercritical deposition of PDMS(OH) on silica aerogels,
two trial experiments were conducted; deposition of PDMS(OH) with following scCO,
extraction and without scCO, extraction. For both cases, a certain amount of PDMS(OH)
(Mw=2750) was placed into the high pressure vessel together with the silica aerogel sample
and liquid CO, was pumped into the vessel until a single phase mixture was obtained. The
polymer weight fraction used in the depositions was Wppmson) = 0.022. The weights of the
aerogel samples for the deposition experiments were measured as 0.185 g and 0.079 g,
respectively. Both deposition experiments were performed at 313.2 K and 310 bar for 4 hours.

The first deposition experiment was conducted without scCO;, extraction. After the treatment,
the outlet valve was opened and the system was slowly depressurized. During the
depressurization, PDMS(OH) was observed to liquefy in the vessel due to the decreased the
solvation power of CO, with decreasing pressure which caused the single phase system to
undergo a phase change. The liquefaction of PDMS(OH) resulted in the destruction of the
solid network of silica aerogel since liquid PDMS(OH) condensed onto the aerogel sample.
The resulting aerogel sample was observed to have two coaxial layers; the outer polymer rich
layer was completely damaged and had a white opaque appearance, whereas the inner aerogel
layer was intact with a highly translucent appearance.

Based on these results, scCO, extraction was performed following the deposition in order to
prevent the liquefaction of the polymer and subsequent destruction of the silica aerogel
structure. ScCO, extraction was carried out by passing 5 vessel volumes of pure CO,. After
the depressurization, a translucent and homogenous aerogel sample was obtained, as
displayed in Figure 62. Table 25 displays the initial and final aerogel sample weights for both
deposition experiments (without and with scCO, extraction), together with the calculated
PDMS(OH) mass uptakes and appearances of the deposited samples. The higher polymer
uptake observed without scCO, extraction obviously originated from the amount of polymer
that is liquefied on the aerogel sample during the depressurization. The mass uptake decreased
to 36.3 wt.% after scCO, extraction due to the removal of the liquefied and physically
adsorbed PDMS(OH) molecules with scCO,. Yet, high polymer uptake obtained after the
scCO; extraction points out a possible chemical reaction between the polymer and the silica

aerogel.
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Figure 62 Silica aerogel after the deposition and scCO, extraction.

Table 25 Deposition results with and without scCO, extraction.

Initial Aerogel Final Aerogel Mass Uptake Appearance
Mass (g) Mass (g) (wt.% of aerogel)
Without scCO, 0.185 0.29 56.8 Opaque
extraction
With scCO, 0.079 0.108 36.3 Translucent
extraction

In order to analyze the chemical composition ATR-FTIR analysis was performed with the
deposited sample obtained with scCO, extraction. Figure 63 compares the spectra of the
deposited aerogel sample obtained with scCO, extraction with that of native silica aerogel
sample. According to Figure 63, the peaks at 850 cm™ and 1267 cm* wavenumbers are
characteristic markers of Si—C stretching vibrations, whereas the sharp peak at around 2963
cm* originates from the C—H stretching of the methyl groups. The aforementioned peaks did
not appear in the spectrum of standard aerogel sample since pure silica aerogel does not
contain any methyl groups. The appearance of Si—C and C—H vibrational peaks in verifies the

presence of PDMS(OH) in the deposited aerogel sample.
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Figure 63 ATR-FTIR spectra of the deposited aerogel sample obtained with scCO,
extraction and native silica aerogel.

Moreover, N, adsorption—desorption analysis was carried out with the aerogel sample
obtained with scCO, extraction in order to examine the changes in the pore structure upon
deposition. Table 26 displays the analysis results of the deposited sample in comparison to the
values of native silica aerogel. According to the results, the BET surface area of the deposited
sample had a three—fold decrease compared to the native silica aerogel which apparently
originated from the deposition of the polymer molecules which resulted in coating of the
silica aerogel surface. The decrease in total pore volume additionally supports the idea of
coating of the silica aerogel surface by polymer molecules. Moreover, the increase in average

pore radius can be explained by the filling of the small pores with polymer molecules.

Table 26 N, adsorption—desorption analysis results for the deposited aerogel sample
compared to the native silica aerogel.

Sample BET Surface Average Pore Radius Total Pore
Area (m’/g) (nm) Volume (cm/g)
Deposited silica aerogel 310.9 8.7 2.1

with scCO, extraction
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Native silica aerogel 926.4 59 2.8

Additionally, it was observed, although with simple hand—made tests, that the deposited
aerogel samples had extreme mechanical durability compared to the native silica aerogel

samples.

Based on the abovementioned results of the trial experiments, reactive supercritical deposition
of PDMS(OH) from scCO, and following extraction with pure scCO, was concluded to be a
novel and promising technique. It was observed that the composites synthesized with this
route were monolithic and homogenous. Moreover, the composite with 36.6 wt.% polymer
uptake was translucent which indicated that the transparent samples could be obtained by
varying polymer content. The results also indicated that there may be a chemical reaction
between the polymer molecules and silica aerogel surface. Thus, further experiments were
performed to investigate this possible reaction between the polymer and the silica aerogel

surface.

5.3. Reaction of PDMS(OH) with Silica Aerogel Surface

Since the reaction of the polymer with the silica aerogel necessitates the presence of the
surface —OH groups, removal of these groups, such as in the case of a superhydrophobic silica
aerogel, would prevent this reaction and thus no polymer would be deposited on such
superhydrophobic aerogels. Therefore, in order to investigate whether the deposition takes
place as chemisorption (with a chemical reaction) or physisorption (physical adsorption),
simultaneous supercritical depositions were conducted with a native hydrophilic silica aerogel

and a superhydrophobic aerogel.

A superhydrophobic silica aerogel reference sample was obtained by supercritical deposition
of hexamethyldisilizane (HMDS) with CO,[92]. HMDS is a siloxane based compound which
has been widely utilized for surface modification applications in order to render hydrophilic
surfaces hydrophobic. HMDS has a high solubility in scCO, which allows for the treatment of
surfaces of the porous materials with scCO,. When silica aerogel surface is exposed to HMDS
that is dissolved in scCO,, the surface —OH groups are replaced with trimethylsilyl (Si(CH3)3)
groups of HMDS resulting in a hydrophobic surface. The experimental setup that is displayed
in Figure 61 was utilized for HMDS deposition and the deposition was conducted with an
initial HMDS amount of 2 mL at 333.2 K and 13.8 MPa for 12 hours. Following the
deposition, supercritical extraction was carried out with 300 mL of pure scCO, in order to
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remove the un-reacted HMDS from the vessel. The mass uptake after HMDS deposition was
16.7 wt.%. The superhydrophobicity of the aerogel sample was confirmed with a water
droplet test where a droplet of water was placed onto the silica aerogel sample. The water
droplet was unable to stand on the surface of the aerogel and moved away from the surface

which indicated that the sample was superhydrophobic.

Subsequently, simultaneous deposition of PDMS(OH) on hydrophilic and superhydrophobic
silica aerogel samples were performed at 323.2 K and 31 MPa for 24 hours with PDMS(OH)
weight fraction of Wppmsony = 0.022 followed by supercritical extraction with pure scCO,. As
given in Table 27, the mass uptake for the hydrophilic silica aerogel sample was 66.7 wt.%
whereas the uptake for that of superhydrophobic silica aerogel sample was 4.4 wt.%. The
drastic difference between the mass uptakes of the two aerogel samples constitutes evidence
that the PDMS(OH) molecules chemically reacts with the —OH groups on the silica aerogel
surface. In addition, the 4.4 wt.% mass uptake observed for the superhydrophobic aerogel
may either occur due to the physical adsorption of the polymer molecules on the
superhydrophobic surface or chemical reaction with the residual silanol (Si—-OH) groups
which remain on the surface after the HMDS deposition. Figure 64 displays the images of the
hydrophilic and superhydrophobic aerogel samples after the PDMS(OH) deposition. The
higher amount of polymer in the hydrophilic aerogel was observed to decrease the
transparency significantly when compared to the superhydrophobic aerogel. The hydrophilic
aerogel with 66.7 wt.% of polymer uptake had almost an opaque appearance compared to the
superhydrophobic silica aerogel sample with 4.4 wt.% of polymer uptake which had a

transparent appearance.

Figure 64 Images of A) hydrophilic and B) superhydrophobic aerogel samples after the
deposition.
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Table 27 Mass uptakes of the silica aerogel samples after the PDMS(OH) deposition.

Sample Maerogel BefOre Maerogel After Mass Uptake
Deposition (g) Deposition (g) (wt.% of
aerogel)
Hydrophilic Aerogel 0.09 0.150 66.7
Superhydrophobic Aerogel 0.114 0.119 4.4

Moreover, the pore structures characteristics of the samples were analyzed with N

adsorption—desorption and the results are listed in Table 28. When the hydrophilic aerogel

sample before and after the deposition are compared, a three—fold decrease in the BET surface

area, and almost a two—fold decrease in pore volume are observed which originated due to

66.7 wt.% of polymer uptake. On the other hand, when the values for superhydrophobic

aerogel sample are compared, it can clearly be observed that the total pore volume did not

change upon PDMS(OH) deposition, while there was a slight decrease in BET surface area.

Similar conclusions can be deduced from the pore size distributions of the aerogel samples

that are given in Figure 65. The pore size distribution of the hydrophilic silica aerogel became

broader upon deposition and the peak shifted to higher average pore sizes. Additionally, there

was a remarkable difference between the maximum pore volumes that were obtained at the

peak positions of the pore size distribution curves before and after the deposition which

occurred due to deposition of the polymer on the pore surface. On the other hand, the change

was slight for the superhydrophobic aerogel before and after the polymer deposition which

can be explained by 4.4 wt.% of polymer uptake.

Table 28 N, adsorption—desorption analysis results of the silica aerogel samples before
and after PDMS(OH) deposition.

Sample BET Surface Area  Average Pore  Total Pore Volume
(m?/g) Radius (nm) (cm*/g)
Hydrophilic Aerogel (Before Deposition) 1024.9 9.1 5.5
Hydrophilic Aerogel (After Deposition) 343.7 11.3 2.9
Hydrophobic Aerogel (Before Deposition) 675.3 9.6 3.9
Hydrophobic Aerogel (After Deposition) 595.5 10.1 3.9
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Figure 65 Pore size distribution of the aerogel samples.

Moreover, ATR-FTIR analysis was performed with the aerogel samples to analyze the
chemical groups on the surface after the PDMS(OH) deposition. Figure 66 displays the ATR—
FTIR spectra for the hydrophilic and superhydrophobic aerogel samples after the deposition
along with the native silica aerogel spectrum. The intensity of the broad —OH band between
3000 and 3700 cm™ wavenumbers for the superhydrophobic sample diminished compared to
the native silica aerogel which confirms the hydrophobic character of the surface. Moreover,
there are two peaks of special interest that can be analyzed for comparison of the structures:
the peak at 2963 cm ™ wavenumber representing the C—H stretching vibrations and the peak at
1267 cm™* wavenumber which stands for the Si—C stretching vibrations. In Figure 66 these
peak positions are marked. The C—H stretching vibration peak in hydrophilic silica aerogel
originated from the methyl side groups of PDMS(OH) that was bound on the surface whereas
the same peak in the superhydrophobic sample mainly occurred due to the trimethylsilyl
(Si(CHs)3) groups that were attached to the surface with HMDS deposition. The comparison
of the Si—C stretching vibration peaks indicates the binding of PDMS(OH) to silica aerogel
surface for the hydrophilic sample as well as the binding of Si(CH3); of HMDS for the
superhydrophobic sample. However, the peak for superhydrophobic sample shifted from 1267
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cm* to 1250 cm™* which probably occurred due to the chemical nature of Si—C groups, that is,
the silicon of the Si—C groups that occurred due to PDMS(OH) are bound to oxygen forming
the (SiO,), backbone of the polymer whereas silicon of Si—C groups that occurred due to

HMDS deposition are only bound to the surface of silica aerogel.

In conclusion, the mass uptake, N, adsorption—desorption and ATR-FTIR results that are
explained in this subsection, confirms that the mechanism that governs the PDMS(OH)
deposition process is the chemisorption, that is, the polymer molecules are covalently attached
to the surface —OH groups of the silica aerogel from the terminal —OH groups. Therefore, the
supercritical deposition process is confirmed to be a reactive supercritical deposition of
PDMS(OH).
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Figure 66 ATR-FTIR spectra of the silica aerogel samples.

Another way to distinguish chemisorption and physisorption is the extraction with pure scCO,
since PDMS(OH) was determined to be highly soluble in scCO,. If adsorption is
physisorption, then the deposited polymer can be extracted with pure CO, due to the
reversible nature of physical adsorption and also due to the substantial solubility of

PDMS(OH) in scCO,. However, in the case of chemisorption, since the molecules are
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attached to the surface by chemical bonds, the polymer cannot be extracted with pure CO,.
Therefore, an aerogel composite was developed with 75.4 wt.% of polymer uptake and
prolonged extraction of the sample was performed with pure scCO, at 323 K in an Applied
Separations Spe—ed SFE extraction unit in two stages for a total of 32 hours. In the first stage
supercritical extraction with CO, was performed at the deposition conditions for 12 hours and
the weight loss of the sample corresponded to 3.3 % of the sample weight. The sample was
then placed in the extractor and the extraction was continued for an additional 20 hours. The
weight loss of the sample was measured to be 0.6 mg corresponding to only 0.3 wt.% of the
sample weight. This weight loss is quite low compared to the initial mass uptake (75.4 wt.%)
which demonstrates that loaded polymer cannot be desorbed with further extraction. With the
prolonged extraction of 32 hours, a total of 6.6 mg of PDMS(OH) was extracted
corresponding to 7.9 % of the initially loaded polymer amount which can perhaps be
attributed to the extraction of physisorbed polymer molecules. These results indicate that the
major type of adsorption is chemisorption and the PDMS(OH) molecules react with the
surface —OH groups and become attached to the silica aerogel surface. This reaction generates
water which is either adsorbed on the silica aerogel surface or partitions into the fluid phase.
In all the experiments, the amount of water generated was considerably smaller than the
amount which could be dissolved in CO, based on the solubility data of water in scCO at the
experimental conditions (0.008 mol H,O per mole of CO;) [146].

5.4. Reactive Supercritical Deposition of PDMS(OH)

5.4.1. Effect of Deposition Time and Polymer Concentration

The composites of silica aerogels with PDMS(OH) was developed with reactive supercritical
deposition of the polymer from scCO, by utilizing PDMS(OH) with number average
molecular weight of M,=2750. Deposition experiments with different initial PDMS(OH)
concentrations were conducted at 323.2 K and 31 MPa for 24 hours and the effects of the
polymer concentration on uptake amount was investigated. All of the deposited samples were
obtained as crack—free monoliths. Figure 67 displays the mass uptakes of the aerogel samples
for different polymer weight fractions and shows that there is almost a linear increase in the
mass uptake with increasing initial PDMS(OH) fraction. This increase in mass uptake was
attributed to the higher concentration gradients between the bulk and the surface obtained
with higher polymer weight fractions which resulted in enhanced rates of diffusion and/or
reaction of the PDMS(OH) molecules. Polymer loading as high as 75.4 wt.% could be
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obtained which is quite high compared with the values reported in the literature for
composites of PDMS(OH) with silica gel obtained by other methods [46, 49].
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Figure 67 The mass uptakes for different initial PDMS(OH) compositions.

ATR-FTIR analysis further supports the covalent bonding of the polymer on the aerogel
surface. Figure 68 compares the ATR-FTIR spectra of the deposited aerogel samples with the
native silica aerogel. There are two intense peaks that are specific to the chemical groups of
silica and therefore occur in both spectra since both the backbone of the polymer and the
aerogel network is made from SiO,. These peaks occur at 800 cm™* and 1080 cm™ and are
characteristic to Si—O-Si bending and stretching vibrations, respectively [65]. After
deposition, the intensity of the peak at 800 cm™ increases due to additional Si—-O-Si bending
vibrations of the polymer backbone. The broad band which appears at 3400 cm™ originates
from hydrogen bonded Si-OH with the adsorbed molecular water which is observed to
weaken after the deposition of the polymer. More importantly, there are three peaks indicative
of the presence of the polymer in the aerogel sample. The peak at 2963 cm ™ represents the C—
H stretching vibrations originating from the methyl side groups of PDMS(OH). The peak at
1267 cm™ is due to the Si—C stretching vibrations that originate from methyl side groups
attached to the polymer backbone. The peak appearing at 850 cm™ for the deposited sample
was attributed to =Si—O-Si(CHz),—R bond that were formed due to the condensation reaction
between the =Si—OH groups of the aerogel and OH-Si(CH3),—R end groups of PDMS(OH)
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[65]. The intensities of the C—H and Si—C stretching vibration peaks as well as the Si—O-Si
peak that signifies the reaction between PDMS(OH) and surface —OH groups of the silica
aerogel increased accordingly with the increasing polymer amount in the deposited samples.
Furthermore, the peak at 960 cm* that was observed in native silica aerogel sample was
attributed to stretching of Si—-OH groups of the aerogel [65-66]. The disappearance of this
peak upon deposition additionally indicates the reaction between PDMS(OH) and the surface
Si—OH groups of the aerogel. The evolution of these specific peaks can be observed from the
marked positions in Figure 68.
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Figure 68 ATR-FTIR spectra showing the evolution of Si-C, C-H and Si—O-Si peaks
upon deposition.
The effects of the deposition time on mass uptake were also investigated by conducting
deposition experiments for various durations. The experiments were performed at 31 MPa and
323.2 K with wppumsony 0f 0.022. Subsequent supercritical extraction with 300 mL of pure
scCO, was performed. Each deposition experiment was repeated three times. Figure 69
displays the mass uptakes for various deposition times with the standard deviations
represented as the error bars for each data point. According to Figure 69, the mass uptakes
increased with increasing deposition time. However, after 24 h the mass uptake seems to be

reaching to an equilibrium point which indicates that with around 30 wt.% of polymer uptake
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the aerogel surface becomes saturated with PDMS(OH) molecules and further elongation of
the exposure time does not cause any significant increase in the uptake value. This
observation can originate from two possible situations; either almost all of the —OH groups on
the aerogel surface reacted with the PDMS(OH) molecules or some of the surface —OH
groups become inaccessible because of the polymer chains attached on the surface. For an
uptake amount of 36 wt.%, calculations indicated that approximately 8 PDMS(OH) molecules
were present on 100 nm? of silica aerogel surface. Considering that there are approximately
500 —OH molecules per 100 nm? of native silica aerogel surface [7, 147-148], only a small

fraction of surface —OH groups participated in reactions with PDMS(OH).
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Figure 69 Mass uptake values for various deposition times.

The adsorption of polymers on inorganic surfaces is known to be quite a complicated process
which is governed by different intermolecular interactions between the polymer and the
surface [149]. The structure of polymer and surface, pH, temperature, the geometry of
polymer, the topology of the surface, concentration and molecular weight of the polymer are
some of the factors that govern the extent of adsorption and the structure of the adsorbed
polymer phase [150]. When the polymer concentration on the surface is below the saturation
point, the polymer chains adopt rather a flat conformation with enhanced number of

interactions with the surface. With increased polymer concentration, the surface becomes
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saturated with the polymer chains which results in the entangled chains on the surface. The
loop and tail portions of the entangled chains repel free polymer chains away from the surface
due to the steric hindrance [150].

There have been some studies investigating the adsorption of PDMS on silica surfaces and the
structure of the adsorbed PDMS layer. In some of these studies the PDMS chains were
demonstrated to be partially adsorbed on the surface, that is, some segments of the polymer
chain interact with the surface while other segments are free and protrude from the surface. It
was proposed that the segments that are not involved in the interactions with the surface can
form loop like structures depending on the chain length of the polymer [151-153]. The
adsorption of PDMS(OH) on silica surface was also investigated and it was proposed that the
polymer chains can coat the silica surface forming a core—shell structure or can bind to each
other forming bridges [66]. In any case, it is likely that a significant number of —OH groups
on the silica surface are unavailable for new interactions either because they are involved in

bonding with the polymer or are covered by the bound polymer chains [151].

Regarding these considerations, it is likely that the chemisorbed PDMS(OH) molecules cover
the unreacted surface —OH groups on aerogel surface and prevent the access of other
PDMS(OH) molecules to these sites and therefore hinders their reactions. Another issue is the
steric hindrance due to the crowding of the polymer molecules on the aerogel surface that may
occur with increasing polymer loading. All these possible interactions can cause the saturation

of the surface with polymer molecules as observed in the mass uptake results.

Figure 70 shows the images of aerogel samples that were deposited for 2 h, 9 h and 72 h, with
polymer contents of 15.8 wt.%, 20.9 wt.% and 36.6 wt.%, respectively. It is evident that with
increasing deposition time and thus the polymer content of the samples, the transparency
decreases. During the depressurization, there occurs a transition from a good solvent medium
(scCO,) to a weak one (gaseous CO,) which affects the structure and morphology of the
adsorbed polymer layer. It is known that polymers adopt a brush—like structure in the presence
of a good solvent and a mushroom-like, more closely—packed structure in the presence of a
weak solvent [154-156]. Therefore, it is possible for the reacted PDMS(OH) molecules to
become entangled on the surface upon depressurization. One possible explanation for the
decrease in transparency is that these entangled polymer molecules constitute additional
scattering centers on the aerogel surface, which decreases the amount of light transmitted

through the sample. Nonetheless, it is important to note that the transparency of the aerogels
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can be adjusted with the amount of polymer loaded and it is possible to obtain transparent
aerogel composites at low polymer loadings. One of the most promising applications of silica
aerogels is their utilization as core materials in transparent vacuum insulation panels.
Therefore, being able to retain the transparency of the samples after the deposition is an

essential feature of this technique that needs to be emphasized.

Figure 70 Images of aerogel samples with A) 15.8 wt.%; B) 20.9 wt.% and C) 36.6 wt.%
mass uptakes.

The homogeneity of the deposited samples, that is, whether the polymer molecules were
homogenously distributed throughout the entire volume of the cylindrical samples, was also
investigated. The visual observation of the cylindrical samples broken into two pieces
indicated no non-homogeneities in the appearance. Moreover, ATR-FTIR analyses were
performed with the portions taken from the center and from the outer surface of the
cylindrical sample. Figure 71 displays the spectra of the samples deposited for 72 h. It is
evident that the spectra of the samples from the center and the outer surface overlap. The
intensities of the specific peaks that are related to the polymer are identical indicating that the
concentrations of the polymer molecules at the center and at the outer surface of the samples
are similar. These results indicate that the polymer molecules penetrated to the center of the
monoliths and were uniformly distributed.
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Figure 71 ATR-FTIR spectra of the samples from the center and outer surface of the
monoliths deposited for 72 hours.

The effects of mass uptake on the pore characteristics of the samples such as surface area,
pore volume and pore size distribution were investigated by analyzing the N, adsorption—
desorption isotherms. The analysis results are summarized in Table 29 together with the mass
uptakes and densities. It is obvious that with increasing mass uptake the densities of the

samples increased whereas the surface areas and pore volumes decreased.

Furthermore, pore size distribution of the samples were obtained from the desorption branch
of the isotherm by employing BJH method. The pore size distributions of the samples were
compared with the native silica aerogel in Figure 72 which shows that the average pore radius
changed very slightly upon deposition. For comparison, the N, adsorption—desorption
isotherms of the native silica aerogel and deposited aerogel with 36.6 wt.% uptake were
additionally given in Figure 72. It is clearly observed that the aerogel samples have Type IV
isotherm with H1 type hysteresis loop with desorption branch reflecting equilibrium capillary
evaporation. The isotherms for the other the samples were similar but omitted for clarity.

Table 29 Densities and pore characteristics of the deposited aerogels.

Mass Uptake (wt.% Density BET Surface Total Pore C
of aerogel) (kg/m®) Area (m?/g) Volume (cm®/g)
15.8 186 665 4.56 38.14
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20.9 188 596 4.14 31.19
36.6 215 454 3.04 19.97

75.4 276 280 2.06 14.38
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Figure 72 Pore size distribution and N, adsorption—desorption isotherms of the
deposited samples (m.u.: mass uptake).

The volumes occupied by the polymer molecules in the pores were compared to the
reductions in the pore volumes (the difference between the pore volumes of the native silica
aerogel and the deposited samples as determined from N, adsorption—desorption isotherms by
using BJH analysis). As shown in Figure 73, there is a very good match between those two
volumes for all the samples. The slope of the best fit straight line through these points (the red
dotted line) is 1.03 with an R—square value of 0.93. The closeness of the value of the slope to
1.0 shows that the volume of the PDMS(OH) molecules in the samples correspond to the

reduction in the pore volumes which occurred upon deposition.
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Figure 73 Correlation between volume of PDMS(OH) in the pores and pore volume
reduction obtained from BJH analysis (red dotted line is the linear fit).

The analysis based on the pore size distribution revealed that there is a reduction in the pore
volume for the entire pore size range and this volume reduction corresponds to the volume of
the deposited polymer molecules. These observations suggest some sort of conformal coating
of the aerogel surface with the polymer molecules. In order to investigate this coating
hypothesis, the thickness of the coating layer was calculated for different pore sizes of each
deposited sample by employing the BJH analysis results in the following manner. The
thickness is calculated by dividing the polymer volume (volume corresponding to the
difference between the pore volume of the deposited sample and the pore volume of the native
silica aerogel) corresponding to a particular pore size range by the surface area of the native
aerogel. Figure 74 displays the results obtained for each aerogel sample for the entire pore
size range. The thickness of the polymer layer was found to be large (up to 14 nm) for the
pores with radii larger than 26 nm. Moreover, the deviations in layer thicknesses of different
polymer uptakes were calculated to be high for this pore size. However, the contribution of
the amount of polymer in these pores to the total polymer uptake are negligible for all the
samples since the pores in this range are only 1% of the entire pores of the mesoporous silica
aerogels. For pores smaller than 26 nm, the thickness of the polymer layer fluctuates between

1 and 2 nm and seems to slightly increase with increasing mass uptake indicative of a
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conformal coating of 1-2 nm on the silica aerogel surface. The polymer layer thicknesses
around 1-2 nm additionally explains the insignificant decreases of the average pore sizes
displayed in Figure 72. The thickness of the polymer layer was also calculated from the
adsorption branch of the N, sorption isotherms by following the same procedure. The
calculated thicknesses were around 1 nm for the mesopore range and increased for larger
pores. The calculated polymer layer thicknesses were further employed to determine the
surface areas of the samples after the deposition. Spherical pore geometry was assumed in the
calculations for simplicity and the surface areas of polymer coated samples were determined
per gram of the composites. The pore radii used in the calculations were obtained by
subtracting the coating thicknesses from the pore radii of the native silica aerogel. The results
were compared with the surface areas obtained from BJH analysis, since BJH analysis results
were utilized for the calculations of layer thicknesses. The good agreement between the
calculated values and the analysis results displayed in Figure 75 verifies the coating of the
silica aerogel surface with polymer layer of the determined thicknesses. The deviations in
Figure 75 most probably originate from the spherical pore geometry assumption which is a

very crude assumption for the interconnected pore networks such as in the case of aerogels.
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Figure 74 The thickness of the polymer layers for different pore sizes of the deposited
samples.
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Figure 75 The surface areas of the samples obtained from BJH analysis and calculated
from deposited layer thicknesses.

5.4.2. Effect of Polymer Molecular Weight and Deposition Temperature

The deposition experiments were additionally performed by utilizing PDMS(OH) with
number average molecular weight of 18000 g/mol. The experimental pressure, temperature
and composition were again determined according to the demixing pressure data such that a
single phase binary mixture of PDMS(OH)-CO, was retained in the vessel throughout the
experiments [101]. All of the depositions were conducted at 31 MPa. After the deposition the
aerogel samples were extracted with 300 mL of pure CO, at the deposition conditions in order
to remove the unreacted polymer. Each deposition experiment was repeated 3 times to

evaluate the reproducibility.

In the previous section, PDMS(OH) (M,=2750 g/mol) was demonstrated to react with the
surface —OH groups of silica aerogels from the terminal —OH groups. As a result of this
reaction the polymer molecules were found to form a thin coating layer on the aerogel surface
[93]. As a continuation of that study, we investigated the effects of deposition temperature as
well as the polymer molecular weight on the silica aerogel-PDMS(OH) nanocomposite
materials. The deposition of low (M,=2750 g/mol) and high (M,=18000 g/mol) molecular
weight PDMS(OH) was performed with 0.5 g of polymer amount which corresponded to 2.2
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wt.% of polymer concentration in the vessel. The silica aerogel samples were exposed to
PDMS(OH)—CO; binary mixtures for 24 h. The depositions were conducted at three different
temperatures, namely, 313.2 K, 323.2 K and 333.2 K. Figure 76 displays the polymer uptakes
of the aerogel samples. The deviations for each deposition were represented as error bars. It is
apparent that the mass uptakes increased with increasing temperature which was attributed to
the enhanced reaction rates at higher deposition temperatures. In addition, mass uptakes were
higher for the higher molecular weight PDMS(OH) with larger deviations which indicated
that the depositions performed with lower molecular weight PDMS(OH) were more reliable
by means of reproducibility. The average grafting densities of PDMS(OH) were also
calculated in terms of mmol polymer per gram of silica aerogel and the results are shown in
Figure 77. Although higher polymer uptakes were obtained for high molecular weight
PDMS(OH), the grafting densities were significantly lower compared to the low molecular
weight PDMS(OH). Low molecular weight PDMS(OH) (M,=2750 g/mol) has 37 repeating
units whereas PDMS(OH) with 18000 g/mol molecular weight has 242 repeating units. The
lower grafting densities obtained for high molecular weight PDMS(OH) were attributed to the
large repeating unit number of the polymer. Reaction of one PDMS(OH) molecule with 242
repeating units probably shielded many adjacent surface —OH groups of aerogel and

prevented further reactions of them with other polymer molecules.
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Figure 76 Mass uptakes of the aerogel samples at different temperatures.
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Figure 77 Grafting densities of PDMS(OH) on the deposited aerogel samples at different
temperatures.

The ATR-FTIR analyses were performed with the deposited samples to confirm the binding
of the polymer to the silica aerogel surface. Figure 78 compares IR spectra of the native silica
aerogel and aerogel sample deposited with high molecular weight PDMS(OH). There are two
intense peaks that are specific to the chemical structure of silica and therefore occur in both
spectra since both the backbone of the polymer and the solid silica network of the aerogel is
made from silica. These peaks occur at 800 cm ™ and 1080 cm™ and are characteristic to Si—
O-Si bending and stretching vibrations, respectively [65]. After deposition, the intensity of
the peak at 800 cm™ increases due to additional Si-O-Si bending vibrations of the polymer
backbone. More importantly, there are three peaks indicative of the presence of the polymer
in the aerogel sample. The peak at 2963 cm™ represents the C—H stretching vibrations
originating from the methyl side groups of PDMS(OH). The peak at 1267 cm™ is due to the
Si—C stretching vibrations that originate from methyl side groups attached to the polymer
backbone. The peak appearing at 850 cm™ for the deposited sample was attributed to =Si—-O—
Si(CH3)>—R bond that were formed due to the condensation reaction between the =Si—OH
groups of the aerogel and OH-Si(CHj3),—R end groups of PDMS(OH) [65]. The C-H and Si—
C stretching vibration peaks appeared upon polymer deposition while the intensity of Si—O-Si
peak increased which signifies the reaction between PDMS(OH) and surface —OH groups of
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the silica aerogel in the deposited nanocomposites. Furthermore, the peak at 960 cm™ that
was observed in native silica aerogel sample was attributed to stretching of Si—-OH groups of
the aerogel [65-66]. Upon deposition this peak was observed to shift to left and merge with
Si—O-Si peak which was additionally attributed to the reaction between PDMS(OH) and the
surface Si—OH groups of the aerogel. The aforementioned specific peaks can be observed

from the marked positions in Figure 78.
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Figure 78 ATR-FTIR spectra of native silica aerogel sample and silica aerogel-
PDMS(OH) nanocomposite.

High molecular weight of a polymer generally induces diffusion limitations, especially when
the polymer molecules have to travel through a path of nano-size features that are compared
to the size of the polymer. In order to investigate such possible diffusion limitations ATR-
FTIR analyses of the deposited aerogel samples were performed with the portions taken from
the outer surface and the center of the cylindrical samples. Figure 79 and Figure 80 displays
the spectra obtained from the aerogel samples deposited with low and high molecular weight
PDMS(OH), respectively. The spectra in Figure 79 clearly show that the peaks that are
specific to PDMS(OH) coincide for the center and outer surface of the sample that was

deposited with the low molecular weight PDMS(OH). This observation indicates that the
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amount of polymer at the center and outer surface of the aerogel sample was the same and
there were no diffusion limitations in the case of deposition of low molecular weight polymer.
On the other hand, it is apparent from Figure 80 that there were significant differences in the
intensities of the aforementioned peaks for the deposition of high molecular weight
PDMS(OH), the intensities for the outer surface being significantly higher than the center.
This means that the amount of polymer molecules deposited at the outer surface of the aerogel
sample was higher than the amount deposited at the center which can be explained by
diffusion limitations caused by the high molecular weight of the polymer. One possibility is
that the bulky polymer molecules that were deposited at the outer surface of the aerogel
sample at the initial contact perhaps blocked some pores which eventually prevented further
diffusion of the polymer molecules to the center of the cylindrical sample. In addition, by
employing Funazukuri’s correlation [157-158], the binary diffusion coefficient of PDMS(OH)
with 2750 g/mol molecular weight was estimated to be 2.56 times greater than that of
PDMS(OH) with 18000 g/mol molecular weight in scCO,. Slower diffusion of high
molecular weight PDMS(OH) could be another factor that have caused the difference in the
amount of deposited polymer molecules and hence the difference in peak intensities. The
non—-homogenous distribution of the polymer molecules throughout the silica aerogel can
additionally be observed from the top views of the cylindrical samples given in Figure 81. It is
obvious that the appearance of the deposited aerogel sample close to the outer perimeter of the
cylinder is more opaque and white than the center. In addition, the effect of polymer

deposition on the transparency of the aerogel can be noticed from Figure 81, as well.
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Figure 79 ATR-FTIR spectra of aerogel sample deposited with PDMS(OH) of molecular

weight 2750 g/mol.
--!LT.Q\ RPN L Y ,-_,ﬂ,‘
100 F 3 -2 T
\.‘ fql" o II
P B |
S e
< sof P gy
?]-)/ s w SO k "-’-i o
3] S RN }‘ 3t
% [ "\\ _";" \ , ‘Q ! ' E
B =] "‘ .'f .‘\ -', l ! t
E 60f e
0 | o
: L M
: N T
I: i ’:-"'\ /s i
2Nt E
' ; I :
40 ¥ i
\ X N
W Ly
| - ---center ‘l‘\” '“5
S outside surface Vi "L
\
20 — 1 1 . ; . .
4000 3000 2000 1000

Figure 80 ATR-FTIR spectra of aerogel sample deposited with PDMS(OH) of molecular

Wavenumber (cm™)

weight 18000 g/mol.

128



Figure 81 Images of native silica aerogel (left) and aerogel deposited with PDMS(OH) at
313.2 K (right).
It was previously demonstrated that PDMS(OH) with 2750 g/mol molecular weight form a
thin coating layer on the silica aerogel surface without filling or blocking any pores. The
homogenous distribution of polymer molecules throughout the samples was confirmed with
ATR-FTIR analysis. On the other hand it was also understood from the ATR-FTIR
measurements that the aerogel samples deposited with the high molecular weight polymer
were non-homogenous with larger polymer amount at the outer surface and less polymer at
the inner part. In order to clarify the structural outcomes of these observations N, sorption
analyses were performed with the aerogels that were deposited with the high molecular
weight PDMS(OH) and the pore structures of the nanocomposites were investigated. The pore
size distributions of the deposited samples are shown in Figure 82. For comparison, the N,
adsorption—desorption isotherms of the areogel sample deposited with PDMS(OH) at 333.2 K
and native silica aerogel sample are also given in Figure 82. The isotherms for the other
deposited samples were similar but omitted for clarity. The maximum pore volume obtained
from the peak point of the pore size distribution curve decreased accordingly with the
increasing deposition temperature which resulted in increasing amount of polymer in the
nanocomposites. In addition, it is clearly observed from the N, sorption isotherms that the
aerogel samples have Type IV isotherms with hysteresis loops which are specific to multi—
layer adsorption on mesoporous materials with capillary condensation. The important feature
that should be noted is that a shift from Type H1 hysteresis loop (native silica aerogel) to
Type H2 hysteresis loop (deposited sample) was observed. H1 hysteresis loops are generally
observed for materials with uniform pores and narrow pore size distributions whereas H2

hysteresis loops are associated with materials exhibiting more complex pore structures in

129



which pore network effects such as pore blocking are significant. Hence, the observed shift of
the hysteresis loop from Type H1 to Type H2 upon deposition was attributed to the blocking
of the pores by the deposited polymer molecules which was also confirmed by ATR—FTIR
analysis. Summary of N, sorption analyses results are additionally listed in Table 30. It is
apparent that the BET surface areas and pore volumes decreased with increasing polymer
amount in the nanocomposites. Moreover, BJH adsorption average pore radius of the
deposited samples decreased accordingly with increasing temperature and thus PDMS(OH)
amount in the samples. C constants that are given in the last column of Table 30 are
associated with the heat of adsorption between the adsorbate (N, molecules) and adsorbent
(silica aerogel) and represent the interaction between the two. Higher C values indicate
stronger interactions. From Table 30 it is obvious that there is a remarkable decrease of C
values up on deposition compared to the native silica aerogel which indicates that the
interaction of N, molecules with the surface of silica aerogel-PDMS(OH) nanocomposites
was significantly weaker than that of with the native silica aerogel surface. In our previous
study, the aerogel samples deposited with PDMS(OH) were shown to be hydrophobic due to
the methyl side groups of the polymer backbone with contact angles up to 145° [93].
Therefore, the significant decrease observed in C constants was attributed to the increasing
hydrophobicity of the nanocomposites, and thus, weakening interaction of N, molecules with
the surface. The hydrophobicity of the nanocomposites is also explained in detail in the next

section.
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Figure 82 Pore size distributions and isotherms of native silica aerogel and aerogels
deposited with PDMS(OH) of molecular weight 18000 g/mol.

Table 30 Summary of N, adsorption—desorption analyses results.

Deposition T (K) BET Surface Pore Volume BJH Adsorption Average C
Area (m?/g) (cm*/g) Pore Radius (nm)
313.2 589.04 2.72 7.67 40.15
323.2 474.18 2.40 6.54 28.37
333.3 391.55 2.09 6.07 22.39
Native Silica Aerogel 1046.94 3.87 7.12 99.63

Furthermore, N, sorption data of the aerogel samples were analyzed with the non—local

density functional theory (NLDFT) and the cumulative surface area and differential pore

volume distributions for different pore widths were calculated. Figure 83 and Figure 84

compares the respective distributions of the deposited samples with that of the native silica

aerogel. It can clearly be ascertained from both figures that the deposition of the polymer

blocks the pores that are smaller than 7 nm. There was no contribution to the cumulative

surface area nor to differential pore volume from these pore sizes for the deposited samples

while native silica aerogel sample exhibited certain amount of pore volume and surface area
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for pore widths smaller than 7 nm. There were also significant reductions in the pore volumes
and surface areas at larger pore widths of the deposited samples compared to native silica
aerogel as seen in the figures. Total area and volume in the pores were extracted from NLDFT
analysis and the results were summarized in Table 31. As expected, the pore area and volume
values decreased upon deposition due to the increasing polymer amount in the composites. In
addition, the pore size distributions of the deposited samples were compared with native silica
aerogel in Figure 85.
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Figure 83 Cumulative surface areas of the aerogel samples for different pore widths
obtained from NLDFT analyses.
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Figure 84 Differential pore volumes of the aerogel samples for different pore widths
obtained from NLDFT analyses.

Table 31 NLDFT results from N, adsorption—desorption analyses.

Deposition T (K) Total Area in Pores > 2.5 nm Total Volume in Pores <100 nm
(m?g) (cm®lg)
313.2 436.2 2.74
323.2 344.92 1.71
333.3 287.32 1.41
Native Silica Aerogel 633.45 3.87
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Figure 85 Differential pore volumes of the aerogel samples for different pore widths
obtained from NLDFT analyses.

5.4.3. Hydrophobicity

Silica aerogels are inherently highly hydrophilic due to the vast amount of —OH groups
present on their surface. On the other hand, PDMS(OH) is a hydrophobic polymer with
methyl side groups attached to the silica backbone. Coating the surface of the silica aerogels
with a PDMS(OH) layer should cause an increase in the hydrophobicity of the surface. The
contact angles of the two deposited samples with mass uptakes of 36.6 wt.% and 75.4 wt.%
were measured along with the native silica aerogel and the results are shown in Figure 86. The
native silica aerogel was completely wetted upon water contact. However, the contact angles
for the samples with 36.6 wt.% and 75.4 wt.% polymer were determined to be 108° and
145.1°, respectively. The increasing contact angles with increasing amount of polymer in the
samples was expected and also in agreement with the C values listed in Table 29.
Hydrophobicity is a key property for these materials which significantly increases the product
life and hence, these observations are crucial when the utilization of aerogel composites in

transparent VIPs is considered.
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Figure 86 The water droplets on the deposited aerogels with 36.6 wt.% (left) and 75.4
wt.% (right) PDMS(OH).

5.4.4. Thermal Conductivity

Additionally, 6.5x6.5 cm? silica aerogel samples having different densities were synthesized
for the thermal conductivity measurements. The thermal conductivity measurements were
performed with the guarded hot plate at EMPA, Switzerland. Silica aerogel samples were
synthesized with the standard two-step sol-gel procedure. In order to obtain aerogels with
various densities the aging of the samples were performed in TEOS-water—ethanol solutions
with different concentrations. One of the aerogel samples was additionally deposited with
small amount of PDMS(OH).

Figure 87 displays the images of the 6.5x6.5 cm? silica aerogel samples synthesized for the
thermal conductivity measurements. The deposited aerogel sample had a polymer uptake of 3
wt.% of aerogel. The thermal conductivity measurements were performed with a home-made
guarded hot plate device at EMPA (Zurich, Switzerland), which can perform measurements of
the samples of typical size of as low as 5x5 cm?. The measurements of the aerogel samples
were repeated twice to identify the reproducibility of the technique. Table 32 lists the thermal

conductivity results for the aerogel samples together with their apparent densities.

It is apparent that the thermal conductivities listed above are slightly higher than the values
reported in the literature. Therefore, the accuracy of the home-made guarded hot plate
equipment was questioned. It is well-known that the most accurate and eligible measurement
technique in determining the thermal conductivity of highly insulating materials such as
aerogels is the guarded hot plate technique which requires 30x30 cm? sample sizes. Hence
30x30x1.2 cm® native silica aerogel panel was synthesized and the thermal conductivity was
measured by commercial guarded hot plate equipment. The density of the silica aerogel panel
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was measured to be 0.19 g/cm® which is a very close value to the low density silica aerogel
that is listed in Table 32. However, the thermal conductivity of the silica aerogel panel was
measured as 16 mW/mK which verified the speculated overestimation of the values obtained
at EMPA. It was calculated that, the thermal conductivity measured at EMPA was 34% higher
than the actual value that was obtained with the guarded hot plate. Regarding this percentage,
the thermal conductivities that were measured at EMPA were corrected down and these
values are also listed in Table 32.

Figure 87 6.5x6.5 cm? silica aerogel samples with densities; 0.183 g/cm3 (left) and 0.272

g/cm3 (right).
Table 32 The thermal conductivities and densities of 6.5x6.5 cm? silica aerogel samples.
Sample Density (cm*/g) Raw Thermal Corrected Thermal
Conductivity (mW/mK) Conductivity
(mMW/mK)

Silica Aerogel-Low density 0.183 214 16

Silica Aerogel-High density 0.272 28.7 21.4
PDMS(OH)-Silica Aerogel Composite 0.244 21.9 16.3

Moreover, a model was established based on the formulations given in Chapter 2. The
contributions of different mechanisms on total thermal conductivity was first estimated for a
standard silica aerogel sample with 150 kg/m® density and 20 nm pore diameter. The model
results are given in Figure 88. It is clear that the minimum total thermal conductivity can be
obtained at densities around 100-130 kg/m® where the contributions from each mechanism
sum up to a minimum. In addition, the effects of pore diameter on the total conductivity of
aerogels were investigated and it can clearly be observed from Figure 89 that increasing pore

sizes significantly increase the total thermal conductivity of aerogels.
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Moreover, the effects of the deposited polymer layer on the thermal conductivity of silica
aerogels were further estimated. Figure 90 compares the total thermal conductivities of a
native silica aerogel and a PDMS(OH)-silica aerogel composite with 30 wt.% of polymer
uptake. It is observed that the deposition of the polymer decreased the thermal conductivity.
However, the increase in density up on polymer deposition was not considered in Figure 90
which is displayed in Figure 91. Figure 91 shows the effects of different polymer uptakes on
the density as well as the total thermal conductivity of silica aerogels. One important point
that is observed in Figure 91 is that up to around 25 wt.% of polymer uptake there is a
decrease in total thermal conductivity up on deposition, although the density is monotonically
increased. These results indicate that the amount of polymer in PDMS(OH)-silica aerogel
composites does not increase the total thermal conductivity when the polymer uptakes are

kept up to around 25 wt.%.
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Figure 90 Effects of polymer deposition on total thermal conductivity.
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It is apparent that the values listed in Table 32 do not agree very well with the model results
given above. However, it should be noted that the formulations used in the calculations are
merely rough estimates and a more detailed model should be utilized along with accurately
determined material parameters. The computations were carried out solely to give an idea

about the effects of different parameters on the total thermal conductivity of aerogels.

5.4.5. Mechanical Properties

The mechanical properties of aerogels were quantified by compression tests and the results
were evaluated. Figure 92 compares the stress—strain curve of the silica aerogel deposited
with PDMS(OH) at 313.2 K with that of the native silica aerogel. As seen in the figure,
compressive strength of PDMS(OH)-silica aerogel nanocomposite material was obtained to
be greater than the native silica aerogel. In addition, no yield was observed for the materials.
Compressive strength is defined as the capacity of a material to withstand the compressive
forces, and thus it can be concluded from Figure 92 that there was a significant improvement
in the mechanical strength of the silica aerogel upon deposition of PDMS(OH). Such
improvement was attributed to the highly flexible and rubbery structure of PDMS(OH). It is

believed that, upon deposition, PDMS(OH) molecules form a coating layer on the surface of
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silica aerogel reinforcing the weak regions (i.e. necks between the secondary particles) of the
native silica aerogel network structure. Therefore, at a constant stress, the displacement in
aerogel composite was much less than native silica aerogel, meaning that native silica aerogel
was more deformed under the effect of the same force. Moreover, compressive moduli of the
materials were also calculated [64]. The values obtained as 0.113 MPa and 0.396 MPa for the
native silica aerogel and the deposited sample, respectively. The compressive modulus of the
silica aerogel-PDMS(OH) nanocomposite was more than three times higher than that of the
native silica aerogel which confirms the anticipated improvement of the mechanical strength

upon deposition.

In 2008, Paakko etal. employed the same technique to measure the compression strength and
specific compression modulus of cellulose aerogel materials [159]. The cellulose aerogels
reported in the study had very low densities, in the order of 0.02 — 0.03 g/cm®, and the
compression strength for these materials were measured as 0.2 — 0.24 MPa with specific
compression moduli of 0.18 — 0.24 MPa. It is important to note that the maximum strain
obtained for these materials was approximately 70%. In another study, the same measurement
technique was utilized to determine the mechanical properties of polyacrylamide hydrogels
[64]. The compressive strength up to 0.003 MPa was obtained whereas the specific
compressive modulus varied between 0.0021 and 0.0043 MPa for different hydrogels.
Apparently, it is not reasonable to compare such materials with the silica aerogel samples,
however the results are explained to give an idea about the mechanical properties of materials

with similar structures.
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5.4.6. CO, Uptake Capacities

Since PDMS(OH) is a highly CO,—philic polymer, it was speculated that the PDMS(OH)-
silica aerogel composites may have a high CO, sorption capacity. CO, uptakes of the
composites were measured by utilizing a Micromeritics ASAP 2020 N, adsorption—desorption
equipment. CO, was adsorbed on the samples at 298 K up to 1 bar of pressure. Figure 93
shows the CO, adsorption isotherms of PDMS(OH)-silica aerogel composites with different
amount of polymer together with the native silica aerogel. The amount of CO, adsorbed by
the samples was given as mmol/m? for consistency, since the surface areas are decreased upon
polymer deposition. It is clearly observed that the amount of CO, adsorbed increased
accordingly with the increasing polymer amount in the composites, although the increase is
not significant when compared to native silica aerogel. In addition, it can be also observed
from Figure 93 that the adsorption can be defined with a linear equation representative of

physisorption.

It was previously reported that pure silica surfaces do not interact very strongly with CO,
because the surface —OH groups cannot induce strong enough interactions with CO, [160].

CO; uptake capacity of raw silica gel materials was reported to be in the order of 0.05-0.1

141



mmol/g at 10 kPa [160] whereas the value was found to be 0.12 mmol/g for native silica
aerogel in our experiments. Regarding these results, PDMS(OH)-silica aerogel composites
can be considered as potential candidates also for CO, capture and storage applications and

further studies can be carried out to improve the CO, uptake capacities of these materials.
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Figure 93 CO, uptakes of the native silica aerogel and deposited aerogel samples
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5.5. Summary and Conclusion

PDMS(OH)-silica aerogel composites were developed by employing a reactive supercritical
deposition technique. The technique is composed of two basic stages; first stage is the
dissolution of PDMS(OH) in CO, that results in a single phase binary mixture of
PDMS(OH)-CO; in the vessel and the second stage is the exposure of the silica aerogel
samples to the single phase binary mixture. Throughout the experiments the deposition
conditions were determined according to the demixing pressure data of PDMS(OH)-CO,
binary mixtures. The polymer molecules were demonstrated to react with the surface —OH
groups of the aerogel samples. The polymer concentration, the deposition time and
temperature were found to increase the polymer uptake of the aerogels. It was shown that
polymer uptakes as high as 75.4% wt of aerogel could be attained depending on the
composition of the initial binary mixture. The deposited samples retained their monolithic
structure and the transparency of the aerogels could be preserved up to polymer loadings of

around 20 wt.%. Furthermore, the polymer molecules were determined to be homogenously
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distributed throughout the aerogel when the low molecular weight PDMS(OH) is used. On the
other hand, the aerogel samples deposited with high molecular weight PDMS(OH) had more
polymer on the outer surface than the center of the aerogel. This non-homogeneity was
attributed to the diffusion limitations originated from the high molecular weight and bulky
chain of the polymer. According to the analysis results obtained from N, adsorption—
desorption isotherms, the specific surface area and the pore volume of the deposited samples
decreased with increasing polymer content. From the BJH analysis results the thickness of the
polymer layer was calculated and it was found that PDMS(OH) molecules form a coating
layer of ~1nm thickness on the silica aerogel surface. The deposited samples were also
demonstrated to be hydrophobic and hydrophobicity increased with increasing polymer
content. When compared to native silica aerogel, a threefold improvement was also observed
for the PDMS(OH)-silica aerogel composites which fulfill the objectives of the Nanolnsulate
project. An additional outcome was the CO, uptake capacities of the developed composites
which make them potential candidates to be used as membranes in CO, capture and storage

applications.
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CHAPTER 6

CONCLUSION

Composites of silica aerogels were developed within the context of Nanolnsulate project
which aimed to develop durable, robust, cost-effective, opaque and transparent vacuum
insulation panels incorporating new nanotechnology-based core materials (such as aerogels
and aerogel composites) and high-barrier films, that are up to six times more energy efficient

than current solutions.

Silica aerogel composites with PDMS(OH) were develop in order to obtain monolithic, crack-
free, transparent and mechanically durable composite materials to be used in transparent VIPs.
Two different routes were followed for this purpose.

Initially, PDMS(OH)-silica aerogel and PDMS(bisalkyl-OH)-silica aerogel composites were
derived by modifying the standard two-step sol-gel process. The effects of various processing
parameters such as polymer addition step, polymer-to-precursor ratio and type of co-solvent
on the properties of the composites were investigated. Some of the composites were obtained
as monolithic whereas others were broken during the supercritical drying step. In addition,
when THF and/or toluene were used as the co-solvent, the volumetric shrinkage of the
composites was very high. All of the composites had opaque or highly translucent
appearances which makes their usage in transparent VIPs impossible. However, the derived
composites had improved mechanical properties compared to native silica aerogel and
therefore they are suitable to be used as opaque core materials in VIPs.

Reactive supercritical deposition technique was employed as the second route and composites
of silica aerogels with PDMS(OH) were developed by deposition of the polymer from
supercritical CO,. The deposition experiments were performed from single phase binary
mixtures of PDMS(OH)-CO, therefore prior to the deposition experiment phase behavior
studies were performed to reveal the phase boundaries of PDMS(OH)-CO, binary mixtures.
The demixing pressures of the binary mixtures were determined at three different
temperatures, namely 313.2 K, 323.2 K and 333.2 K, and up to 31 MPa pressure. Three
different type of phase separation was observed for the binary mixtures depending on the

composition; bubble point, cloud point and color change which was attributed to the mixture
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critical point. The demixing pressures increased with decreasing polymer concentration and
increasing temperature. The bubble point data were modeled with Sanchez-Lacombe equation
of state and the binary interaction parameters were regressed. The demixing pressure data
were further exploited in the deposition experiments to determine the experimental conditions.
PDMS(OH) with two different molecular weight, namely 2750 g/mol and 18000 g/mol, were
employed in the deposition experiments. Various parameters such as polymer concentration,
deposition time, polymer molecular weight and deposition temperature were investigated and
the effects of such parameters on the properties of aerogel composites were evaluated. It was
found that the polymer uptakes increased with increasing polymer concentration, deposition
time and deposition temperature. In addition, PDMS(OH) molecules were demonstrated to
form a thin coating layer of ~1 nm on the silica aerogel surface. It was revealed that the
transparency of the composites can be retained up to ~20 wt.% of polymer uptakes. Moreover,
homogenous composites were obtained with low molecular weight PDMS(OH), whereas the
composites were non-homogenous when the high molecular weight polymer was used. The
composites were also revealed to be hydrophobic which is a crucial property in terms of the
stability of the monolithic structure. More importantly, it was demonstrated that the
deposition of the polymer resulted in a threefold improvement in the mechanical properties of

the native silica aerogels.

In conclusion, the studies that were performed within the scope of this Ph.D. thesis fulfilled
the demands of the Nanolnsulate project. The PDMS(OH)-silica aerogel composite materials
having monolithic form, high-to-moderate transparency and improved mechanical durability
were demonstrated to be the most potential and suitable candidates to be used as core

materials in transparent VIPs.
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APPENDIX

A.1. Global Phase Equilibria Calculations (GPEC)
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Figure A.1.1. Program input window for computations of CO,-HMDS binary mixture

155



og

g

PRESSURE[BAR]

TEMPERATURE [K]

System: CARBON DIOXIDE - HEXAMETHYLDISILOXANE

112E+02

T.0ME+02

8.98E+01 |

7.BEE+01 |

B.74E+01 |

B.E1E+01 |

4.49E+01 |-

3I7E+01 |

2.25E+01 -

1.12E+01 |

474E12 ! ! ' ! !
1.88E+02 2 436402 2 98E+02 3536402 4 08E 402 4 BIE 02 5 18E 402

TEMPERATURE [K]

Figure A.1.2. P-T diagram of CO,-HMDS binary mixture obtained from GPEC

System: CARBON DIOXIDE - HEXAME THYLDISILOXANE

5.19E+02

4 7AE+02 |

4.29E+02

JB4E+02 |

3.39E+02

2.94E+02

2459E+02 |

204E+02

1.59E+02 |

T14E+02

E.94E+0 1 1 1 1 ]
0.00E +00 1.67E-M 233E-M 5.00E-01 EE7E-01 833E-M 1.00E+00

MOLAR FRACTION OF CAREON DIOXIDE

Figure A.1.3. T-x diagram of CO,-HMDS binary mixture obtained from GPEC

156



1.80E+02

aa

1.34E+02 |

1.19E+02 |

1.04E+02

8.81E+M

PRESSURE [BAR]

4.20E+01 |

266E+01 |

1.12E+01

-4 16E+00

7.28E+01

5.74E+01

System: CARBON DIOXIDE - HEXAMETHYLDISILOXANE

_

3.63E-M

4.70E-01

5.78E-01

£.86E-01

MOLAR FRACTION OF CARBON DIOXIDE

7.93E-M

9.ME-M

Figure A.1.4. P-x diagram of CO,-HMDS binary mixture obtained from GPEC
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A.2.1. Kappa 1 Optimization for Peng-Robinson equation of state for HMDS
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253.1500 19.7200 19.6071 .0057 41.8766
258.1500 22.9200 22.8403 .0035 43.1637
263.1500 26.5100 26.4496 .0023 44.6329
268.3000 30.5600 30.5881 .0009 46.3858
273.1500 34.8700 34.9016 .0009 48.3237
283.1500 44,9800 45.1785 .0044 53.6475
288.1500 50.8600 51.0716 .0042 57.4055
293.1500 57.2600 57.5087 .0043 62.5207
298.1500 64.3300 64.5190 .0029 70.3552

PERCENT AAD (OVERALL), SUM(ABS (PEXP-PCAL)/PEXP)*100/NP: .408

A.3. Peng-Robinson Stryjek Vera Equation of State Results

A.3.1. k; at 298 K

PROGRAM: VDW - VAN DER WAALS MODEL(S), 1-PARAMETER (CONVENTIONAL,

2-PARAMETER, 2PDW
dl

co2-hmds 298

K12= .0568 T(K)=

298.

15

PHASE VOLUMES ARE IN CC/MOL,

X-EXP
L4641
.7809
.8584
.9465
.9791
.9844

AAD-Y=
AAD-P=

P-EXP

27.
45.
50.
57.
60.
60.

. 671
1.781

920
710
610
710
120
740

P-CAL

25.
45.
50.
57.
60.
61.

937
720
613
240
888
631

PRESSURE IS IN UNITS OF THE DATA.

Y-EXP

.99000
.99000
.99000
.99000
.99000
.99000

Y-CAL
.99565
.99585
.99589
.99656
.99775
.99813

AAD=SUM[ABS (EXP-CAL) /EXP]*100/ (NO. OF DATA POINTS)

A.3.2. k; at 308 K

PROGRAM: VDW - VAN

2-PARAMETER, 2PDW
d2

co2-hmds 308

K12= .0748 T(K)=

308.

15

PHASE VOLUMES ARE IN CC/MOL,

X-EXP
L4641
.7809
.8584
.9465
L9791
.9844

AAD-Y=

P-EXP

31.
53.
60.
68.
72
73.

.183

990
710
880
740

.600

570

P-CAL

31.
55.
60.
68.
73.
74.

617
313
889
585
254
240

DER WAALS MODEL(S),

1-PARAMETER

VL-CAL

137.
93.
83.
74.
71.
71.

23
34
65
32
95
67

(CONVENTIONAL,

PRESSURE IS IN UNITS OF THE DATA.

Y-EXP

.99000
.99000
.99000
.99000
.99000
.99000

158

Y-CAL
.99336
.99226
.99163
.99107
.99135
.99121

VL-CAL

140.
97.
89.
85.
92.
97.

04
79
52
53
75
11

Vv

1201.
1013.
857.
727.
618.
524.
447.
320.
268.
222.
178.

1PDW)

VV-CAL
803.
372.
313.
244,
2009.
202.

[N S N

1PDW)

VV-CAL
665.
299.
248.
184.
141.
128.

O J U oy PN

P ©OWWwWwOowOoWwWWwWw-dhxJ

OR

OR



AAD-P= 1.033

AAD=SUM[ABS (EXP-CAL) /EXP]*100/ (NO. OF DATA POINTS)

A.3.3.k;at313K

PROGRAM: VDW - VAN DER WAALS MODEL(S), 1-PARAMETER (CONVENTIONAL,

2-PARAMETER, 2PDW

d3

co2-hmds 313

K12= .0764 T(K)= 313.15

PHASE VOLUMES ARE IN CC/MOL, PRESSURE IS IN UNITS OF THE DATA.

X-EXP P-EXP P-CAL Y-EXP Y-CAL VL-CAL
.4641 33.780 33.775 .99000 .99192 141.47
.7809 57.920 59.541 .99000 .98998 99.94
.8584 66.120 65.673 .99000 .98873 92.40
.9465 74.600 73.969 .99000 .98620 92.07
.9791 79.500 77.599 .99000 .98229 114.98

AAD-Y= .297

AAD-P= 1.346

AAD=SUM[ABS (EXP-CAL) /EXP]*100/ (NO. OF DATA POINTS)

A.3.4.k;at323K

PROGRAM: VDW - VAN DER WAALS MODEL(S), 1-PARAMETER (CONVENTIONAL,

2-PARAMETER, 2PDW

d4

co2-hmds 323

K12= .0875 T(K)= 323.15

PHASE VOLUMES ARE IN CC/MOL, PRESSURE IS IN UNITS OF THE DATA.

X-EXP P-EXP P-CAL Y-EXP Y-CAL VL-CAL
L4641 39.230 39.091 .99000 .98826 144.55
.7809 67.090 68.981 .99000 .98309 104.84
.8584 75.770 75.769 .99000 .97928 99.21
.9465 87.080 83.467 .99000 .95975 109.60
.9791 ... single phase obtained for this data point..
.9844 ... single phase obtained for this data point..

AAD-Y= 1.106

AAD-P= 2.698

AAD=SUM[ABS (EXP-CAL) /EXP]*100/ (NO. OF DATA POINTS)

A.3.5. kij at 333K

PROGRAM: VDW - VAN DER WAALS MODEL(S), 1-PARAMETER (CONVENTIONAL,

2-PARAMETER, 2PDW
ds
co2-hmds 333
K12= .0947 T(K)= 333.15
PHASE VOLUMES ARE IN CC/MOL, PRESSURE IS IN UNITS OF THE DATA.

X-EXP P-EXP P-CAL Y-EXP Y-CAL VL-CAL
.4641 43.920 43.916 .99000 .98333 147.83

159

1PDW) OR

VV-CAL
629.
276.
227.
162.
123.

O J N O o

1PDW) OR

VV-CAL
552.8
234.
189.
122.

N oy ©

1PDW) OR

VV-CAL
502.3



.7809 75.980 77.766 .99000 .97319 110.15 207.5

.8584 86.320 85.074 .99000 .96439 106.69 165.2
.9465 95.490 92.556 .99000 .94836 123.99 125.5
.9791 ... single phase obtained for this data point..
.9844 ... single phase obtained for this data point..

AAD-Y= 1.803

AAD-P= 4.097

AAD=SUM[ABS (EXP-CAL) /EXP]*100/ (NO. OF DATA POINTS)

A.4. Mathcad Algorithm for Regression of Binary Parameter from Sanchez-Lacombe Equation of
State

SL-EOS for the binary mixture of CO,-PDMS

The units for this section are MPA pressure, K for temperature, g/cm3 for density
and (MPa*cm3)/ (molK) for the gas constant. indices are; 1: CO2, 2: PDMS

Characteristic Parameters for CO,p

Plstar := 464.2
T1star .= 328.1
plstar = 1.426
M1 := 44.01

Characteristic Parameters for PEG200

P2star = 302

T2star = 476
pZstar = 1.104

M2 := 308000
Gas Constant R:= 8314
T :=333.2
Plstar -M1
ri0 = P2Zstar - M2
R-Tlstar - p1star r20 :=
R-T2star - pZstar
R
vistar .= T1star - ———— vZstar = TZstar -
Plstar P2Zstar

Function prd (P, T,wl,8) calculates the reduced density of a mixture given the
pressure (bar), Temperature (K), weight fraction of CO, dissolved in the polymer

phase, and the binary interaction parameter.
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prd(P,wl,8) .= | vZstar<« T2star-

P2Zstar

wl

plstar

L [ wi ){(1—\”1)}
plstar p2star
wl
( p15tar~vlstar)

wl N (1-wl
plstar-vistar p2star-v2star

@2 «—1-¢l
W20 « 1-¢10

vstar < ¢10 -vistar+ §20 -vZstar

P12star< ~/Pl1star-P2star-(1 - 3)
Pstar < Plstar-¢1 2 + P2star- &2 2 +2-¢1 -2 -~/Plstar-P2star-(1-3)

010 «

Tird <
T1star
T2rd «
T2star
o1 N vistar [0
Tird vZstar T2rd [(P1star+ P2star— 2-P12stan -vstar]
Tstar < T- — ¢l 42 -
o + vistar @ R-T
vZstar
Prd «
Pstar
Trd «
Tstar
(5)
M1
x1 «

M1 M2
x2«1-x1

(r10-x1-vistar+ r20-x2-v2starn)
r <«

vstar

d
F(prd) « prd® + Prd + Trd -In(1 - prd) + Trd -prd — Trd - 22~
r

root (f (prd) , prd, 0.001, 0.999)

Calculation of chemical potential of pure CO, phase

ppureCO2(P) := | plrd < prd(P,1,1)

Plrd <

Plstar
Tird <

T1star
vird <

plrd

vird plrd In(plrd)—‘
ri0-|P1rd- - +vird-(1-plrd)-In(1-plrd) + ——
[ Tird  Tird (1 =pdrd)-In(1 = plrd) + =1
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Calculation of chemical potential of polymer rich phase

wl

plstar

L ( wi ){(1_‘”1)}
plstar p2star

@ «—1-¢
wl
plstar-vistar

wl . (1-w]
plstar-vistar p2star-vZstar

@20 «—1-¢10
vstar < ¢10 -vistar+ 20 -vZstar

vistar
%~ [PlstaH— P2star— 2 -~/P1star-P2star-(1 — 5):| . T

R

uPCO2 (P, wl, 3) =

010 «

prd < prd(P, w1, 3)

Tird <

T1star

Plrd «

Plstar
rl < r10-vistar-prd
r2 < r20-v2star-prd
—prd P1rd In(1 - prd) . In(prd)

|:["(¢1)+¢2 —M-%+r10-prd-x~¢22+r10-|: + (1 - prd)-

+—
Tird TIlrd-prd prd r10

Regression of CO2 weight fraction at equilibrium of two phases

Au (P, wl,8):=T-R-(upureC02 (P) — uPCO2 (P, wl , 8))

wC02 (P, 8) := root (An (P, wl,38),wl,0.01,0.999)

wlcalP,38):= |j« 0
for ie0.. rows(P)-1
wj 0 <« P;

wj 1 « wC02(P;, §)

j«—j+1
w
3.5 0.05
5 0.1
7 0.14
8 0.19
10 0.22
12 0.27
p = 135 wlexp:= 031
15 0.34
175 0.35
20 0.38
21 0.39
25.5 04
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3= 0.076

2
RAAD(8) = (Wlexp— wlcalP, 8)< 1>)

Giver

RAAD(8) = 0

3= Minerr (3)
8 =0.076

ERR = 1.983x 10~ >

A.5. Calculation of Thermal Conductivity for Porous Materials

A.5.1. m-file for Calculation of Mean Free Path and Knudsen Number

function meanfreepath (L)

kb=1.38*10"(-23); %m2kg/s2K
dg=3.54*10"(-10); % m (for air)

Ti=298.15; %ambient temperature (K)

Pi=101325; %ambient pressure (Pa) (Pa=N/m2=kg/ms2)
LP=(kb*Ti*1079) ./ (sqrt (2) *pi*dg”~2*P1i)

pd=[1:1:100]; S%pore diameter range (nm)

Kn=LP./pd; %Knudsen number for different pore sizes
plot (pd, Kn)

end

A.5.2. m-file for Calculation of Total Thermal Conductivity for Various Aerogel Densities andPore
Sizes

function conductivity?2 (Vg,d)

ro=2200; %kg/m3 for bulk silica

rop=190; %kg/m3 for silica aerogel

cv=80; %J/kgK for bulk silica

1=40; %mean free path of phonons in silicon at RT
Lso=1.34; S%pure Si02 thermal conductivity

roaero=[10:1:400];%vector specifying different aerogel densities (kg/m3) from 100
kg/m3 to 200 kg/m3

Vg=1l-(roaero/ro); %porosity calculated from densities given in the above vector
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d=[1:1:1000]; %vector specifying different average pore diameters (nm) ranging from
1 nm to 1000 nm

Lg=zeros (length (Vg),length(d)); %$formation of the matrix that will collect gaseous
cond. every row specifies gaseous conductivities at a fixed porosity for varying
pore diameter, every column specifies gaseous cond. at a fixed pore diameter for
varying porosity

Lt=zeros (length (Vg),length(d)); %formation of the matrix that will collect total
cond. every row specifies gaseous conductivities at a fixed porosity for varying
pore diameter, every column specifies gaseous cond. at a fixed pore diameter for
varying porosity

for i=1:1:1length (Vqg)
Ls(i)=Lso*0.39* (1-Vg(i))~1.88;
Lr(i)=(16*5.67*10"(-8) *300"3) / (3*22.7*roaero (1)) ;
for j=1:1:1length(d)

Lg(i,3)=(2.534*10"(-2)*Vg(i))/(1+(140/d(3))):

Lt(i,j)=Lg(i,j)+transpose(Ls(i))+transpose(Lr(i));
end
end

% PLOTS %

plot (roaero,Lt(:,20), 'black') %total conductivity: black line
hold on

plot (roaero,Lr, 'green') Sradiative conductivity: green line
hold on

plot (roaero,Lg(:,20), 'blue') %gaseous conductivity: blue line
hold on

plot (roaero,Ls, 'red') %solid conductivity: red line

% SAVING DATA TO FILES %

fid = fopen('LT 20nm.txt','w'");
fprintf (fid, '$6.4f\n',Lt (:,20));
status = fclose (fid);

fid = fopen('LT 10nm.txt','w'");
fprintf (fid, '$6.4f\n',Lt (:,10));
status = fclose (fid);

fid = fopen('LT 50nm.txt','w'");
fprintf (fid, '$6.4f\n',Lt (:,50));
status = fclose (fid);

fid = fopen('LT 100nm.txt','w');
fprintf (fid, '$6.4f\n',Lt(:,100));
status = fclose (fid);

fid = fopen('Lr.txt','w');
fprintf (fid, '$6.4f\n',Lr);
status = fclose (fid);

fid = fopen('Ls.txt','w');
fprintf (fid, '$6.4f\n',Ls);
status = fclose (fid);

fid = fopen('Lg 20nm.txt','w');
fprintf (fid, '$6.4f\n'",Lg(:,20));
status = fclose (fid);

fid = fopen('roaero.txt','w');
fprintf (fid, '$6.4f\n', roaero);
status = fclose (fid):;

end
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A.5.3. m-file for Calculation of Effect of Polymer Deposition on Thermal Conductivity for 30 wt.% of
Polymer Uptake

function condpolym(Vg,d)

ro=2200; %kg/m3 for bulk silica

rop=190; %$kg/m3 for silica aerogel

cv=80; %J/kgK for bulk silica

1=40; %mean free path of phonons in silicon at RT
Lss=1.34; S%pure Si02 thermal conductivity
Lsp=0.1511;

rol=[10:1:400];
roaero=1.3*rol; %vector specifying different aerogel densities (kg/m3) from 100
kg/m3 to 200 kg/m3

Vg=1- (roaero/ro); %porosity calculated from densities given in the above vector

di=[1:1:1000]; %vector specifying different average pore diameters (nm) ranging
from 1 nm to 1000 nm
d=di-2;

Lg=zeros (length (Vg),length(d)); %formation of the matrix that will collect gaseous
cond. every row specifies gaseous conductivities at a fixed porosity for varying
pore diameter, every column specifies gaseous cond. at a fixed pore diameter for
varying porosity

Lt=zeros (length(Vg),length(d)); %formation of the matrix that will collect total
cond. every row specifies gaseous conductivities at a fixed porosity for varying
pore diameter, every column specifies gaseous cond. at a fixed pore diameter for
varying porosity

for i=1:1:1length (Vg)
Ls(i)=(Lss*0.77+Lsp*0.23)*0.39* (1-Vg(i))"1.88;
Lr(i)=(16*5.67*10"(-8)*30073)/(3*22.7*roaero (1)) ;

for j=1:1:1length(d)
Lg(i,3)=(2.534*%10"(-2)*Vg(i))/ (1+(140/d(3)));

Lt(i,j)=Lg(i,]j)+transpose(Ls(i))+transpose(Lr(i));
end
end

% SAVING DATA TO FILES %

fid = fopen('LTrop.txt','w'");
fprintf (fid, '$6.4f\n',Lt(:,18));
status = fclose (fid);

fid = fopen('rop.txt','w');
fprintf (fid, '$6.4f\n',roaero(:));
status = fclose(fid);

end
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