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ABSTRACT 

  Aerogels are extremely high surface area, low density materials with applications 

including thermal and acoustic insulators, radiation detectors and cometary dust particle 

traps.  However, their low density and aggregate structure makes them extremely fragile 

and practically impossible to machine or handle without breaking.  This has led to the 

development of aerogel composites with enhanced mechanical properties through the 

addition of polymers or surface modifiers.  To date, attempts to strengthen aerogels have 

come with significant increases in density and processing time.  Here I will describe our 

search for a solution to these problems with our invention using methyl cyanoacrylate 

chemical vapor deposition (CVD) to strengthen silica, aminated silica and bridged 

polysilsesquioxane aerogels. This approach led to a strength improvement of the 

composites within hours and the strongest composite prepared had a 100x strength 

improvement over the precursor aerogel. We also developed the first approach to control 

the molecular weight of the polymers that reinforce silica aerogels using surface-initiated 

atom transfer radical polymerization (SI-ATRP). Although PMMA reinforcement of 

silica aerogels improved the mechanical properties, further strength improvements were 

achieved by cross-linking the grafted PMMA. Additionally, we developed the first silica 

aerogels reinforced with polyaniline nanofibers that were strong and electrically 

conductive. Reinforcing silica aerogels with polyaniline allowed them to be used as a 

sensor for the detection of protonating and deprotonating gaseous species. Finally we 

developed a new approach for the synthesis of silica and bridged polysilsesquioxane 
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spheres using a surfactant free synthesis. This approach allowed for the first in-situ 

incorporation of base sensitive functionalities during the sol-gel polymerization.     
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CHAPTER ONE 

INTRODUCTION TO SOL-GEL PROCESS, SILICA AEROGELS AND AEROGEL 

COMPOSITES 

 

1.1 Historical Background  

  Given that Oxygen and Silicon are found in such great abundance in the earth’s 

crust, 46.6% and 27.7% respectively, it is by no surprise that silica and silicates are the 

earth’s most abundant minerals [1]. These minerals have been used widely over the 

course of history beginning with simple stone tools [2], to more sophisticated devices 

today, such as, optical components of lasers [3]. Production of glasses and ceramics using 

these raw minerals traditionally involves melt processing, at elevated temperatures 

(<1000 ⁰C) to melt silica and silicates into useable shapes and forms. High temperatures 

used in the processing of these materials not only consumes a large amount of energy, but 

also limits the ability to incorporate organic molecules into the silica matrix, which would 

decompose (~ 500 ⁰C) at the temperatures used in melt or sintering of glass and ceramic 

materials. An alternative, more mild approach in silica materials was developed in 1820 

by Berzelius, where he used soluble silanes in the presence of ammonium hydroxide to 

form silica powder [4]. A later approach by Ebelman in 1847, used tetrachlorosilanes in 

the presence of an alcohol, which formed a silica network upon prolonged exposure of 

the alcohol/silane solution to a humid atmosphere [5]. This approach is similar to what is 

used today for the preparation of silica gels from the tetraalkoxysilane precursors [6]. 
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These earlier approaches were of great significance due to their mild processing 

conditions at lower temperatures (<100 ⁰C) at or near room temperature, significantly 

lower than the temperature used in melt processing of silicates. However, this research 

went unnoticed for the most part until the early 1900’s when then it was used for the 

preparation of thin oxide films by the Schott glass company [7]. During this same time 

period, use of porous silica as desiccants and absorbent materials began to grow [8]. This 

led to the discovery of silica aerogels in the early 1930’s by Kistler [9]. These discoveries 

initiated a period of research in which sol-gel methods produced a large number of 

patents, publications, new materials, applications and an extensive body of knowledge 

[10]. The field began to attract the interest of researchers from other disciplines such as 

mineralogists, who used sols or gels for the preparation of homogenous oxide powders 

used in studying phase equilibriums [11]. Methods for preparing homogenous oxide 

powders were later extensively developed by Roy [12]. Over the following decades the 

sol-gel process was used to prepare materials in applications such as anti-reflective 

coatings [13], silica filled composites [14], ceramic monoliths [15], ceramic nuclear fuels 

[16] and fibers [17]. In the 1970’s the sol-gel process began to see a number of uses in 

hybrid coatings [18], and optical applications [19]. The proceeding few decades saw a 

drastic increase in the number of publications in the field of sol-gel science, with over 

5000 new journal articles being published a year (figure 1.1). The significant expansion 

of the sol-gel field led to several sub fields of research utilizing the sol-gel process for the 

development of many new advanced technologies such as drug delivery [20], sensors 

[21], catalysts [22] and many more.   
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Figure 1.1 An exponential increase in the number of publications and patents occurred in 

the 1980’s, with nearly 5000 publications per year currently. Number of publications 

counted using sol-gel as a keyword.  

  

1.2 Chemistry of the Sol-Gel Process 

  Although there are a large number of precursors used in the sol-gel process for the 

preparation of a vast number of materials, herein the focus will be on those with silicon. 

For further reading and a more in-depth study on the chemistry of silica, see reference by 

Iler [23]. There are also many great reviews on other precursors used in the sol-gel 

process such as metal or semi-metal alkoxide precursors M(OR)n, where the metal can be 

a network forming elements such as B, Al, Zr and Ti and R is represented by similar 

alkoxides as used in Si(CXHx+1) [24]. Additionally, silsesquioxanes and bridged 

silsesquioxanes have been used extensively in sol-gel polymerizations and will be 
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covered in detail in chapter 4. In addition to metal and semi-metal precursors, carbon 

aerogels are prepared from strictly the organic precursors  of resorcinol-formaldehyde 

(RF) and melamine formaldehyde (MF), for which the interested reader is directed to 

reviews in this area [25]. 

   High purity silica can be prepared using sodium silicates (water glass), 

tetraalkoxysilanes and tetrahalosilanes using the sol-gel process. The sol-gel process is 

the formation of colloids in a solution that once percolation is reached, the sol is no 

longer free flowing and is called the gel point [26]. A general overview of the 

polymerization of the soluble alkoxy silanes is represented below (Scheme 1.1).  Sol-gel 

polymerizations has two primary steps, the first being hydrolysis which converts a halo or 

an alkoxy to a silanol. The second subsequent step in the polymerization is condensation 

where two silanols condense forming the siloxane linkage and an equivalent of water. If 

condensation results from a silanol and an alkoxide, a siloxane bond and an equivalent of 

alcohol are formed. Once the polymerization is initiated, hydrolysis and condensation 

occur at the same time.  
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Scheme 1.1 Overview of the sol-gel process. Initial step is hydrolysis of alkoxy silanes 

followed by the condensation of the newly formed silanols. Once the polymerization is 

initiated, they occur simultaneously.  

 

1.2.1 Hydrolysis  

  Hydrolysis of silicon precursors can occur by either acid or base catalysis as shown 

in scheme 1.2. However, the rate at which the hydrolysis occurs under either acidic or 

basic conditions drastically differs due to the alkoxy’s electronic effects. Under acid 

conditions a positively charged transition state occurs, which is stabilized by the electron 

donating alkoxy groups. As the alkoxy groups are hydrolyzed, they are replaced with 

silanols, which are less electron donating. This leads to a destabilization of the transition 

state, thus the overall rate of hydrolysis decreases.  Under basic conditions the transition 

state is negatively charged, which is stabilized by the substituent’s that donate less 
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electrons. As more electron donating alkoxy groups are hydrolyzed, the transition state 

becomes more stable leading to a rate enhancement of the hydrolysis. 

  Other effects on the rate of hydrolysis and condensation are the steric effects where 

the larger the alkoxy group, the more sterically hindered the silicon thereby slowing the 

rate of hydrolysis. A general trend in the alkoxy hydrolysis rates is as follows: methyl > 

ethyl > propyl > etc [27]. It is also important to take into consideration the 

hydrophobicity of the alkoxy groups. Ethoxy groups in tetraethoxysilane (TEOS) prevent 

the molecule from being water soluble, thus requiring a co-solvent such as ethanol. The 

larger the alkoxy group becomes the more solvent required. It may seem that four 

equivalents of water per tetraalkoxysilane would be required to reach full hydrolysis, but 

due to the condensation reactions (described below) only two equivalents are required. 

However, if the water concentration reaches low levels the hydrolysis rate will slow. If a 

large excess of water is used the hydrolysis rates would be enhanced, but at a cost of the 

overall gelation time due to the dilution of the monomers. 
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Scheme 1.2 Hydrolysis under both acidic and basic conditions proceed through a 

pentacoordinate intermediate. Rates of hydrolysis are significantly affected by electronic 

and steric effects.  

 

1.2.2 Condensation 

  As with hydrolysis, condensation may also proceed under acidic or basic 

conditions, which are shown below in scheme 1.3. Polymerization to form siloxane 

bonds occurs by condensation reactions. During condensation reactions, water or an 

alcohol is eliminated, hence the name condensation. However, the rates at which the 

condensation takes place as well as the morphology of the polymer differ significantly 

under acidic and basic conditions. 
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Scheme 1.3 In both acidic and basic conditions the formation of siloxane bonds during 

the polymerization leads to a condensation reaction. Water is condensed out under acidic 

conditions and hydroxide condensed out under basic conditions.  

 

  Under acidic conditions, the first hydrolysis is the quickest due to the electronic 

effects, with each subsequent hydrolysis rate slowing. Once the first silanol is formed it is 

subsequently protonated. This protonation of the silanol species makes the silicon more 

electrophilic, which makes it more susceptible to nucleophilic attack. The nucleophile 

can be a number of species, but to form polymer the nucleophile is another silanol. Once 

attacked by the silanol an elimination of the water or alcohol occurs. With each 

subsequent hydrolysis slowing the rate of hydrolysis, the ends of oligomers are most 

likely to be hydrolyzed and subsequently protonated.  The most basic (higher pKa) 

silanols are either on the monomer or on ends of polymers which have formed during the 

polymerization. This will lead to the polymer chain having a more linear shape with less 

branching.  
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  Under basic conditions, hydrolysis rates are increased with each hydrolysis of the 

alkoxy groups. Basic conditions will lead to a monomer where more of the alkoxy groups 

are replaced with additional hydroxyl groups. As the polymerization proceeds and 

siloxane bonds are formed, the electron density on the silicon is reduced. This makes the 

silanols more acidic and susceptible to deprotonation, thus leading to a highly branched 

polymer, which is significantly different than the polymer formed under acidic conditions 

(Figure 1.2). This leads to the reaction of highly condensed polymers that contain more 

acidic silanols and less highly branched polymers [22].  

 

Figure 1.2 Under acidic conditions a less densely branched polymer is formed. Under 

basic conditions, a highly branched polymer is formed, which resembles small clusters.  

 

1.2.3 Gelation 

  Once growing polymers reach a supersaturation level phase separation occurs, thus 

forming colloids. These colloids will continue to grow on the surface until they 

eventually collide and link to form a gel. During the collisions and linkages, the viscosity 

increases quickly until the sol will no longer flow, thus reaching a gelation point [28]. 
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After the gelation transition occurs, hydrolysis and condensation reactions continue to 

occur, which are responsible for the gel’s initial strength.   

  Classical polymer gelation theory developed by Flory [29] states that the percent 

condensation necessary to reach gelation during polymerization is inversely related to the 

number of bonds on the monomers:   

 

Classical polymer gelation theory predicts that gelation is inversely related to the number 

of bonds (Z) possible on the monomer.  

 

  Using tetramethoxysilane (TMOS), which has a Z equal to four, would be expected 

that the polymerization would gel when one third of the total number of siloxane bonds 

are formed. However, the classical gelation theory proposed has a flaw in that it does not 

take into account intra-chain condensation reactions. These reactions are very common 

during sol-gel polymerizations of silane monomers and have been found to slow the rate 

of gelation significantly [30]. Stockmayer realized the potential flaw in not accounting 

for intra-chain condensation reactions and measured the gel point of pentaerythritol (Z = 

4) at various dilutions [31]. From their results it was found that the gel point was always 

at higher degrees of condensation than theory predicated. This was also confirmed by 

Flory with a number of different systems [32].  This concluded that classical theory of 

gelation assumes that the growing polymer chains contained no closed loops and only 

that new bonds formed between polymers and not within them.  



51 
 

  In response to some of the flaws associated with the classical gelation a new 

percolation theory [33] for gelation was developed, which accounts for the formation of 

closed loops within polymer chains [34]. Although there are a number of percolation 

theories, the model which is most widely accepted initially was bond percolation. Bond 

percolation theory can be explained as filling empty sites on a grid with monomers. 

Bonds in between the monomers are filled in at random. The process called site 

percolation produces a theoretical fraction of sites possibly bonded, which when the 

fraction reaches 50% only the clusters are predicted and not the gels. This is already 

higher than that predicted from the classical theory. It is proposed that gelation will occur 

when the percolation threshold reaches a point at which a spanning cluster appears. A 

spanning cluster could be explained essentiality as one could follow a single phase 

(silica) from top to bottom, while not entering the second phase (solvent). From the 

percolation theory it is predicted that the fraction of bonds that must undergo 

condensation reactions to reach gelation was approximately 75%. It was later shown that 

a combination of the site and bond percolation could account for concentration effects 

[35]. Predictions of the site bond percolation theory are in good agreement with kinetic 

models based on Smoluchoowski’s equation [36]. 

  It is actually found experimentally using solid sate 29Si NMR that the number of 

bonds which have undergone condensation reactions depends on the catalyst used. Sol-

gel polymerizations carried out under acidic conditions (HCl) at a pH < 1 the degree of 

condensation is in the range of 65-75% [37]. Under basic conditions (NH4OH) pH >7.8, 

the degree on condensation is higher than that found under acidic conditions, where the 
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typical percentage is within the range of 75-85%. This is similar to that predicted by the 

site bond percolation theory and in direct contradiction to that of the classical gelation 

theory. 

  

1.2.4 Aging of Gels 

  As the gelation point nears in the sol-gel polymerization, colloids are colliding and 

linking together thereby forming the gels structure. The linked colloids are held together 

by very few bonds and surrounded by un-reacted silanols and alkoxys. As mentioned the 

hydrolysis and condensation reactions continue after gelation. Un-reacted silanols and 

alkoxys, undergo further hydrolysis [38] and condensation reactions, [39], increase the 

connectivity of the gel, thus aging the gel. These reactions will continue for months and 

can be accelerated at elevated temperatures.  

  During the aging process shrinkage of the gel is noticed and referred to as syneresis 

[40]. Shrinkage is the result of further condensation reactions, which form new siloxane 

bonds near the site at which the two colloids (“the neck”) are connected. Formation of 

new silica at “the neck” of the colloids replaced the solvent which was previously in this 

location. Not only does it replace the solvent, but also takes up less space [41]. This 

causes an expulsion of liquid from the pores. Shrinkage can be followed experimentally 

by monitoring the average pore size over time [42], whereas the average size is then 

tripled.  
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  During the aging process the gel undergoes coarsening and ripening. This refers to 

the dissolution and reprecipitation of the silica in the network [22]. Dissolution is the 

direct result of differences in radii of curvature for colloids which make up the gel. 

Particles have a positive radii, and smaller the particle, the greater the radii of curvature 

and greater the solubility. The “neck” where two colloids are linked together has a 

negative radii of curvature, thus, it has a lower solubility. Soluble silica from the surface 

of positive radii curvature will reprecipitate on the necks with negative curvature of radii 

as seen in figure 1.3. Reprecipitated silica will then remain at these locations with a 

negative curvature of radii due to the silica insolubility. Rate of this coarsening is 

significantly affected by temperature [43], pH [44], concentration and solvent type [45]. 

All of the above processes, which occur during the aging process, led to a strengthening 

[46], rigidity, and shrinkage of the gels porous structure.  

 

Figure 1.3 During the aging process, the silica network has a thickening of the necks 

between each silica particle due to the solubility of silica with positive radii. The dark 

line shows the silica network after aging. 
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1.2.5 Films, Fibers and Monoliths 

  The very versatile sol-gel processing method allows for a wide range of bulk 

shapes to be produced. The most common shapes prepared from sol-gel chemistry are 

fibers, thin films, coatings and monolithic gels (xerogels and aerogels) as seen in figure 

1.5. They have found a wide range of applications as explained above in the significance 

and background section 1.1. Each individual shape is produced with very subtle changes 

to the processing procedure.    

  Thin films and coatings represent one of the earliest commercial applications for 

the sol-gel field [47]. Films and coatings are prepared using a sol which is in the very 

early stages of the sol-gel process, where it is required for defect free film formation as 

the viscosities must be low and dependant on the coating method [48]. For spin coating 

the viscosity typically is around 10-50 cP, but films can be formed as long as the 

viscosity is lower than 100 cP [49]. Thin film formation by dip coating requires a slightly 

lower viscosity typically in the range of 5-20 cP [50]. If a high viscosity sol is used then 

films with high defect populations will be obtained [51]. Another requirement for defect 

free films is to keep the thickness under one micron [52].   Another method for thin film 

formation is spray coating, by using slightly higher viscosities (<200 cP) thicker films 

can commonly be achieved [53]. 

  If the sol is allowed to age longer and become significantly more viscous than the 

sols used for thin film formation, fibers can now be drawn from the sol. Initially, fibers 

were melt processed from preformed sol-gel powders. However, using a sol which has 
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not yet gelled allows for fibers to be drawn [54] or unidirectional frozen [55]. Typically 

fibers are pulled from sols which have been prepared under acidic conditions. Fibers 

prepared using this pulling method typically results in a fibers which are macroporous, 

contains a high degree of residual alkoxy groups and usually does not have a cylindrical 

cross section [56]. These fibers have high defect populations and are not suitable for 

optical applications. It was found that fibers prepared with a unidirectional freezing 

method yield fibers which have very high surface areas (300-900 m2/g) with more 

cylindrical cross sections [57].  

   Lastly, if the sol is allowed to continue to age beyond the point which fibers are 

drawn, the sol will then reach a gelation transition, thus obtaining monolithic gels [58]. 

The shape of the monolith is determined by the shape of the container which the sol is 

placed into prior to gelation. Once gelation has occurred and the gel has been aged, the 

structural outcome of the gel is determined by the drying procedure. If the monolithic gel 

is simply allowed to dry by evaporation from the alcogel solvent at or near ambient 

pressures and temperatures, a xerogel is obtained [59]. Xero is derived from the Greek 

word xeros meaning dry. Xerogels observe a significant shrinkage during the drying, 

typically around 60-70% [60]. The observed shrinkage is due to the collapse of the open 

porosity of the silica network. These collapses arise from the forces exerted by the liquid-

vapor meniscus of the receding solvent front on to the surface of the silica network [61]. 

As the liquid evaporates from the pores a capillary pressure gradient is built up in the 

pores causing uneven liquid evaporation leading to porosity collapse [62]. This collapse 

of the silica network yields a gel that typically has a density of 0.500-0.700 g/cm3 and 
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pore volume of 25% [63]. If the liquid-vapor meniscus could be removed during the 

drying event, a dried gel that mimics the wet alcogels shape and porosity could be 

achieved. A convenient way to eliminate the liquid-vapor meniscus is to use supercritical 

fluids. This was first accomplished by Kistler in the 1930’s [8] to prepare silica aerogels. 

Aero is derived from the Greek word aeros, meaning air. Silica aerogels are primarily 

composed of air (>95%), with an open pore structure (figure 1.4) surface areas near 1000 

m2/g [64] and densities as low as 3 mg/cm3 [65]. That is three times the density of air! 

Additional drying techniques for processing the monolithic gels include freeze drying 

(also called cryogenic drying) [66], drying control chemical additives (DCCA’s) [67] and 

surface passivation [68]. Freeze drying, freezes the liquid in the pores of the silica 

aerogel, the frozen liquid is then removed by sublimation. This process prevents the 

formation of the liquid vapor meniscus. DCCA’s offer the ability to minimize the solvent 

interaction with the silica network but increases the solvent-solvent interaction. This 

produces a minimization of the capillary pressure exerted from the liquid-vapor meniscus 

interface. Using this method, crack free silica aerogels can be obtained with pore volumes 

reaching nearly >97% [69]. One of the most promising methods to prepare silica aerogels 

is by a passivation of the wet gels surface known as “ambient pressure drying”. In these 

procedures, the gels are treated with hexamethyldisilazane (HMDZ), 

trimethylchlorosilane (TMSCl) or a mixture of the two in a hydrocarbon solvent. This 

passivation leads to the prevention of new siloxane bond formation as the gel shrinks 

from the receding solvent. As the solvent evaporates from the pores a point is reached 

where the silica matrix is strong enough to achieve what is known as the “spring back” 
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effect [70]. This returns the monolith to a similar volume and shape as observed with the 

alcogel.  

 

 

Figure 1.4 SEM image of silica aerogel shown open porous aggregate structure. 

 

  With a large number of drying techniques the naming has become blurred. 

Traditionally the term aerogel has been associated with drying the gels under supercritical 

procedures. Initially, aerogels prepared using freeze drying/sublimation techniques were 

termed cryogels, but it seems though now they have also been termed aerogels.  This can 

be argued based on pore volume (>90%) of the material, but no official definition 

actually exist.  

  Although powders and spheres can be prepared using the sol-gel process, this topic 

will be introduced later in chapter 7 at great detail.  
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Figure 1.5 Sol-gel processing offers the ability to prepare a wide range of different bulk 

shapes with very subtle changes to the processing. Each of these different shapes has 

many different possible applications.   

 

1.3 Silica Aerogels 

  Silica aerogels are the lowest density solid that has ever been produced. They 

contain a wide range of unique physical properties which is not achievable by any other 

solid material. Silica aerogels contain high surface areas, high pore volumes and low 

densities. These outstanding physical properties allow for their use in a wide range of 

applications, with properties that are unattainable with any other material. In the below 

sections a brief review of silica aerogels will be covered.   
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1.3.1 Supercritical Drying of Silica Aerogels 

  The discovery of the drying method used to prepare silica aerogels was the result of 

a bet between Kistler and Learned, who were professors at the University of the Pacific. 

The bet was to replace the liquid within the gel with air without destroying the gels [71]. 

The result of the shrinkage was due to the formation of the liquid-vapor meniscus and the 

capillary pressure build up, as explained above. In the 1930’s, Kistler won the bet where 

he was able to dry a silica gel without any shrinkage using ethanol as supercritical fluid in 

an autoclave [8]. Supercritical fluids are obtained when the liquid in or around the gel is 

above the critical pressure and temperature. Critical pressure is achieved by heating the 

liquid within a confined space. At this supercritical state, for the liquid, the liquid-vapor 

meniscus responsible for the gels collapse is eliminated, allowing for crack free 

monolithic silica aerogels to be produced.  From Kistler’s initial work using ethanol as a 

supercritical fluid to develop silica aerogels, a number of other solvents have been used 

as seen in table 1.1 [72].  

Table 1.1 Brief list of liquids and their supercritical values used in supercritical drying of 

silica aerogels. 

Liquid Critical Temperature 
(⁰C) 

Critical Pressure 
(MPa) 

Critical Pressure 
(psi) 

Methanol 240 8.09 1173.35 
Ethanol 243 6.3 913.74 
Acetone 235 4.66 675.88 

Carbon Dioxide 31 7.37 1068.93 
Nitrous Oxide 36 7.24 1050.07 

Water 374 22.04 3196.63 
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  However, there have been a number of different liquids proposed as supercritical 

fluids to dry silica aerogels, perhaps the most common is liquid carbon dioxide [73]. This 

is primarily due to the lower production temperatures, cost and toxicity of carbon dioxide 

which is found in the earth’s atmosphere at hundreds of ppm [74], used by plants in 

photosynthesis [75] and in several other new technologies [76]. A liquid with similar 

supercritical values to that of carbon dioxide would be nitrous oxide. However, using 

liquid nitrous oxide could pose several problems with drowsiness and making the drying 

of silica aerogels quite humorous [77]. Other liquids such as methanol, ethanol and water 

which have been used in supercritical drying of silica aerogels pose significant safety 

issues with the temperatures that are needed to reach the critical pressure. While using 

methanol as the supercritical fluid a pilot plant operated by the Lund group in Sjobo, 

Sweden exploded after a leak developed from the three thousand gallon autoclave [78]. 

The leak filled the room with methanol vapors, which subsequently exploded. In addition 

to the possible safety issues, these elevated temperatures could also add possible 

variations in the aging of silica gels.    

   Aerogels produced by the supercritical carbon dioxide drying is performed in an 

autoclave, where the temperature is raised to the critical temperature, which subsequently 

raises the pressure to the critical pressure [79]. Once the supercritical point for carbon 

dioxide is reached (31 ⁰C, 7.37 MPa), the liquid-vapor meniscus disappears and a 

supercritical fluid is formed. At this point the supercritical carbon dioxide is vented off 

slowly causing a lowering in the pressure and expelling CO2 from within the pores of the 

silica gel. This process continues until all of the carbon dioxide is fully removed from the 
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aerogel or biological material [80]. The phase diagram for carbon dioxide can be seen in 

figure 1.6 with a probable path that would be followed during the supercritical drying of 

silica aerogels.  

 

 

Figure 1.6 Phase diagram for carbon dioxide, which shows an anticipated path that 

would be followed during the supercritical drying of silica aerogels. Reproduced with 

permission from [61].   

 

1.3.2 Characterization and Properties of Silica Aerogels 

  Characterization of silica aerogels is not a trivial task. Common analysis techniques 

to characterize silica aerogels are elemental analysis, Fourier transform infrared (FT-IR), 

solid state NMR spectroscopy, X-ray scattering, electron microscopy, porosimetry and 

thermal gravimetric analysis. Collectively, each of these analyses provides information 

on the silica aerogel from the molecular level to the bulk physical properties.  
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  The chemical composition of silica aerogels at the molecular level can be 

determined by solid state 29Si NMR [81] and FT-IR. FT-IR can be used to determine that 

certain chemical functionalities are within the material, as well the purity. In 29Si NMR, 

siloxane bonds are denoted using a Qn notation. A monomer is represented as Q0. Once 

the monomer has undergone a hydrolysis reaction, an approximate 5 ppm down field shift 

is observed. After hydrolysis, this species will undergo a condensation reaction which 

causes a 10 ppm shift upfield. For example, with tetramethoxysilane (TMOS), the 

monomer peak has a chemical shift of approximately -78 ppm and once hydrolyzed this 

species has a chemical shift of approximately -73 ppm. After undergoing the first 

condensation reaction, a chemical shift of approximately -83 ppm is observed. This 10 

ppm shift will continue until the species is fully condensed where it has a chemical shift 

of -113 ppm. A typical 29Si NMR spectrum is below in figure 1.7, which has the 

molecular species associated with each peak.  Deconvoluting the spectra allows for the 

extent of reaction also known as the degrees of condensation to be calculated according 

to the following equation: 

 

By calculating the percent area of each peak on the 29Si spectrum the degrees of 

condensation can be calculated. 

  Thermal stability of silica aerogels can be determined by thermal gravimetric 

analysis.  Silica aerogels start to observe a very slow shrinkage once the temperature 

reaches 500 ⁰C [82]. 
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Figure 1.7 The above spectrum represents a typical solid state 29Si NMR for TMOS. 

Each peak has a 10 ppm shift upfield after each subsequent condensation reaction.  

 

  Electron microscopy, which includes scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), provides information visually on the silica 

aerogels bulk morphology [83]. Scanning electron microscopy, which has recently been 

coupled with energy dispersive X-ray analysis, can provide a visual of the aerogels bulk 

morphology as well as a chemical composition and homogeneity [84]. The bulk 

mechanical properties of silica aerogels have been characterized by a number of 

techniques which will be discussed in detail in chapter 2.  

  Porosity is one of the key characteristics of silica aerogels. They contain a wide 

range of pore sizes; micropores 0-20 Å, mesopores 20-500 Å and macropores > 500 Å. 

Porosity of silica aerogels is determined by the pore volume (mL/g), surface area (m2/g) 
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and pore size. The most common method for analyzing the porosity of silica aerogels is 

adsorption/desorption of gases such as nitrogen [85]. Typically this analysis is done using 

the BET (Brunauer-Emmett-Teller) method [86]. From this analysis, the type of porosity 

within the aerogels can be determined from the absorption/desorption isotherms, in which 

there are six total (figure 1.8). The isotherm commonly obtained from silica aerogels will 

be a type four. A type four isotherm is a material which contains both micropores and 

mesopores. A type one isotherm is that for a microporous material and type two is a non-

porous material. A similar method for determining a material’s porosity is mercury 

porosimetry [87]. However, this method requires the use of Mercury which is toxic and 

can compress the silica aerogel. 

 

Figure 1.8 There are a total of six different adsorption/desorption isotherms. The most 

commonly encountered are types I, III and IV. Silica aerogels would have a type IV. 
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  Although the above techniques have provided information on the silica aerogels 

bulk properties, the data has been poorly correlated to the gel in the wet state prior to 

drying. Dried gels should have relatively the same pore size and structure as the gel in the 

wet state [88]. Experimental analysis is very difficult in the wet state which current 

experimental methods are plagued with erroneous data and under estimations [89].  

 

1.4. Applications of Silica Aerogels 

  The main driving force for the development of silica aerogels is their tremendous 

properties in a wide range of applications. These applications utilize the silica aerogels 

low density, high percent of porosity, and small pore size [90]. Although the cost [91] of 

silica aerogels has kept the commercialization of aerogels limited to only a handful of 

applications, which require their properties.    

 

1.4.1 Thermal Insulation 

  Thermal insulation applications of silica aerogels are possibly the most notable of 

all the applications [92]. Typically, silica aerogels have a thermal conductivity of 5 mW 

m-1 K-1 with a density of 0.12 g/cm3 [93]. Comparing this to other materials (Figure 1.9), 

aerogels have thermal conductivity values which are 50% lower than that of air [94]. The 

observed high thermal insulation properties of silica aerogels arises primarily from the 

high volume of porosity (>95%) and the pore sizes of the silica aerogels. These properties 

lead to a low solid thermal conductivity due to the silica aerogel being primarily 

composed of air. This reduces the bulk materials thermal conductivity from the minimal 
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amount of solid within the silica aerogel. As the density of the silica aerogel increases, 

the amount of silica within the aerogel increases, which leads to an increase in the 

thermal conductivity [95]. Not only does the open porosity minimize the solid thermal 

conductivity, but the tortuous path of the pores in the silica aerogel contributes to the 

reduction of the gaseous thermal conductivity. This reduction is due to the Knudsen 

effect, where the excited gas molecules that are entering the open pore structure of the 

silica aerogel collide with the surface of the aerogel and transfer their energy to the 

surface [96]. This reduces the gases movement, thus limiting the silica aerogels gaseous 

thermal conductivity. Gaseous thermal conductivity can even further be reduced by 33% 

by placing the aerogel under vacuum [97].   

 

 

Figure 1.9 Silica aerogels possess thermal conductivities which can be lower than that of 

air. Compared to a number of other insulating materials, silica aerogels offer significantly 

better properties allowing for lower dielectric constants. 

 

PU Foam Cellulose Fiber Glass Air Silica 
Aerogel 
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1.4.2 Acoustical Applications 

  As one would expect silica aerogels are great thermal insulators, they also make 

great acoustic insulators as they both involve the reduction of excited gaseous molecules 

energies [98]. As the acoustic wave propagates, it is exciting the gaseous molecules in its 

path, thus propagating the noise. When these gaseous molecules enter the silica aerogel, 

their energy is transferred to the silica aerogel by the Knudsen effect, thus eliminating the 

sound [99]. Silica aerogels have been used in engine compartments, floors, and anechoic 

chambers [100]. This application may be one of the most interesting of silica aerogels 

with the most potential for applications. 

 

1.4.3 Optical Applications  

  With these great insulating properties silica aerogels have also been looked at for 

applications such as window insulation [101] and other coating applications. Importantly, 

silica aerogels do not let infrared radiation pass through, thus making them a better 

insulator. However, silica aerogels have a tendency to scatter visible light. Typically 

when looking at silica aerogels they will appear yellow in transmission, and blue in 

reflection. This is due to Rayleigh scattering [102], which is the elastic scattering of light 

from particles much smaller than that of the wavelengths of light. This is the same reason 

why the sky is blue. This scattering observed in silica aerogels causes a blurring effect 

and limits their use in window applications.  
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  Other optical applications of aerogels are their use in Cherenkov counters (high 

energy physics experiments) [103]. Here, a high velocity particle passes through the 

radiation medium (aerogels), which aerogels provide a good coherent contrast for the 

radiation to interfere with. This contrast slows the emitted radiation, allowing it to be 

analyzed and the speed of the particles can be determined. The use of silica aerogels in 

this application is due to the low refractive index [104]. Another application of the 

refractive index of silica aerogels is their use in films on optical fibers [105]. 

 

1.4.4 Low-K Dielectric Applications 

  Gordon Moore, co-founder of Intel, projected that the number of transistors that 

could fit on an integrated circuit will double every year [106]. This estimation later 

became known as Moore’s law [107]. However, the original predication was revised to 

the number of transistors would double every two years. To date, this law has held true, 

but significant challenges are expected in attempts to maintain Moore’s law as the 

integrated circuits become denser [108]. Common designs of , low-K dielectric materials 

have attempted to incorporate a large volume percentage of air as it has the lowest 

dielectric constant with a value of 1.0 [109]. Common materials used as low-K materials 

are SiLK [110], Teflon [111], and silsesquioxanes [112], among others [101] which their 

values are summarized in table 1.2. Silica aerogels having a very low solid content (< 

3%), and the remaining volume being filled with air, have been proposed as an ideal low-

k dielectric material [113]. Commonly, low-K values for silica aerogels are within a range 

of 1.1-1.8, well below the current needs for 45 nm technology where a low-K value 
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around  2.0 is needed in order to maintain Moore’s law [114]. It has been reported that 

silica aerogels could potentially double the current speed of computers due to this unique 

property [115].  

 

Table 1.2 Various low-k materials values. Silica aerogels value is lower compared to 

other materials and well below what is expected to maintain Moore’s law. 

 
Material 

Dielectric 
constant 

Density 
(g/cm3) 

SiLK 2.5 1 
PTFE 2.25 2.2 

Silica aerogels < 2.0 > 0.4 
Porous SiLK 2-2.4 0.8 

SiO2 4.2 2.2 
Methyl silsesquioxane 2.7 0.5 

fluorinated silica 3 > 2.65 
 

 

1.4.5 Space Applications 

  Silica aerogels have very low densities, making them a very attractive material for 

space applications, as they can have superior properties to those which are commonly 

used and a fraction of the density [116]. Silica aerogels have found space applications as 

insulation and acoustic damping. It was demonstrated that the silica aerogel insulated a 

Mars rover where the outside temperature was -67 ⁰C, allowing the rover to maintain an 

inside temperature of 21 ⁰C [117]. They have also found a unique application in 

commentary particle and aerosol traps [118], first used in the NASA STARDUST 
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project. In this particular application, sheets of transparent silica aerogels were impacted 

by hypervelocity particles, demonstrating that the silica aerogel was able to collect the 

particles without melting them. This is due to their pore volume. Once the particles were 

trapped within the silica aerogel, they were able to be located due to the transparency of 

the silica aerogel. Additionally, silica aerogels were attractive for several other space 

explorations due to their great resistance to rapid temperature changes, good resistance to 

magnetic and UV radiation and high stability versus ionic erosion [119]. 

 

1.4.6 Additional Silica Aerogel Applications 

  Most of the applications which are briefly explained are some of the most 

commonly encountered applications, but not all of them. In addition to the above 

mentioned applications, silica aerogels have also been used in applications for shock 

compression analysis [120], energetic materials [121], aerocapacitors [122] and nuclear 

storage [123]. More recent applications include biosensors [124], catalysts [125], 

piezoelectric materials [126], batteries [127] and photoluminescent materials [128]. With 

this wide spread use in a number of applications, it is no wonder why it’s considered that 

silica aerogels have nearly unlimited potential.  

 

1.5 Silica Aerogel Limitations 

  Silica aerogels are a fascinating material, which have been used in several 

applications as detailed in section 1.4. In most cases, using silica aerogels in applications 

is based on their potential rather than their practicality. The two main limitations of silica 
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aerogels for their use in potential applications are the cost of production and their 

extremely weak mechanical properties. Silica aerogels posses a fraction of the strength 

compared to their nonporous analog [129] and the cost for silica aerogel production is 

expensive due to the supercritical drying step which is needed in their preparation. The 

cost of silica aerogel production while improving the mechanical properties will be 

addressed in the proceeding chapter 3. However, even if the cost of production for silica 

aerogels can be overcome, the resulting aerogel is still mechanically weak. By improving 

the mechanical properties of silica aerogels, they could be used in numerous applications 

not currently achievable. 

 

1.5.1 Mechanical Property Dependence of Silica Aerogels 

  It has been demonstrated that a number of low density solids exhibit a scaling 

between their elastic modulus (E) and their density (ρ) where m is the scaling component: 

E ~ ρm 

This was first applied to silica aerogels by Ashby, who proposed a model that is based on 

the bending of cell edges with a power law that is dependent on the type of mechanical 

properties tested (elastic modulus, toughness, mechanical strength) [130]. This initial 

model was expanded to an open porous model based on percolation [131] and the elastic 

behavior was related to the degree of contact between the particle necks [132]. Additional 

work related the mechanical properties to cleavage of the siloxane bonds under stress 

[133] and “neck-particle” model [134]. The scaling exponent for silica aerogels 
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determined from these experiments ranged from 2 to 9. This broad range predicted from 

models for the same material (silica aerogels), suggests that the material contains several 

orders of magnitude difference in their elastic modulus. However, not one of these 

models was able to relate the scaling relationship to the microstructure of the silica 

aerogel.  

   This led to the work of Scherer [135] who used computer simulations to relate the 

microstructure’s mechanical properties to the materials scaling exponent. From their 

work, it was determined that the correct scaling exponent was ~ 3.6. This value is close to 

what is observed with the link and sphere model. In this model, the mechanical properties 

are directly dependant on the amount of inter particle connectivity. This was later 

expanded by Phalippou [136], who related the percent porosity to strength of the silica 

aerogel (figure 1.10). As expected with an increase in pore volume (density decreases), 

the mechanical properties of the silica aerogel decrease. This observed decrease in 

mechanical properties is in good agreement with what Scherer predicated theoretically.   
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Figure 1.10 Mechanical properties of silica aerogels are directly dependant on the 

amount of particle interconnectivity. As the amount of pore volume increases, the particle 

interconnectivity decreases, resulting in a lower mechanical strength. Reproduced with 

permission from [135]. 

  

1.5.2 Development of Strong Silica Aerogels 

  Mechanical properties of silica aerogels are dependent on the amount of 

connectivity between particles that makes up the aggregate silica aerogel structure. It was 

believed that the mechanical properties of silica aerogels could be improved by 

increasing the amount of connectivity between particles (figure 1.11). However, many 

applications of silica aerogels rely on their low density and high volume percent. 

Addition of any material to strength the silica aerogel must be minimal to ensure that the 

physical properties which made them attractive to so many applications are retained.  
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Figure 1.11 By reinforcing the weak necks between the silica particles that make up the 

silica aerogels aggregate structure, it is believed that the mechanical properties of silica 

aerogels could be improved. 

 

   A number of approaches have been developed to prepare silica aerogels with 

enhanced mechanical properties. Most efforts to increase the silica aerogels mechanical 

properties have focused on the addition of a reinforcing material to the wet gel prior to 

supercritical drying. Commonly the reinforcing material is silica or organic polymers. 

These approaches will be discussed in detail in the below sections. 

 

1.5.3 Strong Silica Aerogels by Addition or Redistribution of Silica  

  Utilizing this approach, the reinforcement of wet silica gels, prior to supercritical 

drying (SCD), can be done by redistribution of the existing silica in the wet gel through 

Ostwald ripening [137]. However, the solubility of silica is low [22] and redistribution is 

commonly slow due to the detachment and redistribution of monomeric silica species 

[138]. With the slow redistribution of silica under alkaline conditions, the processing time 
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to reinforce silica aerogels, it would be expected that processing times would be longer. 

To reduce the processing times and reinforce the silica aerogel by further addition of 

silica, wet silica gels were aged in the presence of additional alkoxysilanes such as TEOS 

[139] and other silane monomers [140]. Aging in TEOS resulted in doubling of the 

modulus of rupture determined by three point bend beam analysis to a final value of 0.25 

MPa. An un-aged silica aerogel was measured to have a modulus of rupture of 

approximately 0.12 MPa. During this aging in TEOS, the density (0.28 g/cm3) doubled, 

which the strength increase observed is most likely due to mass addition. Although the 

strength improved for the silica aerogels prepared either by redistribution or further 

addition of alkoxysilane, the gels remain very brittle. Additionally, solution first 

approaches are plagued by the slow solution interchange within the wet silica monoliths 

[141], leading to long processing times.  To improve the strengths of silica aerogels in a 

matter of hours, a new approach using chemical vapor deposition (CVD) of chlorosilanes 

was used [142]. Despite slower gas diffusion of the vapor in the aerogel compared to free 

space [143] gels still could be coated homogenously. However, this did improve the time 

in which aerogels could be made stronger, the resulting aerogels were still brittle as 

achieved with the solution aging.   

  

1.5.4 Polymer-Reinforced Silica Aerogels 

  To increase the amount of connectivity between the particles and add a toughness 

component, the addition of polymers to the silica matrix was, and still is, extensively 

being investigated. In addition to an increase in the amount of contact between particles, 
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the polymer would provide an interface for crack deformation [144]. All current 

approaches to prepare silica aerogel/polymer composites were prepared from the wet gel 

prior to SCD. 

  First attempts to prepare silica aerogel/polymer composites were to cross-link the 

particles together with di- and tri-isocyantes with carbamate (urethane) linkages [145]. 

Cross-linking chemistry requires elevated temperatures and depended on the solvent that 

was used. This initial effort increased the strengths (3 MPa) of the polymer cross-linked 

silica aerogel (ρ= 0.447 g/cm3) 100 times over that of a polymer free silica aerogel (0.025 

MPa). However, when the density was increased to only 0.24 g/cm3, as a result from the 

polymer addition, the strength (0.35 MPa) only improved 14 times over that of a polymer 

free silica aerogel. Comparing the strength to a silica aerogel of the same density (0.28 

g/cm3), the strength only improved 25%.  

  A more convenient method for the covalent attachment of cross-linked polymers on 

the surface was to modify the silica aerogel surface with pendant amine groups. Using 

this approach the silica aerogels were cross-linked with polystyrene [146] and urea cross-

links [147].  Gels were prepared with very high amine loadings (50 mol%). Amines not 

only are the polymerization initiators, but because of their alkalinity and their 

concentration in the gels, they catalyze the sol-gel polymerization without the need for 

any other base catalyst. 

  In addition to reinforcing silica aerogels through urea cross-links, silica aerogels 

have also been reinforced by cross-linking silica aerogels with multifunctional epoxies 

(figure 1.12) [148]. Varying the epoxy from did-, tri- or tetra- functional epoxies, it was 
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found that the strongest composites were prepared with the tri-epoxy monomer. The 

strongest composite had a flexural strength of 1.6 MPa and a density of 0.49 g/cm3. This 

is 64 times stronger than that of the precursor aerogel (0.02 MPa; ρ= 0.24 g/cm3). Origin 

of the strength increase compared to alternative multifunctional epoxies has yet to be 

determined by the author. 

 

Figure 1.12 Preparation of epoxy cross-linked amine-modified silica aerogels follows the 

above reaction scheme. The tri-functional epoxy monomer is shown, which resulted in 

the strongest composites prepared. Reproduced with permission from [148]. 

 

  Gels, which were cross-linked with polystyrene, were prepared using the same 

procedure as described for the isocyanate and epoxy gel preparations. Once the gels were 

prepared with pendant amine groups, p-chloromethylstyrene was introduced into the 

solution containing the wet gel. This was subsequently followed by the addition of 

styrene and a free radical initiator azobisisobutyronitrile (AIBN). The process for the 
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preparation of the styrene composite silica aerogel is in figure 1.13. This process requires 

an extensive amount of solution changes to get all the reactants needed into the wet gel to 

prepare a silica aerogel polystyrene composite. Once the reactants are within the wet gel, 

the solution is warmed to 65 ºC which initiates the polymerization. The cross-linking 

mechanism is proposed by a radical–radical termination. The strength of the polystyrene 

silica aerogel composite with a density of 0.717 g/cm3 was determined to be 0.25 MPa. 

At lower densities (~ 0.5 g/cm3) the strengths are reported to be approximately 8 x 104 Pa 

(0.08 MPa). The lower strengths observed for these materials is most likely due to the 

amount (50 mol%) of the trialkoxysilane used to prepare them, which would cause a less 

cross-linked network. To make the aerogel composite even more hydrophobic the styrene 

was replaced with pentafluoro-styrene during the polymerization, resulting in extremely 

hydrophobic silica aerogel composites with contact angles of 150º as determined from 

water droplets on the surface of the silica aerogel composite. There was very little change 

in the strength of the composites prepared with the fluorinated monomer. Molecular 

weights of the polymers used to reinforce the silica aerogels were never mentioned nor 

were extraction studies.  
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Figure 1.13 Preparation of silica polystyrene composites requires an extensive amount of 

solution interchanges to intercalate the monomers and free radical initiators within the 

wet gel. Reproduced with permission from [149].  It should be noted that the propagating 

radical should proceed on the carbon which is closest to the aromatic ring, and not where 

the author suggests. 

 

  Typically, aerogels that were reinforced by cross-linking polymers on the surface of 

the silica gel, have a reduced surface area typically around 200 m2/g. This loss in surface 

area of the monolith is accompanied by a significant increase in the density where 

densities of composites ranged between 0.3-0.8 g/cm3, and more often on the higher end 
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of that range >0.5 g/cm3. Aerogel composite strengths were higher for cross-linked 

aerogel composites compared to aerogels reinforced with linear polymers, consistent with 

increased particle connectivity. When the composite densities are reduced under 0.5 

g/cm3, the strength of the composite aerogels decreases substantiality. Even though the 

composites were stronger, many still require SCD to afford the silica aerogel composites. 

The total time required to prepare the silica aerogel composites can reach up to a month 

and is independent of the density of the silica aerogel composite. Additionally, the 

homogeneity of the polymer reinforcement within the silica aerogel was never treated. 

Strengths of strong silica aerogels are summarized in table 1.3.  

 

Table 1.3 Summary of strong silica aerogels mechanical properties, densities and surface 

areas. Below results are the strongest composite prepared from each composite type. 

Below strengths are determined from three-point bend beam analysis.  

Reinforcing Material 
Density 
(g/cm3) 

Flexural Strength 
(MPa) 

Surface 
Area 

(m2/g) 
Aging in TEOS [139] 0.28 0.25 650 

 Urethane Cross-linked [145] 0.447 3 165 
Polystyrene [149] 0.717 0.25 180 

Epoxy Cross-linked [148] 0.49 1.9 300 
Urea Cross-linked [147] 0.78 55 150 

SI Radical Poly. PMMA [230] 0.89 92 40 
SI Radical Poly. PMMA [230] 0.174 0.05 631 
SI Radical Poly. Styrene [230] 0.433 8.1 160 
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1.5.5 Additional Approaches to Strengthen Silica Aerogels 

  Silica aerogels strengths have also been improved using polymer nanoparticles 

(PNP) which are functionalized with reactive alkoxysilanes [150]. However, the strength 

is only improved at very high loadings of the PNP’s. The size of the PNP’s are large, on 

the scale of 100 nm and only further the cross-linking of the silica but with the limited 

number of alkoxysilanes on the surface of the PNP’s, they do not increase the particle 

connectivity. Silica aerogels have also been prepared by templating aerogels during the 

sol-gel polymerization, where the aerogel is prepared from sol-gel polymerizations with 

methyl triethoxysilane [151], fiber reinforcing [152] and the addition of reactive silanes 

to the sol-gel polymerization [153]. However, none of these approaches have resulted in 

the strengths achieved by the polymer cross-linked silica aerogel composites.  

  

1.6 Conclusion 

  In summary, sol-gel processing has improved the potential properties of a wide 

range of materials due to the ability to control the homogeneity, purity and structural 

control at the nano-scale. This has lead to an exponential increase in the interest for the 

preparation of ceramic and glassy materials over the past two and a half centuries from 

the initial curiosity of Ebelman. In addition, sol-gel processing is advantageous for its 

ability to prepare these advanced materials at low temperatures and in a wide range of 

shapes by simply casting the sol into the desired shape. Depending on the time which the 

sol is from gelation, a wide range of bulk shapes can be achievable such as fibers, 

spheres, powders and monoliths.   
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  Silica aerogels are a particular bulk shape that has gained a significant interest due 

to their amazing physical properties. Silica aerogels are highly porous (>95%) with low 

densities (3-800 mg/cm3) and vast surface areas (~1000 m2/g). These properties are 

unlike any other material in existence, they are the lowest density solid ever achieved. 

The unique physical properties of silica aerogels has given rise to a number of 

applications as detailed. Although I have just covered some of the major aerogel 

applications, it is obvious that a wide variety of applications are trying to take advantage 

of the silica aerogels unique physical properties.   

 Although silica aerogels could potentially be used in a number of applications, they 

are severely limited by their weak mechanical properties and cost of production. A 

number of approaches have been developed to address their weak mechanical properties 

with the addition of silica, polymers and cross-linked polymers as reinforcing materials. 

However, these approaches did improve the mechanical properties many of them add the 

reinforcing material prior to super critical drying, which leads to long processing times. 

In this dissertation, we attempt to reduce the processing time for the preparation silica 

aerogels while significantly improving their mechanical properties.       
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CHAPTER TWO  

 IMPROVING THE MECHANICAL PROPERTIES OF UN-MODIFIED SILICA 

AEROGELS BY CHEMICAL VAPOR DEPOSITION (CVD) OF METHYL 

CYANOACRYLATE 

 

  

2.1 Introduction 

  From the previous work on improving the mechanical properties of silica aerogels 

the greatest improvement was achieved by the reinforcement with polymers. These 

approaches were plagued by the long time, which is taken to prepare the composites as 

they were done prior to SCD and required solution exchanges. Chemical vapor deposition 

(CVD) of chlorosilanes onto silica aerogels avoided the long processing times observed 

in the preparation of cross-linked polymer composites. However, silane CVD fails to 

improve the strength as much as polymer reinforcement.  If these methods could be 

combined, silica aerogels could have their mechanical properties quickly improved, 

allowing them to be more widely used in a number of commercial applications as detailed 

in chapter 1. 

 

2.2 Proposed Strong Silica Aerogels via CVD 

  Our first method to quickly form polymer-aerogel composites hinges on adsorption 

and polymerization of cyanoacrylates onto the colloidal particles that makeup the aerogel 
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(scheme 2.1).  This approach is similar to the forensic application of cyanoacrylates to 

develop latent fingerprints [154]. Due to the high vapor pressure of methyl cyanoacrylate 

(~0.27 mm Hg at 25 ºC) [155], fingerprints can be reinforced in a few minutes as the 

monomer quickly adsorbs at room temperature and pressure onto the print and is 

polymerized by water and other chemicals (urea’s and sodium chloride) in the oily 

residue [156].  The resulting prints are visible, robust and can last for years.  In the case 

of aerogels, residual water or silanol groups on the surface of the aerogel could act as the 

initiator for the polymerization of the cyanoacrylate. It has been shown that methyl and 

ethyl cyanoacrylates are  highly reactive and commonly polymerizations are initiated on a 

number of substrates [157]. Common initiators are amines [158], phosphines [159], polar 

solvents [160], halide ions and trace amounts of water [161].   

 

 

Scheme 2.1 Chemical vapor deposition and polymerization of methyl cyanoacrylate on 

the surface of the particulate surface of a silica aerogel to generate a polycyanoacrylate-

silica nanocomposites (right) aerogel could quickly reinforce the weak silica aerogel. 
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2.2.1 Strength of Various Density Silica Aerogels 

  To establish a base line for the amount of improvement made to the silica aerogel 

from polymer addition, polymer free silica aerogels of various densities (0.035 to 0.215 

g/cm3) were prepared. Note that the density of silica is 2.2 g/cm3 and poly(methyl 

cyanoacrylate) is 1.1 g/cm3. Commonly, the improvement made to the silica aerogel from 

the addition of the reinforcing material is compared to the precursor silica aerogel, which 

the composite was prepared from. This shows how much the strength improved from the 

initial silica aerogel, but this is flawed because the composites are at different densities. A 

better comparison would be to compare the silica aerogel composite to a silica aerogel at 

the same density. In literature this comparison is never made. This comparison would 

show the actual strength improvement made from the addition of the reinforcing material. 

  To prepare silica aerogels at various densities, the molar concentration of the 

monomer was changed (In all of our experiments the tetralkoxysilane used is 

tetramethoxysilane (TMOS). Molar concentration in the sol-gel polymerization started at 

0.05 M and increased 0.05 M up to a final molar concentration of 3.0 M. Each sol-gel 

polymerization contained four equivalents water that diluted the aqueous basic 

ammonium hydroxide (NH4OH) catalyst. Once the sol-gel polymerization reached the 

gelation point, each gel was aged at room temperature for 48 h followed by aging at 50 

ºC for 48 h and subsequently SCD. Densities of the silica aerogels prepared from the 

various molar concentrations ranged between 0.035 to 0.215 g/cm3.  

  Mechanical properties of various density silica aerogels were determined using a 

three-point flexural compression test according to ASTM D790 and ASTM C1684. Gels 
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were bent with a crosshead speed of 0.04 in. min-1. Mechanical properties for the various 

density silica aerogels are plotted against their density in figure 2.1. From the results it 

can be seen that the strength of the silica aerogels increase linearly with the density. This 

was expected based on previous work, where it was found that the strength of the silica 

aerogels is dependent on the amount of connectivity between the aggregate particles 

within the silica aerogel. As the density increases, so does the connectivity. It should be 

noted that the error bars are three times the standard deviation. This was done to ensure 

that they are visible in the graph. These strengths will be referred to frequently through a 

majority of the chapters to compare the silica aerogels composite strengths to the strength 

of an un-modified silica aerogel at the same density.   

 

  

Figure 2.1 Strength of silica aerogels increases with the density. It should be noted that 

the error bars are three times the standard deviation to ensure that they are visible.  
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2.2.2 Methods to CVD Cyanoacrylates onto Silica Aerogels  

  In order to CVD cyanoacrylates on the surface throughout the silica aerogels, as 

proposed in scheme 2.1, we explored a number of vapor deposition methods. These 

methods are detailed below. A majority of the methods which we explored were at 

ambient temperature and pressure using methyl cyanoacrylate.  

 The first experiment which we attempted to CVD methyl cyanoacrylate onto silica 

aerogels was done in a closed system letting the methyl cyanoacrylate vapor fill the 

volume of the static CVD chamber. The silica aerogel was suspended in the same 

chamber where the methyl cyanoacrylate was added. As the methyl cyanoacrylate vapor 

filled the chamber it would adsorb and polymerize on the surface of the silica aerogel. 

This method is very simple, although it suffered from very slow mass addition with an 

average mass addition rate of 1-2 mg/h. This is not very attractive for any commercial 

applications or graduate student. Deposition of methyl cyanoacrylate caused the aerogels 

to change from transparent (though blue tinted from scattering) to opaque white (figure 

2.2). 

 

 

Figure 2.2 Photograph of uncoated aerogel (left) and of polycyanoacrylate coated aerogel 

(right) 
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  To optimize the rate of cyanoacrylate addition we explored alternative methods for 

CVD of methyl cyanoacrylates. A particular method that was hypothesized, which had a 

number of variables that could be optimized, was to deposit the methyl cyanoacrylate 

monomer with an inert gas in an open system. To achieve this monomer deposition from 

an inert carrier gas, a glass apparatus was prepared as seen in figure 2.3. In this method, 

methyl cyanoacrylate is placed into a round bottom flask which is fitted with a gas inlet. 

A flow of dry nitrogen gas is purged into the system, which carries the methyl 

cyanoacrylate monomer though the glass u-tube into a reaction flask where the silica 

aerogel is suspended on expanded metal. Nitrogen and any residual monomer vapors 

exited through an outlet and bubbler to a chemical fume hood. To prevent the 

cyanoacrylate monomers from adsorbing and polymerizing on the glass surface of the 

CVD apparatus, the entire surface was silylated. 

 

Figure 2.3 Glass apparatus designed to allow control over a number of variables which 

would optimize the rate and homogeneity of the methyl cyanoacrylate addition. 

Cyanoacrylate 

Aerogel
Vapor Phase

N2 Gas 
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   A number of variables were optimized such as the flow of nitrogen gas (initially set 

to 0.05 L/min) and the entire apparatus was maintained at room temperature (25 ºC). 

With these conditions, a linear mass addition was achieved with a rate of 5 mg/h. This is 

approximately 500% faster than the deposition in the closed system. The rate of addition 

could become even faster by either heating the round bottom which holds the 

cyanoacrylate and/or increasing the gas nitrogen flow. Mass additions up to 100 mg/h 

were achieved. However, visually the resulting composites were heterogeneously 

reinforced and suffered from a significant amount of cracks. These cracks are most likely 

the result of liquid monomer within the micropores of the silica aerogel which create 

capillary pressures from the formation of a liquid-vapor meniscus. To achieve a 

homogenously reinforced silica aerogel aggregate structure, the maximum rate of methyl 

cyanoacrylate addition was determined to be approximately 7 mg/h, which the mass 

addition increased linearly (figure 2.4), which required a nitrogen flow of 0.1 L/min 

while the CVD apparatus remained at room temperature. 
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Figure 2.4 Mass addition of methyl cyanoacrylate to a 650 mg silica aerogel was found 

to be linear. This linear deposition allows for tailoring the amount of materials deposited 

on to the silica aerogels allowing for control over the strength and surface area of the 

composites. 

 

  In order to determine the homogeneity of the polycyanoacrylate coatings at 

different depths in the silica aerogel composite, samples were excised from the surface, 

midway to the center and the center of a silica aerogel monolith composite. SEM images 

of these samples revealed that the polycyanoacrylate coating was nearly uniform through 

the monolithic structure (figure 2.5). This was confirmed spectroscopically with Fourier 

transform infrared (FT-IR) and gravimetrically using thermal gravimetric analysis 

(TGA). 
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Figure 2.5 Polymer-reinforced silica aerogels were imaged at various depths within the 

composite to determine if there was any structural heterogeneity. As seen in the above 

images, all particle diameters are nearly 30 nm, suggesting a homogenous structure.  

 

  All of the above optimization was done by vapor depositing methyl cyanoacrylate 

on the silica aerogel.  However, there a number of other cyanoacrylate esters which have 

been used in vapor deposition procedures [162]. As the alkyl chain lengthens the mass of 

the cyanoacrylate ester increases, which reduces the vapor pressure. These low vapor 

pressures would further slow the mass addition to the silica aerogel using our system. A 

cyanoacrylate ester with comparable vapor pressures (~0.22 mm Hg) would be ethyl 

cyanoacrylate. 

  CVD of ethyl cyanoacrylate using the above optimized CVD process showed that 

ethyl cyanoacrylate deposition onto the silica aerogel was very similar to methyl 

cyanoacrylate. The silica aerogel could be coated homogeneously with a mass addition 

rate of ~6 mg/h. This is slightly slower that methyl cyanoacrylate as expected due to the 

vapor pressure differences. 
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  Evaluations of the mechanical properties for both silica aerogel composites of the 

same density (0.52 g/cm3) were found to be the same. Silica aerogel composites prepared 

from the vapor deposition of ethyl cyanoacrylate had a maximum flexural strength of 4.8 

x 106 ± 2.0 x 104 Pa.  Poly(methyl cyanoacrylate) composites had a maximum flexural 

strength of 4.7 x 106 ± 2.0 x 104 Pa. Both polymer reinforcements led to the silica aerogel 

composites that were hydrophobic. Due to their hydrophobic nature both ethyl and 

methyl cyanoacrylates had contact angles of 128º and 121º respectively. The higher 

contact angle observed for silica aerogels reinforced with poly(ethyl cyanoacrylate) is 

due to the longer alkyl chain. With composites prepared from both monomers showing 

similar results, they could be used interchangeably. However, we selected to use methyl 

cyanoacrylate in all of our deposition experiments as it has a slightly higher vapor 

deposition rate and commercial availability.   

 

2.2.3 Various Density Poly(methyl cyanoacrylate) Silica Aerogel Composites 

  The observed linear deposition rate at room temperature of methyl cyanoacrylate 

provided excellent control over the thickness of the resulting polycyanoacrylate 

reinforcing layer. It would be expected that as more of the monomer was deposited and 

polymerized, that the amount of connectivity would be increased between the aggregate 

particles of the silica aerogel. This was tested by preparing silica aerogels with various 

loadings of poly(methyl cyanoacrylates)  by lengthening the exposure time to the methyl 

cyanoacrylate vapor in the CVD apparatus. Various density composites were imaged 
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using SEM. Aggregate particles making up the untreated aerogels were approximately 10 

nm in diameter (figure 2.6 A). After coating the silica aerogels for 90 h, their mass had 

increased by 51% and their constituent particles had grown to near 35 nm in diameter 

(figure 2.6 B). The longer the silica aerogel remained in the vapor methyl cyanoacrylate, 

the thicker the aggregate structure of the silica aerogel figure 2.6 C-E.  
 

 

Figure 2.6 From the SEM images of the various density silica aerogel, a thickening of 

the aggregate structure is observed. The corresponding density and time it took to prepare 

the composites are above and below the SEM images.  

  From the SEM images it is noticed that a thickening of the silica aerogels aggregate 

structure was achieved. This thickening was specifically controlled by the time of 
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exposure to monomer vapor and is completely reproducible. As the polymer wt% in the 

composites increases above 150%, the material appears to become non-porous from the 

SEM images. However as will be explained vide infra, the surface areas are still in excess 

of 200 m2/g. The time that the silica aerogels were exposed to methyl cyanoacrylate 

vapor to prepare the various density silica aerogel composites is below the SEM images. 

The silica aerogel composite with the highest density was 0.235 g/cm3. This took 185 h 

of exposure to the methyl cyanoacrylate vapor. This may seem lengthy, but in previous 

approaches which utilize polymerization prior to SCD, a single solvent wash requires 48 

h. Traditionally in the preparation of the polymer silica aerogel composites, it may take 8 

to 12 solvent washes, which add a significant amount of time to the composite 

preparation.  In comparison to prior approaches for polymer silica aerogel composites 

this time is relatively short.   

  To ensure that the mass addition and thickening was from the polymerization of 

methyl cyanoacrylate and not adsorbed monomer, the composite silica aerogel were 

analyzed using solid state 13C cross polarization magic angle spinning NMR (figure 2.7). 

From this analysis, it was determined that no residual monomer remained within the 

silica aerogel composite and that the mass addition was from the formation of 

poly(methyl cyanoacrylate).  
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Figure 2.7 Solid state 13C cross polarization magic angle spinning NMR analysis of a 

silica aerogel/poly(methyl cyanoacrylate) composite. The silica aerogels composite is 

red. The black lines indicate where the chemical shifts of the monomer would be located.  

 

2.2.4 Strength Improvement to Silica Aerogels 

  In order to establish the effects of the polymeric reinforcement on the mechanical 

properties, the silica aerogel monoliths were tested using a three-point compression 

analysis. From this analysis it was found that silica aerogels with a density of 0.077 g/cm3 

had a flexural strength of approximately 2.8 x 104  Pa (figure 2.8). Exposure of the silica 

aerogel to the methyl cyanoacrylate vapor for just 4 h resulted in the strength being 

improved by 30% (3.5 x 104 Pa). This observed flexural strength improvement in just 4 h 

of CVD, is significantly faster than an alternative approaches for the development of 

polymer/silica aerogel composites as detailed above. 

  By increasing the thickness of the poly(methyl cyanoacrylate) reinforcing layer 

(longer exposure times), the rupture strength of the silica aerogel increased linearly with 
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respect to the density. Maximum rupture strength for the most dense silica aerogel 

composite was improved 16x over the polymer free silica aerogel. This strength 

improvement was achieved by only increasing the density of the silica aerogel composite 

3x to 0.235 g/cm3. However, this composite, with a density of 0.235 g/cm3, is 90% less 

dense than that of bulk silica. 

    Comparing the maximum flexural strength of the silica aerogel poly(methyl 

cyanoacrylate) composite to that of a silica aerogel with a similar density it was found 

that strength was only improved by 1.5x. It was hypothesized that the strength of the 

silica aerogel composite would increase synergistically in strength compared to the 

polymer free silica aerogel of the same density. However, a linear relationship was 

observed. While an improvement in strength over silica aerogels was observed, it is likely 

that the low molecular weights of the polycyanoacrylate making up the coating limited 

improvement in mechanical strengths relative to the un-modified aerogel. 
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Figure 2.8 Strength of the silica aerogel polymer composites (red square line) were only 

slightly improved compared to that of a polymer free silica aerogel (blue diamond line) of 

the same density.  

 

2.2.5 Molecular Weight of CVD Poly(methyl cyanoacrylate) 

  As confirmed from the solid state 13C NMR, the silica aerogel is reinforced with 

polymer. However, the strength of the silica aerogel composites were not as strong as 

desired from the polymer addition. The molecular weight of the reinforcing polymer 

would have profound effects on the resulting strength of the silica aerogel composite. The 

higher the molecular weight the more entanglements, which would increase the particle 

connectivity. We anticipated that the initiator for the polymerization of the methyl 

cyanoacrylate would be the adsorbed water on the surface of the silica aerogel. However, 

initiation of the polymerization is possible from the silanols on the surface of the silica 

aerogel. If silanols were the initiator, the polymer would be covalently bonded to the 

0.0E+00

5.0E+04

1.0E+05

1.5E+05

2.0E+05

2.5E+05

3.0E+05

3.5E+05

4.0E+05

4.5E+05

5.0E+05

0 0.05 0.1 0.15 0.2 0.25

Fl
ex
ur
al
 S
tr
en

gt
h 
(P
a)

Density (g/cc)



98 
 

surface. If water was the initiator for the polymerization, the polymer would be 

physically adsorbed and could easily be removed with a solvent wash (figure 2.9). 

 

Figure 2.9 Silica aerogels are hygroscopic and commonly have 5-15 wt% water, the most 

likely initiating source for poly(methyl cyanoacrylate) polymerization. However, the B) 

initiation with silanols could not be ruled out 

  We discovered that soxhlet extraction with acetone quantitatively removed, all of 

the deposited poly(methyl cyanoacrylate) from the silica  aerogels aggregate structure. 

This indicates that the poly(methyl cyanoacrylate) was not covalently attached to the 

surface and suggest that adsorbed water, rather than surface silanols, were the initiating 

species for the polymerization of the vapor deposited methyl cyanoacrylate. Furthermore, 

analyses of the acetone extracts revealed that only oligomeric cyanoacrylates were 

formed. A low molecular weight polymer would be expected, with adsorbed water, to 

provide a large number of initiators for the polymerization reaction. It is common that the 

mass of silica aerogels can be up to 20 wt% water as they are a great water adsorbent 

[163]. Silica aerogels which were used in the CVD experiments were determined to 

A  B 
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contain on average 5-10 wt% water. The molecular weight of the polymer from the 

acetone extraction was determined using matrix assisted laser desorption ionization 

(MALDI) time of flight (TOF), with an acidic matrix. The acidic matrix is required for 

the molecular weight determination of the poly(methyl cyanoacrylate) as it will rapidly 

depolymerize under basic conditions [164]. This is a very common method for the 

synthesis of a wide variety of alkyl cyanoacrylates [165]. The molecular weight (Mn) was 

found to be in the range of 1500-3500 g/mol. This is consistent with polycyanoacrylates 

which have been vapor deposited on to a surface such as a finger print [166]. As the 

molecular weight increased so did the observed strength for the silica aerogel composites 

(figure 2.10). This is most likely due to an increase in polymer chain entanglements and 

dipole-dipole interactions.  

 

Figure 2.10 Polymers isolated from the silica aerogel composites were found to increase 

as the strength increased for the composite.   
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2.2.6 Surface Area and Pore Size of Silica Aerogel Composites 

  Surface area and average pore diameter of the silica aerogel composites were 

determined by gas sorption porosimetry at 77 K [86]. Surface area of a polymer free 

silica aerogel was determined to be near 1330 m2/g. As the silica aerogel is exposed to 

the methyl cyanoacrylate vapor, a thickening of the silica aerogels aggregate structure 

was observed. This led to a decrease in the surface area of the composite silica aerogel 

(figure 2.11). Surface area decreases rapidly from the polymer addition, but this rapid 

decrease in surface area slows when the density is above 0.152 g/cm3. The densest (0.235 

g/cm3) silica aerogel composite has a surface area of approximately 200 m2/g. This is 

only a 7x reduction in the surface area from the polymer free silica aerogel.  

 

 

Figure 2.11 The observed surface area of the silica aerogel composites decrease as the 

wt% of the polymer increases. The surface area decreased 7x from that of the polymer 

free silica aerogel from the addition of the reinforcing polymer. 
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    It was believed that this rapid decrease in the surface area was due to the filling of 

micropores within the silica aerogel. Micropores are responsible for a large percentage of 

the surface area as they have a smaller pore diameter [167]. It has been shown from 

Ostwald ripening that the micropores and the thin necks between are filled and thickened. 

This causes a significant reduction in the surface area of the silica aerogel monolith 

[168,169]. From the nitrogen isotherms for polymer free silica aerogels it is apparent that 

there are micropores present as well as mesopores, which is typical for a type IV 

isotherm. As the silica aerogels are exposed to methyl cyanoacrylate vapor for longer 

period of times, the first step in the nitrogen isotherm begins to shorten in height as it 

adsorbs less gas at these pressures. This first step is consistent with the presence of 

micropores and as the volume of gas adsorbed decreases, it suggests that these 

micropores are being reduced in quantity. The average pore size within a polymer free 

silica aerogel was found to be approximately 13 nm in diameter (figure 2.12), which is 

commonly found in silica aerogels [170]. As the polymer is grown on the surface of the 

silica aerogel, the average pore size shifts to a large average pore size of 17 nm as 

expected from the filling of the micropores with the polymer. This observed shift in the 

average pore size from the filling of the micropores within the silica aerogel would 

explain the rapid decrease in the surface area at the lower densities of the silica aerogel 

composites.   
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Figure 2.12  A polymer free silica aerogel was determined to have an average pore size 

of 13 nm. As the silica aerogel reinforced with polymer, these micropores are filled, thus 

shifting the average pore size higher (17 nm). 

 

 

2.2.7 Silica Aerogel Composites Hydrophobicity 

  A common limitation of silica aerogels is their susceptibility to catastrophic 

structural collapse from the interaction with liquids. As mentioned in chapter one, the 

structural collapse is due to the formation of the liquid-vapor meniscus. As seen in figure 

2.13, a silica aerogel that is placed into water will immediately adsorb liquid water, break 

into many pieces and sink to the bottom. Interestingly, when the silica aerogel composite 

was placed into water it floated (figure 2.13), and has now been floating on the surface of 

water for over one year. With the silica aerogel not sinking when placed into water, it 

would suggest that it did not adsorb any water. This would be advantageous in many 
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applications where water builds up and hinders the use of silica aerogels in applications 

such as low-K materials. 

 

Figure 2.13 Hydrophobic polycyanoacrylate-silica nanocomposite aerogels float in water 

while un-modified silica aerogels adsorb water, wet, burst into fragments and sink to the 

bottom of the container. 

 

  To determine how hydrophobic the silica aerogel composites are,  contact angles of 

1µL water droplets on the surface of the silica aerogel composite were analyzed. The 

contact angle of water on pristine silica is around 15º, however, with silica aerogels the 

water droplet will adsorb due to the porosity of the material (figure 2.14 A). As the 

amount of poly(methyl cyanoacrylate) increases in the silica aerogel (density of the silica 

aerogel composite increases), the observed contact angle increases. A silica aerogel 

composite with a density of 0.174g/cm3 has a contact angle of 121º (figure 2.14 D). This 

is the highest contact angle observed and with further addition of poly(methyl 

cyanoacrylate) the contact angle does not increase. 
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Figure 2.14  Contact angle for a polymer free silica aerogel could not be determined due 

to rapid adsorption of the water droplet. As the amount of polymer increase within the 

silica aerogel, so does the contact angle to a maximum value of 121⁰. 

 

2.2.8 Dielectric Constants of Silica Aerogel Composites 

  Silica aerogels have often been considered as promising materials for low-K 

dielectric applications due to the significant amount of pore volume associated with the 

material. Although, silica aerogels have yet to be used in commercial applications as low-

K materials due to their weak mechanical properties and adsorption of water (dielectric 

constant at 25ºC is 78.4 [171]). The poly(methyl cyanoacrylate) silica aerogel composites 

have demonstrated improved mechanical properties and no water adsorption, while 

retaining large surface areas, thus making them an attractive candidate for low-k 

dielectric materials.   

  To determine the dielectric constant of the silica aerogel composites, they were cut 

into 4 mm x 4 mm x 2 mm squares. By being able to cut the composites into desired 

shapes, demonstrates the improved strength of the composites. Once cut into shape, the 

top and bottom of the silica aerogel composite were painted with silver paint. While the 
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silver paint was drying, a silver wire was placed into the wet silver paint and dried into 

place (figure 2.15). 

 

 

Figure 2.15 A silica aerogel composite was cut into shape and electrodes were painted on 

the top and bottom of the composite to determine the dielectric constant. 

 

  A silica aerogel was so mechanically weak that they could not be cut into shape to 

determine the dielectric constant. In literature, the dielectric constant of silica aerogels 

ranges from 1.1 to 2.0 depending on the density of the silica aerogel [172]. A silica 

aerogel composite with a density of 0.081 g/cm3, which is very close in density to that of 

a polymer free silica aerogel, had a dielectric constant of 1.47 (figure 2.16). As the 

amount of the polymer increases in the silica aerogel composite, the dielectric constant 

increases. The most dense silica aerogel composite (0.235 g/cm3) had a dielectric 

constant of 2.05.   
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Figure 2.16 The dielectric constant of the silica aerogel increases as the wt% of the 

polymer increases. This is expected due to the reduction in the pore volume of the silica 

aerogel.    

 

2.3 Conclusion 

  In summary, we were able to demonstrate that CVD and polymerization of methyl 

cyanoacrylate on silica aerogels is possible under STP conditions. Furthermore, we were 

able to show that CVD occurs evenly throughout monolithic aerogels. The resulting 

nanocomposites were stronger (16x) than untreated aerogels. The strength was improved 

50% over that of a polymer free silica aerogel of the same density and the strength 

improvement was found to linear over density. Poly(methyl cyanoacrylate) caused the 

silica aerogels to become inherently hydrophobic allowing them to float on the surface of 

water and more likely to withstand degradation and weathering.  Evaluation of the silica 
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aerogel/poly(methyl cyanoacrylate) dielectric properties, it was observed that the material 

had a dielectric constant of approximately 2.0, which is very promising for potential 

application in low-K materials.   

  These experiments also revealed the coatings were oligocyanoacrylates that were 

not chemically attached to the surface, suggesting that adsorbed water initiates the 

polymerization of the cyanoacrylates on the aerogel surface. By reducing the population 

of initiating species on the aerogel surfaces, it should be possible to prepare higher 

molecular weight poly(methyl cyanoacrylate). Increasing the molecular weight of the 

cyanoacrylates would even further enhance the mechanical properties with significantly 

smaller increases in density. 

 
 

2.4 Experimental Section 

  Below are the detailed experimental procedures for the experiments described 

above. 

 

Preparation of Silica Aerogels:  

    All gels were prepared by mixing together two separate solutions of monomer (A) 

and aqueous catalyst (B).  The typical procedure for preparation of aerogels used in our 

experiments is as follows: Solution A was prepared by mixing tetramethoxysilane (0.548 

g, 5.35 mL, 0.00360 mol) and diluted with anhydrous methanol bringing the total volume 

to 1.8 mL.  Solution B contained 1N ammonium hydroxide (NH4OH, 0.259 g, 0.259 mL), 

which was diluted with anhydrous methanol to bring the final volume to 1.8 mL.  
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Solution A was quickly mixed simultaneously to solution B. Gelation occurred within 

half an hour of mixing the two solutions.  The gels were aged at room temperature for 48 

h at room temperature followed by an aging at 50 ˚C for 48 h in a vacuum oven at 

ambient pressure.  After cooling to room temperature, the gels were dried using a 

standard supercritical carbon dioxide process.  

  Preparations of various density silica aerogels were prepared by changing the 

amount of TMOS used in the sol-gel polymerization and following the same procedure as 

described above. Concentration of TMOS ranged from 0.05 M to 3.0 M. The sol-gel 

polymerizations were catalyzed by four molar equivalents of 1 N NH4OH to that of the 

molar concentration of TMOS. Times to reach gelation became shorter as the molar 

concentration of TMOS used in the sol-gel polymer increases. Final solution volumes of 

all gels prepared were 3.6 mL and all gels were aged at room temperature for 48h at room 

temperature followed by aging at 50 ˚C for 48 h in a vacuum oven at ambient pressure. 

Subsequent SCD resulted in silica aerogels (0.5 M, 0.097 ± 0.003 g, yield 103%; 1.0 M, 

0.234 ± 0.006 g, yield 108%; 1.5 M, 0.360 ± 0.004 g, yield 111%; 2.0 M 0.494 ± 0.01 g, 

yield 114%; 2.5 M 0.605 ± 0.007 g, yield 111%; 3.0 M 0.743 ± 0.004 g, yield 115%). 

Characterization from 1.0 M silica aerogel: 
29

Si CP MAS-NMR (80 MHz) δ -103 (Q3), -

113 (Q4); IR (KBr) 3450, 2957, 2900, 2848, 1215, 1160, 1099, 1005, 924, 806, 664 cm-1.   
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Diagram of SCD system: 

  The silica aerogels used in the CVD experiments were prepared by SCD with 

carbon dioxide (CO2) as the supercritical solvent. The below diagram represents the 

design of the supercritical drying system: 

 

Only one CO2 cylinder is used at a time during the SCD process. There are two in the 

system to ensure that during CO2 exchange or filling of the autoclave the CO2 does not 

run out. The system was designed to with stand pressures up to 2500 psi (17.24 MPa). 

However, there is a bursting disk within the autoclave which will bust at 1850 psi (12.76 

MPa). This ensures that the system will not over pressure and fail at an unsafe location.  

 

SCD Procedure for Silica Aerogel Preparation: 

  To use the above SCD system the following procedure was followed. The 

autoclave is cooled to around 20 ºC. Once cooled, the autoclave is set vertically on its end 

with the opening up and filled half way full with methanol followed by the careful 

placement of the wet silica gels to be supercritically dried. The thick metal back of the 

autoclave is the screwed tightly into place and the autoclave is set horizontally. All valves 
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should be shut on the entire system including on the autoclave. Slowly open the CO2 

cylinder, followed opening of the emergency shut off valve. Before adding the liquid CO2 

to the autoclave, open the CO2 outlet on the autoclave slightly. Slowly open the CO2, the 

inside of the autoclave should appear white above the methanol. Close the CO2 outlet 

slight so that only a slight amount of pressure can be felt by placing your finger over the 

outlet valve. The pressure should begin to rise. Open the CO2 inlet valve more, which 

will increase the rate of the CO2 addition. Continue the addition of CO2 until the 

autoclave is filled completely. Once filled close the outlet and leave the inlet open on the 

autoclave. Let the CO2 and methanol mix for 24 h, which should appear as a homogenous 

solution.  

  To SCD the silica gels, the methanol must be completely removed. This is achieved 

by opening the drain valve on the bottom of the autoclave while the CO2 inlet is open. 

This exchange should be done slowly to ensure that the polarity of the solvent does not 

change too rapidly causing cracks in the monolith. This exchanging process will take 

approximately 4-6 h. This exchange can be monitored visually as the polar methanol and 

the non-polar CO2 do not mix when exchanging and visually a layer can be followed as 

the methanol is removed. Once into pure CO2, there should be no schnaar lines visible 

when the autoclave is agitated. Once the autoclave contains pure CO2 the gels are ready 

to be SCD. 

  This is the most dangerous time for the operator during the SCD process. First 

close all valves in the entire system. Set the heating bath to 36 ºC and monitor the 

pressure valve on the autoclave. When the pressure reaches 1100 psi (7.37 MPa), slightly 
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open the CO2 outlet on the autoclave, so that a slight pressure can be felt by placing your 

finger over the outlet. Even with the valve open the pressure will still rise as the 

temperature increases. Do not let the pressure rise above 1400 psi (9.65 MPa), as it is not 

needed and the risk significantly increases at elevated pressures. If the pressure gets too 

high, open the outlet more so that no further increase in the pressure is observed. When 

the pressure and temperature are both above the supercritical point for CO2 (31.5 ºC, 1100 

psi), the outlet valve on the autoclave can be opened more to where a mild hissing sound 

can be heard. Continue bleeding the CO2 form the autoclave at a constant rate, the slower 

the pressure release the better quality aerogels that will be archived. Once the CO2 is 

completely removed, the processing for the preparation of silica aerogels is complete. At 

this point if more silica gels are to be SCD, then cool the system back down to 20 ºC. If 

the system is not to be used for a prolonged period of time, release the pressure on the 

viewing window in the front of the autoclave.             

 

CVD of Methyl Cyanoacrylate onto Silica Aerogels: 

 Methyl cyanoacrylate was vapor deposited on the aerogels using the apparatus 

as shown in figure 2.7.  Methyl cyanoacrylate was placed into a modified round bottom 

flask.  Dry nitrogen was swept through the system (0.1 L/minute) to carry vapors of 

cyanoacrylate through a glass U-tube to a reaction flask in which the aerogel monolith 

was placed.  Nitrogen and any residual vapors exited through an outlet and bubbler to a 

chemical fume hood. The average rate of methyl cyanoacrylate vapor deposition was 7 

mg/h. To prevent the monomer from adsorbing and polymerizing on the glass surface of 
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the CVD apparatus, the entire surface was silated using SurfaSil. (Pierce Chemical 

Company). The denser a silica aerogel composite desired, the longer the exposure to the 

methyl cyanoacrylate vapor.  

 

Dielectric Characterization of Silica Aerogel Composites: 

  Dielectric characterization was conducted by measuring the capacitance of thin 

cube with an average size of 4mm x 4 mm x 2 mm. The thin cubes were cut from 

cylindrical monoliths with a razor blade. The top and bottom of each square were painted 

with a colloidal silver paint from Ted Pella (part #16031). As the paint was applied, two 

wire electrodes were placed into the paint which adhered to the surface. The capacitance 

was measured using a BK Precision, model 889A, running in capacitance measurement 

mode. Capacitance measurements were made at a frequency of 72 MHz. Capacitance 

values were corrected for fringe-field errors [173]. 

 

Instrumentation: 

    Matrix assisted laser desorption time of flight (MALDI-TOF) with dihydroxy 

benzoic acid (DHB) matrix was used to determine the poly(methyl cyanoacrylate) 

molecular weight.  Mechanical property measurements were determined using a three-

point flexural compression test with an Instron 5540 series single column testing system 

with a 100N load cell set with a 0.04 in. min-1 crosshead speed according to ASTM D790 

and ASTM C1684. For each data point, 5 samples were prepared.   Surface area and pore 

sizes were determined by nitrogen adsorption porosimetry of one representative sample. 
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Samples were degassed at 30 ⁰C for 24 h under vacuum and analyzed with an Autosorb-1 

porosimeter (Quantachrome Instruments) at 77 K.  Samples for SEM were platinum 

sputter-coated for 30 seconds and microscopy was conducted with a Hitachi S-4800 field-

emission microscope. Dry aerogel samples were ground using a mortar and pestle and 

were with KBr pressed into a pellet. Infrared spectra were obtained using a Perkin Elmer 

FT-IR Spectrometer. 29Si NMR spectra were obtained on a Bruker 400 Spectrometer, 

using cross-polarization and magic-angle spinning at 10 kHz and 70 kHz nH decoupling. 

Solid 29Si spectra were externally referenced to the silicon peak of the 

[tetrakis(trimethylsilyl)silane] (TTMSS) at -9.7 and -135 ppm [174]. Solid State 13C 

NMR were obtained on a Bruker 400 using cross-polarization and magic-angle spinning 

at 10 kHz and 70 kHz 1H decoupling. Samples were externally referenced to the carbon 

chemical shift (38.56) of adamantine [175]. 
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CHAPTER THREE 

AMINATED SILICA AEROGELS WITH IMPROVED MECHANICAL PROPERTIES 

BY CHEMICAL VAPOR DEPOSITION (CVD) OF METHYL CYANOACRYLATE 

 

3.1 Introduction 

  From the chemical vapor deposition (CVD) of methyl cyanoacrylate onto silica 

aerogels, a strength improvement was quickly achieved while retaining the silica aerogels 

attractive physical properties (i.e. surface area, pore volume, density). However, the 

strength of the silica aerogel composites was very similar to that of a polymer free silica 

aerogel of the same density. Extraction of the poly(methyl cyanoacrylate) from the silica 

aerogel composites revealed that the molecular weight was low. This would explain the 

linear strength increase relative to density. If the molecular weight of the polymer could 

be increased, the toughness and strength of the silica aerogel composites could be 

synergistically increased.  

  Evaluating the initiating source for the polymerization of the methyl cyanoacrylate, 

we determined that adsorbed water initiated the polymerization. With an abundance of 

initiating sources (water) it would be expected that the molecular weight would be low. 

We hypothesized that if the surface was modified with nucleophilic amine groups 

(initiator) at a significantly lower concentration than that of water on the surface of the 
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silica aerogel, the CVD process should result in higher molecular weight cyanoacrylate 

macromolecules that are covalently attached to the particle surfaces.    

 

3.2 Proposed Amination of Silica Aerogels 

  Initially the reduction of water as the initiating source was considered by simply 

heating (200 ⁰C) under vacuum to remove most of the adsorbed water on the surface. 

However, this would result in a system in which the concentration of the initiating source 

(water) is difficult to control. To controllably reduce the number of initiators on the 

surface of the aerogel we utilized the copolymerization of tetramethoxysilane (TMOS) 

and 3-aminopropyltriethoxysilane (APTES) [176]. The combination of less reactive 

ethoxysilyl groups of the APTES and the end-blocking characteristics of 

organotrialkoxysilanes permits the formation of silica gels with amine-modified surfaces 

[177]. This removes many time consuming processing steps for solution exchanges 

needed in post surface silylation [178]. This copolymerization also allows for easy 

control over the amine concentration on the surface, which will serve as an initiator for 

the polymerization of the vapor deposited methyl cyanoacrylate. However, this approach 

still yields a surface which is hydrophilic and contains adsorbed water; an initiator for 

cyanoacrylate polymerization. To dehydrate the surface, the wet aminated silica gels 

were treated with hexamethyldisilazane (HMDZ) in hexanes at 50 ⁰C. This dehydrates 

the surface as well as reacting with the surface silanols making a hydrophobic 

trimethylsilyl-modified surface [179]. Utilizing this approach, only the amines can 
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initiate the polymerization of the vapor deposited methyl cyanoacrylate.  The Overall 

process for the development of aminated aerogels is outlined in scheme 3.1. 

 

 

Scheme 3.1 General overview of the process which was used to prepare the aminated and 

silylated silica aerogels. The gels prepared with lower concentration of pendant amine 

groups (0.025 mol%) required the addition of ammonium hydroxide.  
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3.2.1 Preparation of Silica Aerogels with Varying Amine Concentration on the Surface 

Silica aerogels with amine-functionalized surfaces were prepared in a single step 

from the sol-gel polymerization of tetramethoxysilane with between 0.25-5 mol% 

APTES.  The formulation, based on 1 Mole/Liter total monomer concentration (TMOS + 

APTES), was designed to give cylindrical, 3.6 cm3 aerogels. Assuming all of the amine 

groups are segregated to the surface, the 5 mol% APTES formulation gives aerogels with 

1 out of every 11 silanols replaced with an amine group (1 amine per 2.7 square 

nanometers). The formulation which is prepared from 0.25 mol% APTES in the sol-gel 

polymerization results in a gel in which 1 out of every 220 silanols is replaced with an 

amine group (1 amine per 54 square nanometers). In formulations with the highest 

concentration of APTES (0.05M), the amino group served to catalyze the 

copolymerization with TMOS giving rise to monolithic gels within 15 minutes. 

Additional ammonia was added to formulations with lower APTES concentrations to 

permit formation of gels in similar amounts of time.  Gels were allowed to age for 48 h at 

room temperature followed by 48 h at 50 ºC. This is the same aging procedure which was 

used for the preparation of the silica aerogels detailed in the preceding chapter.  

  To ensure that only the amine groups on the surface of the silica aerogel and not 

adsorbed water or silanols were the initiators, the silica aerogels surfaces were silated 

with hexamethyldisilazane (HMDZ) in hexanes.  This was accomplished by first 

exchanging the mother liquor (methanol) which the gels were prepared in to ethanol. This 

exchange was required as hexanes and methanol are immiscible.  Once gels were in pure 

ethanol, which took approximately 24 h, the ethanol within the aminated silica gels was 
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slowly exchanged for hexanes over a 48 h period. This time was slightly longer as the 

solvents were exchanged using a gradient concentration change, increasing in hexane 

concentration. After the aminated silica gels had been completely exchanged into 

hexanes, the hexanes were replaced with a 20% (v:v) HMDZ:hexanes. The gels were left 

in this solution for 48 h at 50 ⁰C. During this step a very strong smell of ammonia is 

present; conduct in a well ventilated area. HMDZ not only reacts with the silanols on the 

surface of the silica gel, but reacts with adsorbed water and dehydrates the surfaces. To 

SCD the silica gels for aerogel formation, the gels were slowly exchanged back into 

methanol following the same solution exchanges as indicated above, just in the opposite 

order of addition. Since the hexamethyldisilazane reacts with silanols and residual water, 

the resulting aerogels only had amino groups to initiate cyanoacrylate polymerization. 

Subsequent supercritical extraction with carbon dioxide over 24 h followed by drying 

afforded transparent, aerogels tinted blue from scattering (figure 3.1).  
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Figure 3.1  Aminated silica aerogel (right) scatters light slightly more than a silica 

aerogel (left). This is most likely due to the larger pores combined with the addition of 

trimethylsilyl groups and aminopropyl functionalities in the aminated silica aerogel 

which will be described vide infra. 

 

 Not surprisingly, in view of the added trimethylsilyl groups and aminopropyl 

functionalities, the aminated and silated aerogels exhibit slightly higher densities (0.090-

0.100 g/cm3) than pure silica aerogels (0.075-0.085 g/cm3) of the same volume. The 

experimental density of the aminated and silated silica aerogels is slightly higher than 

that of the theoretical density for the aminated silica aerogels (0.060-0.065 g/cm3). Yields 

for the sol-gel polymerization for the aminated silica aerogels typically ranges between 

120-130%, which in combination with the addition of the trimethylsilyl groups would 

explain the higher than expected theoretical density. Degrees of condensation for the 

aminated silica aerogels were both found to be ~85% (figure 3.2), which would also 

explain the higher than expected yield from the sol-gel polymerization. Additionally, 
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there is only a T3 peak in the NMR spectrum which would suggest that the APTES is 

fully condensed into the silica matrix [180]. 

 

Figure 3.2 29Si CP MAS SS NMR of the aminated silica aerogel which was prepared 

from the 5.0 mol% APTES formulation. The degree of condensation ((APTES mol% x 

[(T1 x 0.33) + (T2 x 0.66) + (T3 x 1)]) + (TMOS mol% x [(Q1 x 0.25) + (Q2 x 0.5) + (Q3 x 

0.75) + (Q4 x 1)]) was found to be 85%. 

 

The aminated silica aerogels are hydrophobic and when placed into water they 

will sit on the water surface for months without sinking or cracking (figure 3.3). If the 

aminated silica aerogels were untreated they would quickly adsorb water, breakup into 

thousands of pieces and sink. 

  

 

 

T3 

Q3 

Q4 



121 
 

 

Figure 3.3 The aminated and silyated silica aerogel is very hydrophobic from the 

addition of TMS groups, which once treated it can float on the surface of water without 

wetting or cracking.   

 

  Hydrophobicity of the aminated silica aerogels can be quantified by measuring the 

contact angle of a 1µL water drop placed on the silica aerogel. The contact angle was 

found to be 123⁰ (figure 3.4), which is approximately as hydrophobic as Teflon™ (115-

125⁰) [181]. The contact angle of un-modified silica aerogels could not be determined as 

detailed in chapter 2, pg 104. This approach for the preparation of aminated hydrophobic 

silica aerogels is very similar to the procedures for the preparation of ambient dried silica 

aerogels [182]. We will extend this method for the preparation of ambient dried, amine- 

modified silica aerogel in the below section 3.4. 

Aminated and Silated 
Silica Aerogel 
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Figure 3.4 Contact angles determined from 1 µL water droplet on the surface of an 

aminated and silated silica aerogel. The contact angle for a silica aerogel cannot be 

determined as the water droplet quickly adsorbed into the aerogels porous structure.  

 

3.2.2 CVD of Methyl Cyanoacrylate onto Aminated Silica Aerogels 

Chemical vapor deposition and polymerization was carried out by sweeping dry 

nitrogen gas (0.1 L/min.) over the methyl cyanoacrylate monomer, which carries the 

methyl cyanoacrylate vapor into a reaction chamber where the aminated and silated silica 

aerogel is suspended.  This method permits rapid, constant deposition of the methyl 

cyanoacrylate on the aminated aerogels with a deposition rate of 5 mg/h. This is only 

slightly slower (40%) than the deposition rate with silica aerogels (7 mg/h). Slower rate 

of deposition for the aminated silica aerogel is consistent with a lower initiator 

concentration in the amine-modified aerogels. 

 

 

120⁰ 
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3.2.3 Various Density Poly(methyl cyanoacrylate) Aminated Silica Aerogel Composites 

 By simply varying the time the aminated silica aerogels were exposed to the 

methyl cyanoacrylate vapor, the density of the resulting poly(methyl cyanoacrylate) 

aminated silica aerogels composites could be controlled.  The densest aminated silica 

aerogel composite in this study had a density of 0.220 g/cm3, which is approximately 

double the density of a polymer free aminated silica aerogel. Preparation of this 

composite including surface silylation took approximately 384 h. The longer processing 

time is due to the solvent exchanges required for surface passivation with TMS groups. 

Deposition and polymerization of methyl cyanoacrylate on the aminated silica aerogels 

was accompanied by a decrease in transparency with aerogels that have densities over 

0.175 g/cm3 appearing to be opaque to visible light (Figure 3.5). 

 

 

Figure 3.5 Silica aerogels (left) and aminated silica aerogels (left center) are mostly 

transparent. As poly(methyl cyanoacrylate) is grown from the surface the aminated silica 

aerogels begin to scatter more light (right center) until they become completely opaque 

(right). 
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   Examination of the CVD-modified aminated silica aerogels by scanning electron 

microscopy (SEM) revealed that the morphologies with lower populations of amine 

groups (0.25-0.5 mol%) were fairly homogeneous throughout the monoliths (Figure 3.6 

A (outer) and B (inner) ).  At 5 mol% amine loading, however, micrographs reveal that 

more polymer was deposited near the aerogels’ surface resulting in the formation of a 

relatively dense crust (Figure 3.6 C (outer) and D (inner)).  We speculate that the 

greater reactivity of the amine groups as an initiator (compared with water or silanols) 

coupled with the higher concentration of the amine groups in the 5 mol% aminated 

aerogels, led to the polymerization of the methyl cyanoacrylate monomer outpacing its 

diffusion into the interior of the aerogel.  

  Comparison of the ratio for the polymer’s carbonyl absorption (1757 cm-1) to the 

siloxane band (1100 cm-1) using infrared spectra of the composite aminated silica 

aerogels was used to confirm what was visually seen with SEM images. It was 

determined that the aminated silica aerogel composites prepared from 5 mol% 

formulations had a visible crust on the exterior containing 70% more polymer on the 

exterior of the gel compared to the interior. At lower amine concentrations, where there 

was only approximately one amine group per 110-220 square nanometers, polymerization 

of cyanoacrylate was slow enough to allow more diffusion into the centers of the 

monoliths.  In these aerogels, FT-IR analysis only revealed 20-25% more polymer near 

the surface of the aerogel relative to its center. 
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Figure 3.6 Aminated silica aerogel prepared from 0.25 mol% shows similar sizes for the 

aggregate structure on the exterior (A) and the interior (B). However, aminated silica 

aerogel prepared from 5 mol% shows a heterogeneity from the exterior (C) to the interior 

(D).   

 

3.2.4 Mechanical Property Analysis of Aminated Silica Aerogel Composites 

    Mechanical properties for the aminated silica aerogel composites were determined 

using a three point flexural bend method according to ASTM D790 and ASTM C1684. 

These are the same methods, which were used to determine the mechanical properties of 

the silica aerogel composites.  Using the same flexural strength analysis method, sample 

geometries, allows for differences in strengths to be from the material changes.     
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  Flexural strength measurements revealed that aminated silica aerogel poly(methyl 

cyanoacrylate) composites resulted in strength improvements which were significantly 

stronger than poly(methyl cyanoacrylate) silica aerogel composites or polymer free 

aminated silica aerogels (figure 3.7). Because strength is proportional to the density, it is 

important to have baseline measurements for strengths of un-modified silica aerogels at 

various densities comparable to those we have prepared by CVD treatments. Our earlier 

CVD treatment of un-modified silica aerogels showed that the gains in strength were, 

with the exception of the highest density composite, due to increases in density. These 

CVD-modified aminated silica aerogels with densities above 0.126 g/cm3 shows gains in 

strength greater than what can be attributed from density increases.  

  For the densest aminated silica aerogel composite prepared (0.230 g/cm3), the 

strength improvement was approximately 31x over the aminated silica aerogel precursor. 

In comparison to that of a silica aerogel with a similar density (0.215 g/cm3), the strength 

improvement was 3.2x stronger. This is significantly stronger at the same density than 

what was observed with the poly(methyl cyanoacrylate) silica aerogel composites, which 

are 1.4x stronger than the silica aerogel of the same density. The aminated silica aerogel 

composites (0.230 g/cm3) were determined to be 33x stronger than that of a polymer free 

silica aerogels (0.075 g/cm3). The increase in strength above 0.126 g/cm3 was greatest in 

the 5 mol% aminated gels with the resulting nanocomposites at 0.160 g/cm3 four times 

stronger than a pure silica aerogel of the same density. Increase in strength may be due to 

the heterogeneous “crust” (vide supra) providing a tempering effect.  It should be noted 

that the error bars for the data points in the evaluation of the mechanical properties plots 
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are three times the standard deviation. This demonstrates the ability to reproducibly 

prepare aminated silica aerogel composites.  

 

Figure 3.7 The strength of various density silica aerogels (0.035-0.215 g/cm3) (blue 

diamond line). Strength of CVD treated silica aerogels (red square line), CVD treated, 5 

mol% aminated silica aerogels (green circle line) and CVD treated, 0.25 mol% aminated 

silica aerogels (black triangle line). It should be noted that the error bars for the data 

points in the evaluation of the mechanical properties graph are three times the standard 

deviation. This demonstrates our ability to reproducibly to produce aminated silica 

aerogel composites. 

 

    During this observed increase in the flexural strength of the aminated silica aerogel 

composites, the elastic modulus also increased. For a polymer-free aminated silica 

aerogel the elastic modulus was determined to be approximately 0.23 MPa. This elastic 

0.0E+00

1.0E+05

2.0E+05

3.0E+05

4.0E+05

5.0E+05

6.0E+05

7.0E+05

8.0E+05

0 0.05 0.1 0.15 0.2 0.25

Fl
ex
ur
al
 S
tr
en

gt
h 
(P
a)

Density (g/cc)



128 
 

modulus is less than what is commonly found with silica aerogels (0.307±0.058 MPa). It 

expected that the elastic modulus for the aminated silica aerogels was lower due to the 

incorporation of the trialkoxysilane as this would cause a more compliant silica network 

[183]. As the mass addition increase from the formation of poly(methyl cyanoacrylate), 

the modulus increases (table 3.1). For the most dense aminated silica aerogel composite, 

an elastic modulus of 4.29 ±  0.287 MPa was found, which is a 20x increase in the elastic 

modulus.   

  Another difference from the poly(methyl cyanoacrylate) silica aerogel composites 

was that the strength of the poly(methyl cyanoacrylate) aminated silica aerogel 

composites did not appreciably increase until after the densities had increased to or above 

0.115 g/cm3. Analysis of pore size distributions of the samples indicates that 

microporosity present in the APTES-modified aerogels may have been responsible 

(figure 3.8 A, B, C and D).  In the pristine silica aerogels, there are a very low 

percentage of micropores if any at all, so most of the monomer absorbs and polymerizes 

on the surface of the aggregate structure.  In the aminated aerogels, the monomer initially 

condenses into micropores, possibly inside the particles, where its polymer will not 

reinforce the aggregate structure.  Only once the micropores are filled, does the monomer 

polymerize on the aggregate surface where it can reinforce the aerogel.  Flexural strength 

enhancements with greater amounts of polycyanoacrylate (densities higher than 0.115 

g/cm3) were dramatic.   
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Figure 3.8 A) Pore size distribution of silica aerogels shows the presence of only 

mesoporosity and a low quantity of microporosity. B) An aminated and silyated silica 

aerogel (0.091 g/cm3) shows a significant portion of microporosity, which upon C) 

polymer addition begin the microporosity in the aerogel composite (0.126 g/cm3) 

decreases in quantity. D) the most dense aminated silica aerogel composite (0.230 g/cm3) 

shows very little if any microporosity present. It is believed that this initial filling of the 

micropores contributes very little to the strength improvement.  
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3.2.5 Molecular Weight of Poly(methyl cyanoacrylate) from CVD on Aminated Silica 

Aerogels 

 It was determined that the reinforcing poly(methyl cyanoacrylate) could not be 

simply extracted with acetone washes as observed for the silica aerogel composites. This 

would suggest that the polymers are covalently bound to the surface. In order to remove 

the poly(methyl cyanoacrylate) from the aminated silica aerogel, the silica network was 

dissolved by hydrofluoric acid (HF) in the presence of acetone. This allowed for the 

removal and isolation of the poly(methyl cyanoacrylate). Additionally, the use of 

hydrofluoric acid to dissolve away the silica, also prevents the depolymerization of 

poly(methyl cyanoacrylate).  

From analysis of the macromolecules extracted from the aminated silica aerogels, 

the molecular weights were determined to be around 10,000 g/mol for the most dense 

aminated silica aerogel composite (figure 3.9). Molecular weight of the polymer 

increases with the density of the composite.  This is approximately 4x higher than that of 

the oligomers which were extracted from the pure silica aerogel composites. Molecular 

weights of the macromolecules extracted from lower density aminated silica aerogel 

composites increased linearly as observed with the silica aerogels. However, the 

molecular weight for the aminated silica aerogels was higher at all densities than 

observed in the silica aerogels.   
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Figure 3.9 Molecular weight of the poly(methyl cyanoacrylate) extracted from the 

aminated silica aerogel composites. 

 

This higher molecular weight of the poly(methyl cyanoacrylate) would increase 

the amount of entanglements between the silica particles that make up the aminated silica 

aerogels’ aggregate structure. This would explain the increased strength observed for the 

aminated silica aerogel composites compared to that of the silica aerogel composites. 

Additionally, the covalent attachment of the poly(methyl cyanoacrylate) to the surface of 

the aminated silica aerogel may have also slow crack propagation [184], thus increasing 

the toughness of the aminated silica aerogel composites.    

 

3.2.6 Surface Area of Aminated Silica Aerogels and Composites 

Surface areas of the aerogels were found between 500-1000 m2/gram with mostly 

mesopores (2 nm < pore diameters < 50 nm) and some micropores (pore diameters < 2 
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nm) (figure 3.8). The amount of APTES used in the formulation did not effect the 

surface area. The surface area of an aminated silica aerogel was 964 m2/g. As polymer 

forms on the surface of the aminated silica aerogel, the surface area decreases with 

prolonged CVD treatment of the aminated silica aerogels. However, the most heavily 

treated aerogel with a density of 0.220 g/cm3 still has a surface area over 500 m2/g (table 

3.1). The attractive physical properties of the silica aerogels were retained, with low 

densities and high surface areas, while significantly improving the composites flexural 

strength and elastic modulus. 

 

Table 3.1 Below table is an overview of all data for the poly(methyl cyanoacrylate) 

aminated silica aerogel composites.   

Density (g/cm3) 
Flex. Strength 

X 105 (Pa) 
Elastic Modulus 

X 105 (Pa) 
Surface Area 

(m2/g) 
0.092 ±0.001 0.25 ± 0.015 2.3 ± 0.17 964 
0.110 ± 0.002 0.36 ± 0.034 2.9 ± 0.24 861 
0.126 ± 0.002 0.49 ± 0.022 3.1 ± 0.066 664 
0.150 ± 0.020 1.73 ± 0.110 13.3 ± 0.770 661 
0.158 ± 0.003 2.44 ± 0.190 22.5 ± 1.030 632 
0.220 ± 0.010 6.51 ± 0.440 42.9 ±  2.870 522 

 

3.2.7 Evaluation of Aminated Silica Aerogel Composites Dielectric Properties  

  It was hypothesized that the dielectric constant for the aminated silica aerogel 

composites would be lower than silica aerogel composites at the same density in addition 

to displaying improved mechanical properties. Silica aerogel composites still contained a 
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significant amount of water which would cause an increase in the material’s dielectric 

constant [185]. Aminated silica aerogels are completely hydrophobic and contain no 

water which should result in a lower dielectric constant at the same density.   

  Dielectric constants for the aminated silica aerogel composites were determined 

using the same sample geometry and method as the dielectric constants were determined 

for silica aerogel composites. The dielectric constant for a polymer free, aminated silica 

aerogel could not be determined as its mechanical properties were too weak to be cut into 

desired sample geometries.  An aminated silica aerogel composite with a density of 0.110 

g/cm3, which is very close in density to that of a polymer free, aminated silica aerogel, 

has a dielectric constant of 1.56. As the amount of the polymer increases in the aminated 

silica aerogel composite, the dielectric constant increases (table 3.2). The most dense 

silica aerogel composite (0.230 g/cm3) had a dielectric constant of 1.94. Comparing the 

dielectric constants for poly(methyl cyanoacrylate) silica aerogel composites and the 

poly(methyl cyanoacrylate) aminated silica aerogel composites, the aminated silica 

aerogel composites are slightly lower at nearly the same density. Not only do the 

aminated silica aerogel composites have lower dielectric constants, but the strengths are 

significantly higher, thus aminated silica aerogels would be a more promising material 

for low-k dielectric applications. 
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Table 3.2 Dielectric constants determined for CVD treated silica aerogels and CVD 

treated aminated silica aerogels. 

Sample Name Density 
Dielectric 
Constant 

Silica Aerogel 0.081 1.47  ± 0.170 
Silica Aerogel 0.147 1.83 ± 0.045 
Silica Aerogel 0.235 2.00 ± 0.180 

Aminated  Aerogel 0.110 1.56 ± 0.200 
Aminated  Aerogel 0.128 1.63  ± 0.083 
Aminated  Aerogel 0.230 1.94  ± 0.180  

 

 

3.3 Preparation of Ambient Dried Aminated Silica Aerogels 

  Use of silica aerogels in a number of applications is limited by their weak 

mechanical properties and cost of production. The development of aminated silica 

aerogel composites has improved the mechanical properties quickly. However, the 

processing for their production still requires  the gels to be supercritically dried, which is 

the most expensive and dangerous of the steps to prepare silica aerogels. In modifying the 

surface of the aminated silica aerogels, gels are treated with HMDZ in hexanes. This is 

very close to a number of methods which are used to prepare ambient dried silica 

aerogels [186]. In the below sections, the aminated silica gel procedure is extended to 

prepare ambient aminated dried silica aerogels, which will allow for their reinforcing by 

CVD of methyl cyanoacrylate.       
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3.3.1 Methods to Prepare Ambient Dried Silica Aerogels 

  If a monolithic gel that has been aged is allowed to dry by evaporation from the 

mother liquor at or near ambient pressures and temperatures, a xerogel is obtained. A 

significant amount of shrinkage is observed during the ambient drying which is due to the 

collapse of the silica network caused by the receding liquid-vapor meniscus creating 

capillary pressure. This shrinkage is irreversible. When the silica network collapses, 

silanols which are on the surface of the silica particles that make up the silica gel come in 

close proximity and can undergo further condensation, resulting in irreversible shrinkage. 

Preventing further condensation reactions can be achieved by end capping the surface 

silanols, which is commonly achieved by the attachment of trimethylsilyl to the surface 

silanols [187]. This allows for the silica network which is slightly elastic to spring back to 

a volume which is close to that of the wet gels volume [188]. 

   In addition to the prevention of further silanol condensation, the effect of the 

surface tension of the solvent which the gel is dried from plays a vital role in their 

ambient pressure drying [189]. Surface tension is the combination of forces from the 

liquid-vapor, solid-vapor and liquid-solid (contact angle) intersections [190]. Minimizing 

the surface tension minimizes the amount of forces which are exerted on the silica 

network during drying, thus reducing the amount of porosity collapse observed. When 

solvents reach the supercritical point, they have a surface tension of 0 mN/m [191], that 

allows for the gel to be dried without the formation of capillary pressure and retain the 

wet gels’ volume with the exception of volume loss form syneresis [192]. 
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3.3.2 Preparation of Ambient Dried Aminated Silica Aerogels 

  In isolating the amines as the only initiator for the methyl cyanoacrylate 

polymerization on the surface of the aminated silica aerogels, the gels were treated with 

HMDZ in hexanes. Surface modification of silica aerogels with HMDZ as the silylating 

agent is also used to prepare ambient dried silica aerogels [193]. Using a similar yet 

modified approach, we were able to prepare ambient dried aminated silica aerogels 

(figure 3.10). All aminated gels used in the preparation of ambient dried aminated silica 

aerogels were prepared using the 0.25 mol% APTES formulation. This specific 

formulation was used as it was found to yield the best CVD modification. 

    The solvents within the aged aminated silica gels was exchanged as carried out 

before (pg # 118). In short, the solvent within aged aminated silica gels was exchanged 

into pure ethanol over a 24 h period. This was followed by a gradient exchange of the 

ethanol to pure hexanes. Once in pure hexanes the aminated gel was placed into 20% v:v 

HMDZ in hexanes and aged for 48 h at 50 ⁰C. The gel was removed from the 

HMDZ:hexanes solution and placed back into pure hexanes to ensure that the drying 

solvent was only hexanes and not a solution of residual HMDZ in hexanes. If the gels 

were dried from a solution of HMDZ/hexanes, the shrinkage associated with the ambient 

dried gels was 50% more. Hexanes were decanted away from the hydrophobic aminated 

silica aerogel and placed into an oven at 50 ⁰C for 6 h. During this time a significant 

amount of shrinkage (estimated to be 65%) is observed. After 6 h, the temperature was 

raised to 120 ⁰C for 24 h, which a small amount (estimated 10%) of spring back was 
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observed. Common procedures to prepare ambient dried aerogels use a final heating 

temperature of 200 ⁰C. However, when this was attempted, the gels turned brown most 

likely due to the oxidation of amines on the surface of the gel.   

 

 

Figure 3.10 The above flow diagram was used to prepare ambient dried aminated silica 

aerogels.  

 

  The density was found to be 0.675 g/cm3 from this initial attempt to prepare 

ambient dried aminated silica aerogels. This is only slightly lower than the density (0.720 

g/cm3) of silica gels dried from methanol (xerogels). The theoretical density for these 
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aminated silica gels should be approximately 0.062 g/cm3, which experimentally, 

ambient dried silica gels were 11x higher than the theoretical density.  

 

3.3.3 Drying Solvent 

  Physical properties of the ambient dried aminated silica gel strongly depend on the 

solvent which the gel is dried from. Using the same procedure as detailed above but with 

heptanes instead of hexanes as the solvent which the gels are dried from resulted in 

ambient dried aminated silica aerogels with a density of 0.510 g/cm3. This is a 26% 

reduction in the bulk density from the aminated gels obtained when drying from hexanes. 

Even though hexanes has a lower surface tension than heptanes, 18.4 mN/m and 19.65 

mN/m respectively the vapor pressure of hexanes is higher than heptanes, 188.6 mm Hg 

and 55.8 mm Hg [194]. It has been proposed that the heptanes even with its higher 

surface tension allows for less shrinkage of the gels due to the slower emptying of the 

pores within the aminated silica gels [195]. This explains the observed lower density for 

the ambient dried aminated silica aerogel. However, this is still 8x higher than the 

theoretical density. 

 

3.3.4 TMS Silylating Agent Effects 

  Previously it has been shown that differences in the TMS silylating agent can affect 

the resulting ambient dried silica aerogel even though both are end capping the surface 
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silanols with TMS groups [196]. It was found that ambient dried silica aerogels silyated 

with trimethylchlorosilane are on average 40% lower in density than ambient dried silica 

aerogels silyated with HMDZ. This was attributed to a higher steric hindrance of HMDZ 

and a restricted diffusion into micropores of the gel. 

  Using the same optimized procedure with heptanes as the drying solvent and 

trimethylchlorosilane as the silyated agent, ambient dried aminated silica aerogels with a 

density of 0.300 g/cm3 could be obtained. This is a significant reduction in the density 

from ambient dried aminated silica aerogel silyated with HMDZ and only 5x higher than 

what is experimentally expected. This was accompanied by % volume shrinkage of only 

65% and retention of 80% of the porosity.  

 

3.3.5 Molar Concentration of Silane used in Sol-gel Polymerization 

  Replacing the alcohol with a less polar solvent such as heptanes resulted in a lower 

volume shrinkage of the ambient dried aminated silica aerogels. It has been found that the 

observed shrinkage can even further be reduced if the strength of the aggregate structure 

of the aminated silica aerogel is stronger. A stronger silica matrix can withstand the 

forces exerted from the surface tension of the drying solvent [197]. Additionally, it is 

expected that a stronger silica matrix would shrink less, requiring less spring back to 

achieve the original volume of the alcogel.  
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  All gels used for the optimization of the procedure outlined in figure 3.10 have 

been from a sol-gel polymerization where the tetramethoxysilane (TMOS) concentration 

was 1.0 M. To prepare aminated silica gels with a stronger aggregate structure the molar 

concentration of the TMOS monomer was increased in the sol-gel polymerization. 

Ambient drying of aminated silica aerogels which were prepared from a sol-gel 

polymerization where the TMOS concentration was 2.0 M, resulted in the lowest density 

(0.190 g/cm3) ambient dried aminated silica aerogel. This is only 1.5x times the 

theoretical density of the aminated silica gel (0.120 g/cm3) (figure 3.11). This ratio of 

experimental density to theoretical density is very similar to that of the aminated silica 

aerogel dried using SCCD. Aminated silica aerogels’ experimental density is commonly 

around 0.090-0.100 g/cm3, which is 1.45-1.65x the theoretical density. The percent 

volume shrinkage for the ambient dried aminated silica aerogels prepared from 2.0 M 

monomer concentration in the sol-gel polymerization is 4%, with retention of nearly 91% 

of the porosity within the material. This is the same amount of volume shrinkage 

observed for the best ambient dried silica aerogels [198].   
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Figure 3.11 The cylindrical aminated silica gel in the beaker has expanded to tightly fit 

across the diameter.   

 

  All experiments which were used to prepare ambient dried aminated silica aerogels 

are summarized in table 3.3 Using heptanes as the drying solvent, trimethylchlorosilane 

as the silylating agent and aminated silica gels prepared from 2.0 M tetramethoxysilane 

concentration yielded the lowest density (0.190 g/cm3) ambient dried aminated silica 

aerogels. It is expected that the density could not be further reduced due to the 

incorporation of APTES, which creates a more compliant silica aerogel structure and 

results in collapse of porosity.   
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Table 3.3 Below table is a summary of all experiments which were used to prepare 

ambient dried aminated silica aerogels. 

Sample ID 
Volume 

(cm3) 
Density 
(g/cm3) 

% Vol. 
Shrinkage 

% of 
porosity 

pore 
volume 
(cm3/g) 

Theoretical 
density 
g/cm3 

 HMDZ/Hexane  1.0 M 0.42 0.692 85.08 68.56 0.99 0.060 
 HMDZ/Heptane 1.0 M 0.52 0.526  81.53 76.09 1.45 0.060 
TMSCl/Heptane1.0 M 0.71 0.436 75.02 80.20 1.84 0.060 
TMSCl/Heptane1.5 M 1.08 0.368 61.92 83.25 2.26 0.090 
TMSCl/Heptane2.0 M 1.87 0.190 4.81 91.34 4.79 0.120 

 

 

3.4 Conclusion 

  In conclusion, we have developed a new method, which allows for the covalent 

attachment of a higher molecular weight poly(methyl cyanoacrylate) on the surface of an 

aminated silica aerogel.  This was achieved using a quick CVD process where the 

mechanical properties of silica aerogels can be improved within a matter of hours.  The 

strongest aminated silica aerogel achieved showed a strength improvement of 

approximately 33x over that of the polymer free silica aerogel.  This was accompanied by 

only a small increase in density ~2x and a small reduction in the surface area of 0.5x.  

These strong aerogel composites are strong enough to be cut into specific shapes and 

withstand the capillary pressures of water, which results in the ability of the aerogel to 

float on the surface of water for months without suffering any structural failure. 

Evaluation of these composites for potential applications as a low-k dielectric material 

show great promise. 
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  We then extended this method to address the cost of aminated silica aerogel 

production by eliminating the SCD step. In isolating the amines on the surface, the gels 

become very hydrophobic; this is very similar to procedures for the preparation of 

ambient dried silica aerogels. It was found through an optimization (heptanes, 

trimethylchlorosilane and higher molar concentration of the monomer in the sol-gel 

polymerization) of our initial procedure ambient dried, aminated silica aerogels with a 

density of 0.190 g/cm3 were achieved. These gels still have pendant amine groups on the 

surface which will allow for the initiation of the methyl cyanoacrylate polymerization and 

their subsequent reinforcement.  

  This method has addressed two of the major limitations to silica aerogels used in 

commercial applications: mechanical weakness and the cost of production.   

 

3.5 Experimental Section 

  Below are the detailed experimental procedures for the aminated silica aerogels 

with improved mechanical properties. 

 

Materials: 

 All reagents were used as received without further purification.  Tetramethoxysilane 

(98%), anhydrous methanol (99.5%), Hexamethyldisilazane (99%), Hexanes (99% ACS 

reagent grade), Heptanes (99% ACS reagent grade), Ethanol (99% ACS reagent grade), 
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Trimethylchlorosilane ( >97%) and 3-aminopropyl triethoxysilane (99%) were purchased 

from the Sigma-Aldrich Chemical Co. Methyl 2-cyanoacrylate was purchased from 

Polysciences, Inc. Ammonium Hydroxide (1 N) was purchased from VWR 

 

Aminated (5 mol%) silica aerogel preparation, no additional catalyst: 

 The molar ratios of monomers (TMOS and APTES) to water for the amine-

modified silica sol-gels were 1:4. All gels were prepared by mixing together a solution of 

TMOS and APTES in pure methanol with a second solution (B) of water in methanol.   A 

typical example of aminated gels preparation is as follows.  Solution A contained 

tetramethoxysilane (TMOS, 0.520 g, 3.42 mmol) and 3-aminopropyltriethoxysilane 

(APTES, 0.0390 g, 0.180 mmol) which were diluted to 1.8 mL with anhydrous methanol.  

Solution B contained water providing four equivalents of water per equivalent monomer, 

which was diluted to 1.8 mL with anhydrous methanol.  Solutions A and B were added 

simultaneously to a poly(propylene) container (4 mL) at room temperature and mixed for 

approximately one minute.  The final volume was 3.6 mL.  Gelation occurred within ~15 

minutes and syneresis occurred in 18 h, the gels were aged at room temperature for 48 h 

followed by aging at 50 ºC for 48 h before further modification. After HMDZ treatment, 

the gels were dried using CO2 SCD to obtain an aminated silica aerogel (0.295 ± 0.005 g, 

yield = 131%). 29Si CP MAS-NMR (100 MHz) δ -68 (T3), -92 (Q2) -103 (Q3) -113 (Q4);  

IR (KBr) 3457, 2961, 2905, 2847, 1215, 1161, 1097, 1010, 920, 806, 668 cm-1;  

Elemental analysis calcd (wt%) for [5 mol%(Si1O1.5C3H8N1) 95 mol%(Si1O2)]:  C 2.88, 

N 1.12, Si 44.8, found C 9.05, N 0.88, Si 41.81. 
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Aminated (0.25 mol%) silica aerogel preparation with additional catalyst: 

 All gels were prepared by mixing together a solution of TMOS and APTES in pure 

methanol with a second solution (B) of water and catalyst in methanol.   A typical 

example of the preparation of an aminated gel is as follows.  Solution A contained 

tetramethoxysilane (TMOS, 0.547 g, 3.59 mmol) and 3-aminopropyltriethoxysilane 

(APTES, 0.00195 g, 0.00914 mmol) which were diluted to 1.8 mL with anhydrous 

methanol.  Solution B contained 1 N ammonium hydroxide (0.259 mL) which provided 

four equivalents of water per equivalent monomer, which was diluted to 1.8 mL with 

anhydrous methanol.  Solution A and B were added simultaneously to a poly(propylene) 

container (4 mL) at room temperature and mixed for approximately one minute.  The 

final volume was 3.6 mL.  Gelation occurred within ~12 minutes and syneresis occurred 

in 18 h, the gels were aged at room temperature for 48 h followed by aging at 50 ºC for 

48 h before further modification. After HMDZ treatment the gels were dried using CO2 

SCD to obtain an aminated silica aerogel (0.262 g, yield = 121%). 29Si CP MAS NMR 

(100 MHz) δ  -67 (T3), -94 (Q2) -101 (Q3) -112 (Q4);  IR (KBr) 3446, 3061, 2950, 2907, 

2851, 1219, 1158, 1082, 1001, 915, 841, 668 cm-1;  Elemental analysis calcd (wt%) for 

[0.25 mol%(Si1O1.5C3H8N1) 99.75 mol%(Si1O2)]:  : C 0.148, N 0.106, Si 46.6, found C 

3.58, N 0.14, Si 39.02. 

 

1.5 M TMOS aminated silica aerogel preparation with additional catalyst: 

 All gels were prepared by mixing together a solution of TMOS and APTES in pure 

methanol with a second solution (B) of water and catalyst in methanol.   A typical 
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example of the preparation of an aminated gel is as follows.  Solution A contained 

tetramethoxysilane (TMOS, 0.822 g, 5.40 mmol) and 3-aminopropyltriethoxysilane 

(APTES, 0.00195 g, 0.00914 mmol) which were diluted to 1.8 mL with anhydrous 

methanol.  Solution B contained 1 N ammonium hydroxide (0.389 mL) which provided 

four equivalents of water per equivalent monomer, which was diluted to 1.8 mL with 

anhydrous methanol.  Solution A and B were added simultaneously to a poly(propylene) 

container (4 mL) at room temperature and mixed for approximately 30 seconds.  The 

final volume was 3.6 mL.  Gelation occurred within ~3 minutes and syneresis occurred in 

18 h, the gels were aged at room temperature for 48 h followed by aging at 50 ºC for 48 h 

before further modification. After HMDZ treatment the gels were dried using CO2 SCD 

to obtain an aminated silica aerogel (0.397 g, yield = 122%). IR (KBr) 3455, 2957, 2900, 

2848, 1215, 1160, 1099, 1005, 924, 806, 664 cm-1. 

 

2.0 M TMOS aminated silica aerogel preparation with additional catalyst: 

 All gels were prepared by mixing together a solution of TMOS and APTES in pure 

methanol with a second solution (B) of water and catalyst in methanol.   A typical 

example of the preparation of an aminated gel is as follows.  Solution A contained 

tetramethoxysilane (TMOS, 1.09 g, 7.20 mmol) and 3-aminopropyltriethoxysilane 

(APTES, 0.00195 g, 0.00914 mmol) which were diluted to 1.8 mL with anhydrous 

methanol.  Solution B contained 1 N ammonium hydroxide (0.518 mL) which provided 

four equivalents of water per equivalent monomer, which was diluted to 1.8 mL with 

anhydrous methanol.  Solution A and B were added simultaneously to a poly(propylene) 
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container (4 mL) at room temperature and mixed for a few seconds.  The final volume 

was 3.6 mL.  Gelation occurred within ~1 minute and syneresis occurred in 18 h, the gels 

were aged at room temperature for 48 h followed by aging at 50 ºC for 48 h before 

further modification. After HMDZ treatment the gels were dried using CO2 SCD to 

obtain an aminated silica aerogel (0.527 g, yield = 121%). IR  (KBr) 3451, 2955, 2903, 

2847, 1214, 1154, 1099, 1011, 926, 805, 663 cm-1.   

 

Hexamethyldisilazane modification of aminated silica gels 

  After aging, the amine-modified silica sol-gels were then placed into ethanol from 

their alcogel methanol solvent. This allows for the slow exchange over 48 h into hexanes 

where methanol and hexanes are immiscible. Once in pure hexanes, the amine-modified 

sol-gels were placed into a hexane solution containing 20% (V:V) hexamethyldisilazane 

(HMDZ) and left for 48 h at 50 ºC. If heptanes are used the same exchanging process is 

used with the replacement of hexanes with heptanes. The smell of ammonia is present 

during this step, be cautious, keep containers in fume hood.  The amine-modified sol-gels 

were then placed back into pure hexanes followed by the exchange into ethanol over a 24 

h period prior to placing in pure methanol. The supercritical process which we use 

requires that the silica gels are in methanol before exchanging with liquid carbon dioxide.  

The gels were dried using a standard supercritical carbon dioxide process to afford 

cylindrical aerogels approximately 3.8 cm in height and 9 cm in diameter. 
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Trimethylchlorosilane modification of aminated silica gels 

  The same procedure for the HMDZ modification of the aminated silica aerogels is 

used for the trimethylchlorosilane modification. Aged aminated silica gels are placed into 

ethanol from their alcogel methanol solvent. This allows for exchange over 48 h into 

hexanes. If heptanes are used the same exchanging process is used with the replacement 

of hexanes with heptanes. Surface modification with trimethylchlorosilane results in a 

strong smell of HCl is present. The solvent within the aminated silica gels were then 

placed back into pure hexanes followed by the exchange into ethanol over a 24 h period 

prior to placing in pure methanol. The resultant aerogels were cylindrical, approximately 

3.8 cm in height and 9 cm in diameter. 

 

Ambient Drying Aminated Silica Gels: 

  A typical procedure to ambient dry the aminated silica gel is as follows: An 

aminated silica gel in pure heptanes after surface modification was removed from the 

heptanes and placed into a glass beaker. This beaker was placed into an oven at 50 ⁰C for 

6 h. During this time a significant amount of shrinkage is observed. This is followed by 

the increasing the temperature to 120 ⁰C for 24 h, which a small amount of spring back is 

observed. The resultant gels are translucent. 
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Chemical Vapor Deposition (CVD) process: 

Methyl cyanoacrylate was vapor deposited onto the aerogels using the apparatus 

reported previously.  Methyl cyanoacrylate was placed into a modified round bottom 

flask.  Nitrogen was swept through the system (0.1 L/min.) to carry vapors of the 

cyanoacrylate through a glass U-tube to a reaction flask in which the aerogel monolith 

was placed.  The gas stream with any residual cyanoacrylate exited through an outlet and 

bubbler to a chemical fume hood.  To prevent the monomer from adsorbing and 

polymerizing on the glass surface of the CVD apparatus, the entire surface was silated 

using SurfaSil (Pierce Chemical Company). 

 

Instrumentation: 

  Matrix assisted laser desorption time of flight (MALDI-TOF) with dihydroxy 

benzoic acid (DHB) matrix was used to determine the poly(methyl cyanoacrylate) 

molecular weight.  Mechanical property measurements were determined using a three-

point flexural compression test with an Instron 5540 series single column testing system 

with a 100N load cell set with a 0.04 in. min-1 crosshead speed according to ASTM D790 

and ASTM C1684. For each data point, 4 samples were prepared.  Nitrogen adsorption 

porosimetry samples were degassed at room temperature for 24h under vacuum and 

analyzed with an Autosorb-1 porosimeter (Quantachrome Instruments). Characterization 

done for one representative sample.  Samples for SEM were platinum sputter-coated and 

microscopy was conducted with a Hitachi S-4800 field-emission microscope. FT-IR used 
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was a Nicolet-FT-IR Spectrometer Model 750. Dry aerogel samples were ground using a 

mortar and pestle with KBr and pressed into a pellet, and infrared spectra were obtained 

with a Perkin Elmer FT-IR Spectrometer. 29Si NMR spectra were obtained on a Bruker 

400 Spectrometer, using cross-polarization and magic-angle spinning at 10 kHz and 70 

kHz nH decoupling. The solid 29Si spectra were externally referenced to the silicon peak 

of the [tetrakis(trimethylsilyl)silane] (TTMSS) at -9.7 and -135 ppm [174].  

  Dielectric characterization was conducted by measuring the capacitance of a thin 

square with an average size of 4 mm x 4 mm x 2 mm. The thin squares cut from 

cylindrical monoliths with a razor blade. The top and bottom of each square was painted 

with a colloidal silver paint from Ted Pella (16031). As the paint was applied two wire 

electrodes were placed into the paint which adhered to the surface. The capacitance was 

measured using a BK Precision, model 889A, running in capacitance measurement mode. 

Capacitance measurements were made at a frequency of 72 MHz. capacitance values 

were corrected for fringe-field errors. 
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CHAPTER FOUR 

BRIDGED POLYSILSESQUIOXANE AEROGELS WITH IMPROVED 

MECHANICAL PROPERTIES 

 

4.1 Introduction to Bridged Silsesquioxanes 

  Organic bridged polysilsesquioxanes are a class of hybrid materials that lie at the 

interface of inorganic and organic regimes [199,200]. These materials are prepared from 

the hydrolysis and condensation of monomers which contain an organic bridging group 

covalently attached to two or more trialkoxysilyl groups. The monomers are easily 

polymerized under mild sol-gel conditions to afford a homogenous three dimensional 

network of the hybrid material shown in figure 4.1 [201].  After syneresis, the resultant 

gels can be dried by supercritical carbon dioxide (SCCD) to provide bridged 

polysilsesquioxane aerogels [202]. Alternatively, by drying the gels at ambient pressures, 

xerogels can be obtained [203].  
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Figure 4.1 Bridged silsesquioxane monomers contain a labile alkoxide and an organic 

bridging group. Upon polymerization, a homogenous three-dimensional hybrid material 

is obtained 

  The nature of the bridging groups (length, rigidity, geometry and functionality) 

used to make these hybrid materials on the molecular level can have a profound effect on 

the bulk material’s physical properties such as surface area [204], modulus [205] and 

pore size [206].  The resulting hybrid materials combine many of the best physical 

properties, inorganic materials (thermal stability, hardness, etc.) and organic materials 

(functionality, processability, etc). 

  It is desirable to prepare bridged monomers, the building blocks for the bridged 

polysilsesquioxane hybrid materials, in 1 or 2 steps to reduce the cost and processing 

times. Preparation of bridged silsesquioxane hybrid monomers is commonly achieved by 

metalation (scheme 4.1 a) [207], hydrosilylation (scheme 4.1 b) [208] or reaction of a 

bifunctional organic group with an organotrialkoxysilane that has reactive functional 

groups (scheme 4.1 c) [209].   
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Scheme 4.1 Common approaches for the preparation of bridged silsesquioxane 

monomers. A) metalation of aryl and alkynyl halides B) hydrosilylation of dienenes and 

C) from organotrialkoxysilanes.  

 

4.1.1 Applications of Bridged Polysilsesquioxanes 

  Bridged polysilsesquioxanes, with their high degree of functionality and molecular 

level control over the bulk physical properties allow for their use in a number of 

applications [210, 211, 212, 213, 214]. One of the most common uses for bridged 

polysilsesquioxanes has been coupling agents in filled elastomers [215]. Bridged 

polysilsesquioxanes have also been used as surface modifiers for tough, scratch resistant 

surfaces [216], as low-K dielectric materials [217], for enzyme encapsulation [218], as 

chromatographic supports for high performance liquid chromatography [219], as gas 

separation media [220] and for fuel cell membranes [221].  
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4.1.2 Characterization of Bridged Polysilsesquioxanes 

  The plethora of applications has led to intense characterization of materials 

prepared from bridged polysilsesquioxanes. While there is ample evidence on how the 

nature of the bridging group [222], polymerization conditions [223], and the subsequent 

processing affects the porosity [224] and morphology of the resulting materials [225], 

much less is known regarding how the bridging group affects the mechanical properties. 

Few reports of strength and moduli from hardness measurements have been reported that 

show the alkylene [226] and arylene [227] bridged monomers are stronger and stiffer 

than similar films of silica. However, the films are prepared from a material which is 

highly branched, thus, the resulting material’s mechanical properties do not represent the 

mechanical properties commonly associated with bridged polysilsesquioxanes. 

Additionally, surfactant templated ethylene bridged polysilsesquioxane films, showed an 

improvement in the material’s modulus [228].   However, there have been no reports on 

the flexural strengths and moduli of the bridged polysilsesquioxanes using three-point, 

bend-beam analysis of cylindrical samples that was developed for characterizing silica 

gels. 

 

4.2 Mechanical Property Characterization of Bridged Silsesquioxane Aerogel and 

Xerogels  

  In this section of chapter 4, we have prepared monolithic hexylene- and phenylene- 

bridged polysilsesquioxane xerogels and aerogels and measured their flexural strengths 
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and moduli to provide the first investigation on the influence of the bridging group on 

mechanical properties. 

 

4.2.1 Sol-gel Polymerization of Hexylene- and Phenylene-Bridged Silsesquioxane 

Monomers, Aerogel and Xerogel preparations  

  In the sol-gel polymerization of the hexylene- and phenylene-bridged 

polysilsesquioxanes monomers, as many variables as possible kept at a minimum. This 

ensures that the resulting mechanical properties are as close as possible the result of the 

bridging groups effects on the bulk materials properties. Monolithic gels were prepared 

by polymerizing the bridged silsesquioxane monomers (0.4 M) in methanol with six 

equivalents of water and sodium hydroxide (10.8 mol%) catalyst. Under these conditions, 

the phenylene-bridged polysilsesquioxane formed translucent blue gels in approximately 

10 minutes.  Under the same conditions, the hexylene-bridged polymer formed 

translucent blue gels in approximately 30 minutes.  Gels were aged at room temperature 

for 48 h followed by being aged at 50 ⁰C for 48 h. During the elevated temperature aging, 

syneresis was observed for the phenylene-bridged polysilsesquioxane. However, 

following the same aging procedure, syneresis in the hexylene-bridged gels does not 

occur for close to a month.  Once the gels underwent syneresis, drying was done using 

supercritical carbon dioxide to afford bridged silsesquioxanes aerogels. The resulting 

phenylene-bridged aerogels (density = 0.097 g/cm3) were translucent blue and looked 

similar to silica aerogels (density = 0.092 g/cm3) that were prepared to provide baseline 
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mechanical properties. In contrast, hexylene-bridged silsesquioxane aerogels (density = 

0.093 g/cm3) turned opaque white during supercritical drying and were noticeably more 

flexible than either phenylene-bridged or silica aerogels. All of the aerogels showed 

minimal shrinkage during supercritical drying. The theoretical density for the hexylene- 

and phenylene-bridged aerogels should be 0.078 g/cm3 and 0.071 g/cm3 respectively. The 

degrees of condensation for the hexylene- and phenylene-bridged polysilsesquioxane 

aerogels was found to be 86% and 80% respectively, accompanied with the slight volume 

shrinkage due to the more compliant network of bridged polysilsesquioxanes explains the 

higher than expected densities. With the aerogels densities (figure 4.2) being nearly the 

same, the density effect on the aerogels mechanical properties should be minimized.    

 

Figure 4.2 Silica, hexylene-bridged polysilsesquioxanes and phenylene-bridged 

polysilsesquioxanes aerogels with approximately the same density.  

 

  Bridged polysilsesquioxane gel to be processed into xerogels were prepared using 

the same formulation for the gels which were processed for aerogels. Xerogels were 

Silica 
Aerogel 

Hexylene
Aerogel 

Phenylene
Aerogel 
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prepared by air drying the gels to afford crack-free monoliths.   First the gels were aged at 

room temperature for 48 h then at 50 ⁰C until the gels underwent syneresis.  For 

phenylene-bridged gels, this took 48 h at 50 °C.  For hexylene-bridged gels, syneresis 

took a month at 50 °C. Once syneresis had occurred, the solvents were allowed to 

evaporate from the pores of the gels at 50 °C for 120 h, followed by 24 h at 100 ⁰C to 

ensure that the monoliths were completely dry.  In general, the bridged xerogels shrank 

approximately 87% from the wet gels’ volume (figure 4.3).  Hexylene-bridged xerogels 

were slightly smaller in volume, more likely due to the flexibility of the hexylene-bridge 

allowing greater pore collapse during drying.   Phenylene- and hexylene-bridged xerogels 

were almost ten times more dense (0.781 g/cm3 and 0.794 g/cm3 respectively) as their 

respective aerogels but still only a fraction of the density of bulk silica (2.2 g/cm3).  

Despite losing most of their volume to shrinkage, the hexylene- and phenylene-bridged 

xerogels were very porous  (table 4.1).  Hexylene-bridged xerogels had higher surface 

areas and pore volumes than the phenylene-bridged xerogels, but the mean pore 

diameters were about the same. Aerogels had higher surface areas and pore volumes and 

larger mean pore diameters than the corresponding xerogels.  The difference in surface 

area was greatest between the phenylene-bridged xerogels and aerogels. 
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Figure 4.3 Both phenylene- and hexylene-bridged xerogels are translucent. The size of 

the hexylene-bridged xerogels is slightly smaller (~3%) than the phenylene-bridged 

xerogels most likely due to the flexibility of the hexylene-bridging group. 

 

Table 4.1 Surface Area, mean pore size, and pore volumes of phenylene- and hexylene-

bridged xerogels and aerogels. 

Sample  Density (g/cm3) 
Surface Area 

(m2/g) 
Pore 

Size (Å) 

Pore 
Volume 
(cm3/g) 

Phenylene xerogel 0.781 472 42 0.505 
Phenylene aerogel 0.097 807 139 2.82 
Hexylene xerogel 0.794 667 40 0.937 
Hexylene aerogel 0.093 778 160 3.11 

 

 

4.2.2 Mechanical Property Characterization of Bridged Polysilsesquioxanes Aerogels 

  To establish the effects of the hexylene- and phenylene-bridging groups on the 

mechanical properties of the bridged polysilsesquioxane aerogels, their flexure properties 

were determined using a three point flexural analysis according to ASTM D790 and 

Hexylene
Xerogel 

Phenylene
Xerogel 
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C1684. This analysis method used for the mechanical property determination of silica 

aerogel and silica aerogel composites in previous experiments. Flexure analysis 

determined that phenylene-bridged polysilsesquioxane aerogels had the highest flexural 

strength (4.8 ± 0.13 x 104 Pa).  This is approximately 33% stronger than that of a silica 

aerogel at the same density, which had a flexural strength of 3.6 ± 0.23 x 104 Pa. The 

flexural strength of the hexylene-bridged polysilsesquioxanes aerogels (3.3 ± 0.49 x 104 

Pa) is substantially lower (45%) than the mechanical properties of the phenylene-bridged 

polysilsesquioxane aerogels and ~25% weaker than the flexural strengths of silica 

aerogels of the same density.  The strengths of aerogels can be seen in figure 4.4.  

 

Figure 4.4 Comparison of the mechanical properties of phenylene-, hexylene-bridged 

silsesquioxanes and silica aerogels.  

 

  During the flexural strength analysis, the aerogels behave differently depending on 

the bridging group (rigid or flexible). Phenylene-bridged polysilsesquioxane aerogels 

have an elastic modulus of 0.553±0.014 MPa which is similar to that of a silica aerogel 
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(0.307±0.058 MPa). Silica and phenylene-bridged aerogels only slightly deflect (~ 0.8 

mm) prior to catastrophic failure during the flexural analysis.  However, when hexylene-

bridged aerogels were analyzed by three point bend analysis, the gels were found to be 

very elastic, bending 40% of its diameter before failing (figure 4.5).  The elastic modulus 

of the hexylene-bridged aerogel is 0.079±0.018 MPa consistent with the observed 

strength and deflection of the monolith during flexural analysis.    

 

 

Figure 4.5 From flexural analysis, the hexylene-bridged aerogel was observed to be very 

elastic, extending 40% before failure.  

  

4.2.3 Mechanical Property Characterization of Bridged Polysilsesquioxanes Xerogels 

  It was found that phenylene-bridged polysilsesquioxane xerogels were the strongest 

with flexural strengths of 28 MPa while the hexylene-bridged xerogels were nearly as 

strong (26 MPa). Not surprisingly, in view of their much lower density, the bridged 
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aerogels were several hundred times weaker than the corresponding xerogels (Table 4.2). 

  The elastic modulus of both materials were also higher than the corresponding 

aerogels with the phenylene-bridged xerogels having a modulus of 124 ± 5.46 MPa and 

the hexylene-bridged xerogels having a modulus of 119 ± 8.28 MPa. The elasticity 

observed in the hexylene-bridged aerogels is no longer observed in the xerogels due to 

the dense nature. Bridged polysilsesquioxane xerogels only deflect 0.3 mm prior to 

failure. 

 

Table 4.2 Mechanical properties of hexylene- and phenylene-bridged aerogels and 

xerogels. 

Sample  

Average 
Density 
(g/cm3) 

Flexural 
Strength x 105 

(Pa) Elastic Modulus (MPa) 
Phenylene  xerogel 0.794 280 ± 20 124 ± 13 
Hexylene  xerogel 0.781 260 ± 10 119 ± 23 
Phenylene  aerogel 0.097 0.480 ± 0.018 0.553±0.014  
Hexylene  aerogel 0.093 0.310 ± 0.034 0.079±0.018  

silica aerogel 0.092 0.360 ±0.026 0.307±0.058  
 

 

4.3 CVD of Methyl Cyanoacrylate on Bridged Polysilsesquioxanes 

  Bridged polysilsesquioxanes should make an excellent scaffold for cyanoacrylate 

CVD due to their greater hydrophobicity and in the case of phenylene-bridged aerogels, 

greater strengths than with silica aerogels or aminated silica aerogels. The hydrophobicity 

of the bridging group would allow for an inherent reduction in the water (initiator) 
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concentration in bridged polysilsesquioxane aerogels, allowing for higher molecular 

weight polymer to be achieved from vapor deposition of methyl cyanoacrylate. 

Combining the potential reinforcement with a higher molecular weight polymer and a 

precursor aerogel that is 33% stronger, should result in aerogel composites that are 

significantly stronger at lower densities and retain more of the aerogel like physical 

properties.  

 

4.3.1 Water content in Bridged Polysilsesquioxanes 

  Determination of the water content remaining within phenylene- and hexylene-

bridged polysilsesquioxane aerogels after supercritical drying was determined by thermal 

gravimetric analysis (TGA) (figure 4.6). The loss in weight of a sample between room 

temperature and 225 ⁰C corresponds to the adsorbed water on the aerogels surface. 

Commonly, most of the adsorbed water within silica aerogels is removed by 200 ⁰C 

[229]. Our phenylene-bridged polysilsesquioxane aerogels contain on average, less than 

1% water by weight. Hexylene-bridged aerogels contain even less water by weight 

(~0.2%). Over this same temperature range (25-225 ⁰C), the water content in silica 

aerogels which we prepared water ranged between 4-10 wt%. However, the total percent 

weight loss is higher for bridged polysilsesquioxane aerogels due to decomposition of the 

bridging group at the elevated temperatures used in TGA experiments (hexylene-bridged 

decomposition 350 ⁰C; phenylene-bridged decomposition 470 ⁰C). In many applications, 

temperatures this high are rarely encountered.  
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Figure 4.6 TGA of bridged polysilsesquioxanes aerogels showed that hexylene- and 

phenylene-bridged silsesquioxane aerogels have lower water content than found with 

silica aerogels.  

 

    Hydrophobicity of the bridged silsesquioxane aerogels was quantified by 

measuring the contact angles from 1µL water droplets onto the surface of bridged 

polysilsesquioxane aerogels as detailed in chapter 2, pg 104 (figure 4.7). The contact 

angles for phenylene- and hexylene-bridged aerogels are 92⁰ and 115⁰ respectively. The 

higher contact angle observed for hexylene-bridged aerogels is most likely due to the 

flexibility of the hexane bridge, which during sol-gel polymerization allows for the 

bridge to extend from the hydrophilic siloxane bonds [230]. In comparison, contact 

angles for silica aerogels could not be determined due to the rapid adsorption into the 

aerogel pores (figure 2.18 A, in Chapter 2). Higher contact angles observed for bridged 
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polysilsesquioxane aerogels confirms less water (initiator) remained in bridged 

polysilsesquioxane aerogels after supercritical drying. As determined previously in 

chapter 3, lower initiator concentrations resulted in higher molecular weight of grafted 

polymers. It would be expected that higher molecular weight poly(methyl cyanoacrylate) 

would be achieved in bridged polysilsesquioxane aerogels with a reduction in the water 

concentration. 

 

Figure 4.7 Contact  angle  for  a  1  µl  water  droplet  on  a  A)  hexylene-bridged    

polysilsesquioxane was found to be 115⁰. B) Phenylene-bridged polysilsesquioxane 

aerogels were found to have contact angles of 92⁰. These are significantly higher than 

silica aerogels.  

4.3.2 CVD treatment of Phenylene- and Hexylene-Bridged Polysilsesquioxane Aerogels 

  Chemical vapor deposition and polymerization of methyl cyanoacrylate was 

achieved using the same experimental parameters in preceding chapters 2 and 3. In short, 

methyl cyanoacrylate was carried by dry nitrogen gas (0.1 L/min.) through the vapor 

deposition system into the reaction chamber where either hexylene- or phenylene- 
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bridged polysilsesquioxane aerogels are suspended. This allowed for a constant (3 mg/h) 

deposition of the methyl cyanoacrylate. The slower rate of CVD is consistent with a 

lower concentration of adsorbed water on the surface of bridged aerogels than found with 

silica aerogels. 

  Exposing bridged polysilsesquioxane aerogels to the methyl cyanoacrylate vapor 

for longer periods of time yields higher density composites.  Phenylene-bridged aerogels 

were prepared with densities ranging from 0.097–0.160 g/cm3. Hexylene-bridged 

aerogels densities ranged from 0.093–0.152 g/cm3. For example, the 0.112 g/cm3 

composite required only 17 h of CVD. On the other extreme, the 0.162 g/cm3 required 60 

h of CVD. A plot showing the CVD time versus density for phenylene-bridged aerogels 

is in figure 4.8.     

 

 

Figure 4.8 CVD time for phenylene-bridged and hexylene-bridged aerogels 
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4.3.3 Mechanical Property Characterization of Reinforced-Bridged Polysilsesquioxane 

Aerogels 

  Mechanical properties for the phenylene- and hexylene-bridged polysilsesquioxane 

aerogels were determined by three-point flexural bend beam analysis method. Flexural 

strengths of the bridged aerogel composites are plotted against their density in figure 4.9. 

The plot of strength of silica aerogels strengths versus density has been added to provide 

a frame of reference of aerogels strengths increasing due to increases in density. Flexural 

strength analysis of phenylene-bridged aerogel poly(methyl cyanoacrylate) composites 

revealed that the flexural strength of the composite increases exponentially as the 

densities increases. The most dense phenylene-bridged CVD-modified aerogel (0.162 

g/cm3) and a flexural strength of 7.79 ± 0.53 x 105 Pa. This is 16x stronger than the un-

modified phenylene-bridged aerogel precursor (0.097 g/cm3) and 5x stronger than a 

polymer free silica aerogels and CVD-modified silica aerogel of the same density. The 

phenylene-bridged composite is even 3x stronger than the CVD-modified aminated silica 

aerogel of the same density. The CVD-modified phenylene-bridged aerogel may be the 

strongest low density aerogel ever prepared (table 4.3).  

  Hexylene-bridged aerogel composites flexural strengths were found to increase 

linearly with density. The most dense hexylene-bridged aerogel composite (0.154 g/cm3) 

had a flexural strength of 2.85 ± 0.18 x 105 Pa. This is similar to flexural strengths of 

silica aerogel poly(methyl cyanoacrylate) composites with similar densities. Flexural 
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strengths of the hexylene-bridged aerogel at densities greater than 0.135 g/cm3 increase 

more than what can be attributed to mass addition. 

 

Figure 4.9 Flexural strengths of phenylene-bridged aerogels (black triangle) are 

significantly stronger than hexylene-bridged (red circle) aerogels or polymer free silica 

aerogels (blue diamond).   

Table 4.3 Our aerogel strengths with densities of ~ 0.16 g/cm3 and the lowest density 

composite aerogel strengths reported in literature.  

Aerogel Type Density (g/cm3) Strength (105 Pa) 
CVD Phenylene-bridged  0.162 7.80 
CVD Hexylene-bridged 0.154 2.85 
CVD Aminated aerogel 0.155 2.40 
Poly-free Silica Aerogel 0.16 1.19 

CVD Silica Aerogel 0.155 1.36 
Epoxy Cross-linked [148] 0.300 1.30 

Aging in TEOS [139] 0.280 2.50 
Urea Cross-linked  [149] 0.160 2.00 

SI Radical Poly. PMMA [230] 0.174 0.50 
SI Radical Poly. Styrene [230] 0.211 0.90 
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4.3.4 Surface Area Characterization of Reinforced-Bridged Polysilsesquioxane Aerogels 

  Exposing bridged polysilsesquioxane aerogels for prolonged periods of time, the 

composites density increased. This increase in density is accompanied with a slight loss 

in the aerogels surface area (table 4.4). Phenylene-bridged composite (0.162 g/cm3) had a 

surface area of 750 m2/g. This is a 31% decrease in surface area from the polymer free 

phenylene-bridged aerogel (807 m2/g). A shift in the average pore diameter is observed 

from the deposition and polymerization of methyl cyanoacrylate. The observed shift in 

the average pore diameter is expected from the filling of smaller pores within the 

phenylene-bridged polysilsesquioxane aerogels. 

  Polymer free hexylene-bridged aerogels have a surface area of nearly 800 m2/g. 

With methyl cyanoacrylate CVD, the surface area for the densest (0.153 g/cm3) hexylene-

bridged aerogel composite decreased 47% to 423 m2/g. This is similar to the surface area 

reduction in other aerogel composites from the deposition and polymerization of methyl 

cyanoacrylate. Additionally, the average pore diameter shifted higher as result of the 

addition of poly(methyl cyanoacrylate) to the hexylene-bridged aerogel.    
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Table 4.4 Surface area, average pore size and flexural strength results for the phenylene- 

and hexylene-bridged aerogels and composites.  

         

Sample  

Average 
Density 
(g/cm3) 

Flexural Strength x 
105 (Pa) 

Surface Area 
(m2/g) 

Pore Size 
(Å) 

Polymer free 
phenylene aerogel 0.097 0.480 ± 0.018 807 139 
Phenylene comp. 0.112 0.910 ± 0.087 793 169 
Phenylene comp. 0.123 1.95 ± 0.240 790 185 
Phenylene comp. 0.138 3.59 ± 0.140 760 180 
Phenylene comp. 0.163 7.79 ± 0.530 747 210 

     

Sample  

 
Average 
Density 
(g/cm3) 

Flexural Strength x 
105 (Pa) 

Surface Area 
(m2/g) 

Pore Size 
(Å) 

Polymer Free 
hexylene 0.093 0.31 ± 0.049 

 
778 

 
160 

Hexylene comp. 0.099 0.39 ± 0.082 595 218 
Hexylene comp. 0.119 0.77 ± 0.040 568 232 
Hexylene comp. 0.131 0.92 ± 0.065 503 229 
Hexylene comp. 0.142 1.13 ± 0.240 443 212 
Hexylene comp. 0.154 2.85 ± 0.180 423 225 

 

 

4.3.5 Poly(methyl cyanoacrylate) Molecular Weight Determination 

  As determined previously, methyl cyanoacrylate polymerization was initiated by 

adsorbed water on the aerogels surface could be quantitatively removed by soxhlet 

extraction with acetone. With methyl cyanoacrylate polymerization within hexylene- and 

phenylene-bridged aerogels, we discovered that the poly(methyl cyanoacrylate) was 

extracted and therefore not all polymer was covalently attached to surface. The molecular 
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weight of extracted the poly(methyl cyanoacrylate) from the composites was determined 

using matrix assisted laser desorption ionization (MALDI) time of flight (TOF), with an 

acidic matrix ensuring that depolymerization of the poly(methyl cyanoacrylate) did not 

occur. 

  The poly(methyl cyanoacrylate)’s from the bridged polysilsesquioxane aerogel 

composites were 30% higher than the poly(methyl cyanoacrylate) extracted from silica 

aerogel composites (chapter 2). This is consistent with the reduction in the initiator 

concentration due to the more hydrophobic bridge. However, poly(methyl cyanoacrylate) 

molecular weights were lower than those found in the aminated aerogel composites. The 

higher strengths observed for the phenylene-bridged aerogels despite lower molecular 

weight is most likely the result of a stronger aerogel precursor. The higher molecular 

weight of the poly(methyl cyanoacrylate) within phenylene-bridged aerogel composites 

in combination with an aerogel scaffold which is initially stronger, allows for aerogel 

composites to be 90x stronger than a polymer free silica aerogel, while retaining many of 

the aerogels physical properties. It is believed that the phenylene-bridged 

polysilsesquioxane aerogels are the strongest low density aerogels ever produced.           

 

4.4 Conclusion  

  In the first section of this chapter, we quantified the effect of the bridging group on 

the mechanical properties of polysilsesquioxane aerogels. Phenylene- (rigid) bridged 

polysilsesquioxane aerogel were found to be 33% stronger than silica aerogels at the 

same density. It was found that a hexylene- (flexible) bridged polysilsesquioxane 
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aerogels is 25% weaker than same density silica aerogel, but was far more elastic than 

phenylene-bridged aerogels or silica aerogels. This difference in the elasticity may be the 

result of the bridging group as both bridged aerogels had the similar degrees of 

condensation.     

  CVD of methyl cyanoacrylate onto hexylene-and phenylene-bridged aerogels 

resulted in higher molecular weight macromolecules than found in CVD-modified silica 

aerogels. It was determined that the hexylene- and phenylene-bridged aerogel contain > 

75% less water than silica aerogels, which would reduce initiator concentration, thus 

higher molecular weight polymer was achieved. Coupling the higher molecular weight 

and a stronger phenylene-bridged aerogel scaffold, resulted in the strongest low density 

(0.162 g/cm3) aerogels ever prepared.  

 

4.5 Experimental Section 

  Below are the detailed experimental procedures for experiments described above. 

 

Materials:  

  All reagents were used as received without further purification unless otherwise 

stated.  Tetramethoxysilane (TMOS, 98%), anhydrous methanol (99.8%), anhydrous 

inhibitor free tetrahydrofuran (THF, 99.9%) and 1,4-dibromobenzene (99%) and 

magnesium were purchased from the Aldrich Chemical Company. TMOS was distilled 
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from molecular sieves prior to use in synthesis.  1,6-Bis(tirmethoxysilyl)hexane (96%) 

and bis[3-(triethoxysilyl)propyl]tetrasulfide (>90%) were purchased from Gelest Inc.   

 

Synthesis of 1,4-bis(trimethoxysilyl)benzene: 

  To a three-neck round bottom flask magnesium (4.88 g, 0.201 mol) and a stir bar 

was added. The round bottom was equipped with a condenser, addition funnel and glass 

stopper. The flask was then evacuated and flame dried. Once cooled to room temperature 

it was back-filled with argon followed by THF (100 mL) and distilled tetramethoxysilane 

(TMOS; 75.0 g, 0.493 moles) were added by canula. To the addition funnel, 1,4-

dibromobenzene (19.7 g, 0.0832 mol) was dissolved in THF (50 mL). The round bottom 

was placed into an oil bath at 70 ⁰C and the 1,4-dibromobenzene solution was added 

drop-wise at a drop per second until 5% of the total volume was added. The solution 

began to become a greenish color, which the remaining dibromobenzene solution was 

added over 2 h. The reaction mixture was heated to reflux for 24 h. The salts were 

removed by filtration and the volatiles removed under reduced pressure. The resulting 

viscous oil was added to hexanes to precipitate remaining salts, which were removed by 

filtration, hexanes were removed under reduced pressure. The product was isolated by 

fractional distillation (178 ⁰C at 300 mmHg) (short path condenser should be greater than 

55 ⁰C) to obtain 1,4-bis(trimethoxysilyl)benzene (13.3 g, 0.0418 mol, yield = 49.8%). 

MP 53-55 ⁰C. (Lit. MP 52-54 ⁰C) [231].   1H NMR (500 MHz, CDCl3) δ 7.61 (s, 4 H) δ 

3.58 (s, 18 H), 13C NMR (125 MHz, CDCl3) δ 51.33, 132.51, 134.54; MS LRMS (EI); 

318.09, 287.07, 227.04, 197.02, 167.05, 121.03, 91.02. 
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Preparation of Phenylene-Bridged Aerogels: 

  A solution containing 1,4-bis(trimethoxysilyl)benzene (0.456 g, 0.00143 mol, 0.4 

M) which was diluted to 1.8 mL with anhydrous methanol, was mixed for one minute 

with a second solution containing the aqueous catalyst 1N NaOH (0.155 g) which was 

diluted to 1.8 mL  in a 4 mL poly(propylene) container at room temperature. The final 

volume of the solution was 3.6 mL.  Gels formed within ten minutes and were aged at 

room temperature for a 48 h followed by an aging at 50 ˚C for 48 h in an oven at ambient 

pressure when syneresis occurs.  After cooling to room temperature, the gels were dried 

using a standard supercritical carbon dioxide process (chapter 2) to obtain phenylene-

bridged aerogel (0.291 ± 0.00700 g, yield 115%). 29Si CP MAS-NMR (100 MHz) δ  -63 

(T1), -71 (T2), -79 (T3); 
13

C CP MAS NMR (100 MHz,) δ 238, 132, 38;  IR (KBr) 3447, 

3050, 2950, 1630, 1386, 1144, 1092, 1021, 912, 806, 658, cm-1. 

 

Preparation of hexylene-bridged silica aerogels: 

   A solution containing bis(trimethoxysilane)hexane (0.470 g, 0.00144 mol, 0.4 M) 

diluted to 1.8 mL with anhydrous methanol was mixed for one minute with a second 

solution containing the aqueous catalyst 1N NaOH (0.155 mL) which was diluted to 1.8 

mL in a 4 mL poly(propylene) container at room temperature. The final volume was 3.6 

mL.  Gels formed within 40 minutes and were aged at room temperature for a 48 h 

followed by an aging at 50 ˚C for 3 weeks in an oven at ambient pressure, when syneresis 

occurred. After cooling to room temperature, the gels were dried using a standard 

supercritical carbon dioxide process to obtain hexylene-bridged aerogels (0.281 ± 
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0.00400 g, yield 106%). 
29

Si CP MAS NMR (100 MHz) δ -58 (T1), -66 (T2); SS 
13

C CP 

MAS-NMR (100 MHz,) δ 37.4, 28.1, 17.7; IR (KBr) 3454, 2929, 2862, 1480, 1400, 

1350, 1310, 1290, 1247, 1202, 1112, 1050, 924, 807 cm-1. 

 

Silica aerogel preparation: 

   A solution containing tetramethoxysilane (0.548 g, 0.535 mL, 0.01 mol) was 

diluted with anhydrous methanol to 1.8 mL and was mixed for one minute with a second 

solution containing 1N ammonium hydroxide (NH4OH, 0.259 g, 0.259 mL) diluted to 1.8 

mL with anhydrous methanol. Gels formed within half an hour of mixing the two 

solutions and were aged at room temperature for 48 h followed by aging at 50 ˚C for 48 h 

in a vacuum oven at ambient pressure.  After cooling to room temperature, the gels were 

dried using a standard supercritical carbon dioxide process to afford transparent silica 

aerogels (0.234 ± 0.00600 g, yield 108%). 
29

Si CP MAS NMR (100 MHz) δ -103 (Q3), -

113 (Q4); IR (KBr) 3450, 2957, 2900, 2848, 1215, 1160, 1099, 1005, 924, 806, 664 cm-1.   

 

Bridged Xerogel Preparation: 

   Xerogels were prepared by placing an aged wet monolithic gel (hexylene- or 

phenylene-bridged as prepared from the formulations for silica aerogel production) into 

an oven at 50 ⁰C and ambient pressure for a period 96 h followed by 24 h at 100 ⁰C. 

During this time the solvent is evaporated from the pores of the bridged 
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polysilsesquioxane aerogels, which is accompanied by volume shrinkage of 87%. The 

resultant xerogels are translucent. Phenylene-bridged xerogel: (0.300 ± 0.00200 g, yield 

115%). IR (KBr) 3446, 3052, 2951, 1633, 1386, 1139, 1089, 1019, 912, 807, 647, cm-1. 

Hexylene-bridged xerogel: (0.290 ± 0.001 g, yield 112%): IR (KBr) 3451, 2930, 2865, 

1483, 1394, 1335, 1308, 1285, 1243, 1200, 1093, 1040, 934, 806 cm-1. 

 

Instrumentation:  

  Mechanical property measurements were determined using a three-point flexural 

compression test with an Instron 5540 series single column testing system with a 100 N 

load cell set with a 0.04 in. min-1 crosshead speed according to ASTM D790 and ASTM 

C1684. For each data point, 4 samples were prepared.   Dry aerogel samples with KBr 

were ground using a mortar and pestle and pressed into a pellet, and infrared spectra were 

obtained with a Perkin Elmer FT-IR Spectrometer. Surface area and pore sizes were 

determined by nitrogen adsorption porosimetry of one representative sample. Samples 

were degassed at 30 ⁰C for 24 h under vacuum and analyzed with an Autosorb-1 

porosimeter (Quantachrome Instruments) at 77 K. 29Si NMR spectra were obtained on a 

Bruker 400 Spectrometer, using cross-polarization and magic-angle spinning at 10 kHz 

and 70 kHz nH decoupling. Solid 29Si spectra were externally referenced to the silicon 

peak of the [tetrakis(trimethylsilyl)silane] (TTMSS) at -9.7 and -135 ppm [174]. Solid 

State 13C NMR were obtained on a Bruker 400 using cross-polarization and magic-angle 
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spinning at 10 kHz and 70 kHz 1H decoupling. The samples were externally referenced to 

the carbon chemical shift of adamantine [175].   
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CHAPTER FIVE  

SILICA AEROGEL POLYMER NANOCOMPOSITES USING ATRP FROM 

SURFACE BOUND INITIATORS 

 

5.1 Introduction 

  Modification of silica networks with polymers prepared by step growth 

polymerization from initiators attached to the surface has been demonstrated to produce 

strong aerogels [148]. Similarly, free radical polymerizations from bound initiators was 

only recently achieved with the synthesis of an azobisisobutyronitrile (AIBN) bridged-

silsesquioxane monomer (5 mol%) that upon co-polymerization with tetraethoxysilane 

(TEOS) was  incorporated into the silica matrix of the aerogel [232]. Heating the silica 

gel modified with the azo bridged silsesquioxane to 70 ⁰C decomposed the azo 

compound to form radicals attached to a silane. The radicals were used to initiate the 

polymerization of vinyl monomers (methyl methacrylate, styrene and divinylbenezene) 

grafted from the surface of the silica gel. However, it would be expected that a significant 

portion of the initiator remains buried in the silica matrix and is not useful to the 

polymerization of vinyl monomers. The polymer grafted would be of high polydispersity, 

as the polymerization is uncontrolled, not allowing for structure property relationships to 

be established. Additionally, heating the gels results in decomposition of the azo bridged 

silsesquioxane, that would be expected to cause a weakening of the silica gels mechanical 

properties.  
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  To ascertain the grafted polymer’s molecular weight influence on the mechanical 

properties of silica aerogels, we utilized atom transfer radical polymerization (ATRP) 

from surface bound initiators. ATRP allows for control over a polymer’s molecular 

weight and polydispersity, which this control has been demonstrated from a number of 

substrates including silica nanoparticles [254]. In this study, we extend on prior 

approaches to grow vinyl polymers from the colloidal particles of silica gels. Once the 

gels dry, the polymers will collapse to the surface of the colloidal network and reinforce 

it. This work included the synthesis of sol-gel processable ATRP initiators, sol-gel 

polymerization for ATRP initiator-modified gels, ATRP from surface of gels, 

supercritical drying for aerogel formation and characterization of the resulting aerogel 

composites mechanical properties. Not only will this approach allow for the incorporation 

of well defined polymers into aerogels, but its versatile methodology allows for the 

polymerization of a number vinyl and cross-linkable monomers, without the initiator 

causing weakening of the silica network.       

 

5.1.1 Background of Controlled Radical Polymerizations   

  In conventional free radical polymerizations, the radical generated from the 

decomposition of free radical initiators such as azobisisobutyronitrile (AIBN) or benzoyl 

peroxide (BPO) undergo rapid propagation followed by rapid termination [233]. In 

conventional free radical polymerizations, high molecular weight polymer is quickly 

achieved and the polymers formed are polydisperse. 
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  Controlled radical polymerizations (CRP) differ from conventional free radical 

polymerizations in the time which the propagating radical is present [234]. As mentioned, 

conventional free radical polymerizations undergo chain transfer or termination of the 

propagating radical within seconds of initiator decomposition. CRP utilizes a dynamic 

equilibrium of dormant and active propagating sites, which the conversion from a 

dormant site to a propagating radical and back to dormant is very rapid. To achieve this 

dynamic equilibrium, CRP utilizes deactivators or transfer agents that react with the 

propagating radical making it dormant. This process allows for the preparation of well 

defined polymers. 

  In the past two decades the field of CRP has been rapidly growing with a number 

of techniques developed to prepare well defined polymers. The most prevalent methods 

used to prepare well defined polymers using CRP are stable free radical polymerizations 

(i.e. nitroxide mediated polymerization (NMP)) [235], metal catalyzed radical 

polymerizations (i.e atom transfer radical polymerization (ATRP) [236] and degenerative 

transfer radical polymerizations (i.e. reversible addition-fragmentation chain transfer 

(RAFT)) [237] (scheme 5.1). Although in this study we use ATRP, a brief summary of 

each CRP method is included to provide an adequate background of CRP methods.   
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Scheme 5.1 CRP mechanisms for 1) stable free radical polymerizations; 2) Atom transfer 

radical polymerization; 3) Degenerative transfer radical polymerizations. Reproduced 

with permission from ref [231]. 

 

  Stable free radical polymerizations most commonly associated with NMP employ 

the use of alkoxyamine initiators and persistent nitroxide radicals (scheme 5.1 (A)) [238]. 

In this polymerization, radicals are generated from thermal homolytic cleavage, forming 

a radical on the polymer and a stable nitroxide radical. The radical on the polymer can 

then propagate, but is quickly deactivated by recombination with the nitroxide radical. 

This process is completely reversible leading to “living polymerizations”. The 

concentration of propagating radicals is very low minimizing irreversible termination 

reactions, allowing for molecular weight to be predetermined based on the initiator to 

monomer ratio.  CRP using NMP has been used to form polymers from acrylates, 
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acrylamides, 1,3-dienes and acrylonitrile with accurate control of molecular weight and 

polydispersities as low as 1.05 [239]. NMP has been used to prepare copolymers, random 

[240] and block [241], star [242] and graft polymers [243], hyper-branched [244] and 

dendritic structures [245]. Additionally NMP has been used in a number of surface 

initiated polymerizations which will be explained vide infra.    

  In ATRP radicals are generated through a reversible redox reaction of an alkyl 

halide with a transition metal complex (scheme 5.1 (B)) [246]. Generated radicals 

propagate but are quickly deactivated by the oxidized transition metal complexes. 

Commonly, initiators in ATRP are alkyl halides such as α-haloesters (i.e. ethyl 2-

bromoisobutyrate, methyl 2-bromopropionate) or benzyl halides (i.e. benzyl chloride, 1-

phenylethyl bromide). While a range of transition metals (i.e. Ru [247], Cu [248], Fe 

[249]) have been used in ATRP, the most common transition metal used is copper. The 

chelating ligands (i.e. 2,2’-bipyridine, 4,4’-dinonyl-2,2’bipyridyl) are used to solubilize 

the transition metal complex and adjust the activity (redox potential) of the transition 

metal complexes [250]. ATRP as a CRP is a versatile robust methodology that has been 

used in the preparation of a number of polymers with varying compositions and 

morphologies. Additionally, synthetic approaches into ATRP initiators used for the 

modification of a number of substrates for the preparation of hybrid materials (vide infra) 

are easier than other CRP systems.         

  Degenerative transfer radical polymerizations utilize a rapid transfer of growing 

polymeric radicals (scheme 5.1 C) that were initiated by common free radical initiators 

(AIBN, BPO). Transfer of the growing polymeric radicals allows for the formation of 



182 
 

active and dormant species within the polymerization. Transfer agents are alkyl iodides 

[251], methacrylate esters [252] and most commonly thioesters [253]. Thioesters have 

been extensively used in CRP of vinyl monomers known as reversible addition 

fragmentation chain transfer (RAFT) polymerization. RAFT has also been used to 

prepare a number of polymers with varying compositions and morphologies.  

        

5.1.2 Hybrid Materials Prepared by CRP from Silica Surfaces 

  A number of hybrid materials have been prepared by grafting organic polymers 

with low polydispersities to a number of inorganic substrates using the above mentioned 

CRP methods. This area of research is rapidly advancing as it allows for the development 

of hybrid materials with designed properties due to the control over the polymer’s 

molecular weight and composition [254]. The addition of low polydispersity polymers to 

prepare hybrid materials is typically achieved by “grafting to” [255] or “grafting from” 

[256] an inorganic substrate (i.e gold [257], silica [258]). Polymer attachment can be on 

substrates which are curved [259] or flat [260]. “Grafting from” is where a preformed 

polymer is attached to a surface, “grafting to” is where a polymer is grown from a 

surface.  

  Functionalization of nanoparticles [261] or microparticles [262] with CRP methods 

such as NMP [263] or ATRP [264] initiators have been used to prepare hybrid materials 

used in the development of advanced materials for optical [265], magnetic [266] and 

viscosity [267] applications. Using CRP offers the ability to control the molecular weight 

of the polymer on the surface of the particle, which allows for control over the particle 
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size [268], composition of the polymeric shell [269] and functionality [270]. Controlling 

the size of silica particles allows for hybrid thin films which the spacing of the particles 

can be tailored by the molecular weight of the polymer attached to the surface of the 

particle [271]. Additionally, hybrid silica nanoparticles with tethered block copolymers 

which contained a rubber and a glassy segment on the surface of a silica core have been 

prepared using CRP [272].       

  An emerging area of interest for CRP is the addition of polymers with low 

polydispersities to porous inorganic solids [273]. Surfaces were modified with CRP 

initiators using the same procedures that were used to modify particle and flat surfaces. 

ATRP is primarily used for the preparation of porous hybrid materials due the ease of 

ATRP initiators to modify the inorganic solid [274], although a number of CRP have 

been used to prepare porous hybrid materials using CRP [275]. ATRP has been 

successfully used to prepare hybrid materials from macroporous (>50 nm) [276] and 

mesoporous [277] inorganic scaffolds. It is common that molecular weights of polymers 

grafted within the porous inorganic scaffolds are of higher polydispersities, even in pores 

as wide as 200 nm [278]. Only recently has it been demonstrated, that very low 

polydispersity (1.06-1.08) polymer could be grafted from a porous silica scaffold (MCM-

41) using surface-initiated ATRP [279]. However, the molecular weights of these 

polymers were relatively low (Mn< 8,000 g/mol) and when higher molecular weight 

polymers were grafted from the surface, higher polydispersities (~1.4) were obtained.       
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5.2 Polymer-Reinforced Silica Aerogels Via ATRP of Vinyl Monomers 

  Our approach was to utilize surface initiated atom transfer radical polymerization 

(SI-ATRP) from pendant initiators on the surface of wet silica gels to prepare silica 

aerogel composites (figure 5.1). Using a “grafting from” approach is advantageous over a 

“grafting to” approach due to the slow diffusion of molecules within wet silica gels, 

which diffusion of macromolecules would be expected to be even slower. In this study, 

the functional ATRP initiator was introduced during the sol-gel polymerization to modify 

the gel with ATRP initiators.  We used these modified silica gels to prepare poly(methyl 

methacrylate) (PMMA), cross-linked PMMA, silica aerogel composites. We also briefly 

explored the preparation of fluorinated methacrylate hybrid silica aerogels. 



185 
 

 

Figure 5.1 Strengthening of aerogels through a “grafting from” approach where surface-

initiated ATRP grows polymers from and attached to the surface of the silica gel. 

Supercritical drying affords the ATRP-modified aerogel composites. 

 

5.2.1 Preparation of 3-(triethoxysilyl)propyl-2-bromo-2-methylpropanoate 

     3-(Triethoxysilyl)propyl-2-bromo-2-methylpropanoate was prepared  to provide  

an ATRP initiator that is sol-gel processable. It was synthesized in two steps. In the first 

step, bromoisobutyryl bromide was esterified with allyl alcohol in 90% yield. In order to 
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copolymerize the bromoisobutyrate ATRP initiator with tetramethoxysilane (TMOS) the 

allyl 2-bromo-2-methylpropanoate was hydrosilylated with triethoxysilane catalyzed by 

Karstedt's platinum catalyst (figure 5.2). Product was isolated by distillation under 

reduced pressure (130 ⁰C, 60 mm Hg) to obtain 3-(triethoxysilyl)propyl-2-bromo-2-

methylpropanoate (clear colorless oil) in a yield of 60% and an overall yield for the two 

steps of 54%. 

   

 

Figure 5.2 Preparation of 3-(triethoxysilyl)propyl-2-bromo-2-methylpropanoate for 

surface bound ATRP initiator.  

 

5.2.2 Preparation of Silica Aerogel with Pendant ATRP Initiators 

  We have used a single step methodology to modify the surface of the silica gels 

with the ATRP initiator. This was achieved by a copolymerization of 3-

(triethoxysilyl)propyl-2-bromo-2-methylpropanoate with TMOS. The less reactive 

ethoxysilyl groups of the ATRP silane initiator and the steric effects of the organic 

functionality on the triethoxysilyl group preferentially segregate the ATRP initiators to 

the surface of the particles that make up the gels. This is similar to the preparation of 
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silica aerogels with aminated surfaces [174] and fluorinated hybrid silica [280] from the 

copolymerization of a tetraethoxysilane and an organotrialkoxysilane.  

  Copolymerizing TMOS with 2.6 mol% of 3-(triethoxysilyl)propyl-2-bromo-2-

methylpropanoate catalyzed by 1 N NH4OH (0.259 mL) allows the silica gel formation 

with sufficient coverage of the colloidal surface with the ATRP initiator (figure 5.3). 

Gelation occurred in approximately 7 minutes and gels were aged at room temperature 

for 48 h, followed by aging at 50 ⁰C for 48 h. During the elevated temperature aging, 

syneresis occurred. To process the gels for aerogel formation, they were supercritically 

dried (SCD) to obtain an ATRP initiator-modified silica aerogel (0.255 g) in a yield of 

106%. SEM images reveal an open porous network typical of silica aerogels (figure 5.4). 

These aerogels were used to determine aerogel strengths and surface area without 

polymer and to characterize the pendant ATRP initiators.   
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Figure 5.3 Copolymerization of TMOS and ATRP silane for preparation of a wet gel 

with surface bound ATRP initiator.  
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Figure 5.4 SEM image of ATRP initiator-modified silica aerogels without polymer. This 

is similar to that of a silica aerogel (chapter 2). 

 

  Presence of the initiator on the surface of the gel was confirmed by existence of 

bromine on the surface as determined by XPS. However, XPS cannot provide 

characterization of the silica aerogel surface deeper than a few nanometers. To quantify 

the amount of initiator that was incorporated into the silica aerogel, samples were 

analyzed by elemental analysis. Theoretically, ATRP-modified aerogels should contain: 

C = 2.88 wt%; Si = 43.21 wt%; Br = 3.1 wt%. However, experimentally it was found that 

the modified aerogels contained: C = 5.75 wt%; Si = 37.18 wt%; Br = 1.3 wt%. The 

higher than expected carbon content is most likely from residual alkoxy groups which 

would agree with the higher yield (110%) found from the sol-gel polymerization.  

Bromine content within the silica aerogel is directly related to the number of initiators 

that are present within the modified silica aerogel. Accounting for the difference in the 

experimental weight (0.259 g) from the theoretical weight (0.238 g) of the modified silica 
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aerogels, the bromine content is still lower than expected by 25%. This can be attributed 

to the elimination of the bromine through an E2 elimination of the bromide from the 

ATRP initiator. From the amount of bromine determined by elemental analysis, it can be 

determined that the surface coverage of the ATRP initiators on the surface was 0.08 

µmol/m2 or approximately 0.045 initiators/nm2. 

  

5.3 ATRP of PMMA from the Surface of Silica Gels 

  Once the gels had undergone syneresis, they were removed from the container and 

the methanol was slowly exchanged to toluene over a period of 48 h. Modified gels were 

then placed into a Schlenk flask along with toluene (25 mL). The Schlenk flask was 

purged with argon for 30 min.  A homogenous solution of copper catalyst and 

monomer(s) under argon were added to the Schlenk flask which contained the ATRP- 

modified gel in 20 mL of toluene under an inert atmosphere. In all of our ATRP 

polymerizations, the PMMA concentration was 0.75 M. ATRP conditions were as 

follows: the ratio of monomer to initiator to CuBr to CuBr2 to ligands (4,4’-dinonyl-

2,2’bipyridyl) was 200:1:4:0.2:8. Commonly in ATRP, the copper catalyst is at an equal 

concentration to the initiator; however, under dilute conditions it has been found that 

more CRP can be achieved with a higher CuBr concentration [281]. Under dilute 

conditions it has been found that with supplemental additions of a deactivator (CuBr2), 

polymers with lower polydispersities are formed [282].  
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  To ensure that a homogenous solution is obtained even within the gel, the solutions 

were allowed to equilibrate within the silica gel for 3 h without agitation.  The reaction 

mixtures could not be stirred or sonicated due to the fragility of the gels. Even mild 

sonication caused significant damage to the silica gels. After 3 h, the solution and gel 

were heated to 85 ⁰C under an inert atmosphere. Molecular weight of the grafted polymer 

could be controlled by varying the time the reaction was heated at 85 ⁰C. This also 

allowed for control over the density of the resulting composite and the mechanical 

properties of the composite. 

  Once the polymerization was complete, the excess monomer and catalyst were 

removed by exchanging the solvent within the gel back to pure toluene followed by 

solvent exchange over 48 h to pure methanol. The gels were then dried using supercritical 

carbon dioxide (chapter 2).  

  Visually, the resulting ATRP-modified silica aerogel composites varied from 

transparent for low density composites to white opaque for higher density composites. In 

lower density composites, a blue tint is noticed in the composite which is due to residual 

copper remaining in the silica aerogel composite (figure 5.5 center image). As the 

molecular weight of the polymer increases within the silica aerogel, the gels become 

opaque and the blue tint decreases in intensity (figure 5.5 right image).  The amount of 

copper which remained in the silica aerogel composite was determined and explained 

vide infra. 
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Figure 5.5  Images of ATRP-modified silica aerogel (left), PMMA silica aerogel 

composite with a density of 0.138 g/cm3 (center) and PMMA silica aerogel composite 

with a density of 0.350 g/cm3 (right). 

 

  Imaging the PMMA silica aerogel composite using SEM (figure 5.6 A), revealed 

the composites aggregate structure had been thickened compared to the polymer free 

ATRP initiator silica aerogel. Thickening of the aerogels aggregate structure would be 

expected from the grafted PMMA leading to a reinforcement of the weak necks in 

aerogels aggregate structure as proposed in figure 5.1. Further thickening of the silica 

aerogel aggregate structure can be achieved by simply extending the polymerization time 

(figure 5.6 B). In both SEM images of PMMA silica aerogel composites, retention of the 

silica aerogels open porous network is observed.    
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Figure 5.6 SEM images of A) PMMA silica aerogel composites with a density of 0.117 

g/cm3 show a thickening of aerogels aggregate structure. B) Further thickening can be 

achieved by extending the polymerization time, resulting in a PMMA silica aerogel 

composite with a density of 0.220 g/cm3.   

 

    Cross-linking the grafted PMMA was achieved by incorporating ethylene glycol 

dimethyacrylate cross-linker at an equal mole concentration of MMA during the 

polymerization. Supercritical drying resulted in a cross-linked PMMA composite. SEM 

images of a cross-linked PMMA composite of nearly the same density (0.227 g/cm3) as 

the PMMA silica aerogel composite (0.220 g cm3) imaged in figure 5.6 b, shows a similar 

open porous structure (figure 5.7). 
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Figure 5.7 SEM image of a cross-linked PMMA composite with a density of 0.227 

g/cm3, which the composite has a very open porous structure. 

 

    Higher density PMMA and cross-linked PMMA silica aerogel composites are 

achieved with polymerization times of over 40 h. The aggregate structure of higher 

density composites (> 0.450 g/cm3) in SEM images is difficult to visualize due to the 

high polymer concentration (figure 5.8).  
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Figure 5.8 SEM image of a cross-liked PMMA silica aerogel composite with a density of 

0.424 g/cm3. 

 

5.3.1 Content and Heterogeneity of PMMA within Silica Aerogel Composites 

  The amount of PMMA grafted from the surface of the silica gel could be controlled 

by varying the time the reaction was heated at 85 ⁰C. This also was used to control the 

molecular weight of the grafted polymer (vide infra). The time which the polymerizations 

were heated ranged from 6 h to 30 h which allowed for the incorporation of 35 wt% to 65 

wt% PMMA (figure 5.9). However, longer polymerization times (up to 40 h)  allowed 

for higher content of PMMA (85 wt%) to be achieved, but these gels were plagued with 

difficulties in isolating monolithic aerogels.     
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Figure 5.9 Thermal gravimetric analysis for weight loss determination of silica aerogel 

composites with polymerization times ranging from 6 h to 45 h.   

 

  To determine how uniform the PMMA content within in the silica aerogel 

composites was, slivers from various depths within the silica aerogel composite were 

analyzed using TGA. Analysis of PMMA silica aerogel composites with a density of 

(0.117 g/cm3) revealed that the exterior of the aerogel composite contained approximately 

4 wt% more PMMA than the interior (figure 5.10). A PMMA silica aerogel composite 

with a density of 0.233 g/cm3, showed that the exterior contained approximately 10 wt% 

more polymer than the interior. This increasing difference in PMMA content from the 

interior versus the exterior of the composites would be expected as the exterior of the gel 

is exposed to more monomer during polymerization. Additionally, as the polymerization 
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proceeds, the pores are getting smaller which would further slow the diffusion into the 

silica gel resulting in a difference of PMMA content.    

 

 

Figure 5.10 TGA analysis of various density PMMA silica aerogel composites allowing 

for the comparison of polymer content within the silica aerogel composites at various 

depths within (exterior versus interior) the composite. 

 

    Thermal gravimetric analysis of various density cross-linked PMMA silica aerogel 

composites with densities of 0.177 g/cm3 and 0.335 g/cm3 showed a similar trend as 

observed with PMMA silica aerogel composites. A cross-linked composite with a density 

of 0.177 g/cm3 had a 6 wt% difference of polymer content from the interior of the 

composite compared to the composites exterior. As the density increases, so does the 

polymer content of the interior compared to the exterior. A cross-linked PMMA silica 

aerogel composite with a density of 0.355 g/cm3 had a difference of 15 wt%. The 
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difference in polymer content arises from the slower diffusion of the monomer as the 

pores began to become filled with polymer.       

 

5.3.2 Molecular Weight of the Polymers Grafted from Silica Aerogel Surface 

  In order to remove the grafted PMMA from the surface of the silica gel, the silica 

was dissolved with hydrofluoric acid in the presence of THF. Once the composite 

dissolved, THF was removed under reduced pressure and polymer precipitated in water. 

The precipitated polymer was isolated by filtration.  This allowed for the removal and 

isolation of uncross-linked PMMA, which the molecular weights of the isolated polymer 

were determined by gel permeation chromatography (GPC).  

  Molecular weight analysis of the isolated PMMA, revealed that higher molecular 

weight PMMA is the result of longer polymerization times (figure 5.11). A 

polymerization time of 6 h resulted in a weight average molecular weight for the isolated 

PMMA of ~20,000 g/mol with a polydispersity of 1.50. As the polymerization time is 

extended to 20 h, 30 h and 40 , the isolated PMMA molecular weight (Mw) increased to 

~43,000 g/mol (PDI=1.22), ~63,000 g/mol (PDI=1.65) and ~65,000 g/mol (PDI=1.92) 

respectively. As the molecular weight increases so does the polydispersity of the grafted 

PMMA with the exception PMMA grafted from silica gels with polymerization times of 

6 h. This may be attributed to the dilute conditions, which would require longer times to 

build up a sufficient amount of deactivating species which is required to achieve a CRP. 

Additionally, as the polymerization time proceeds, a second polymer distribution appears 
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in the form of a tailing of the elution curves or a hump on the elution curves. This is 

specifically noticed for polymerization time of 20 h or longer. At the initial and early 

stages of the polymerization, a similar amount of monomer is present within the gels 

pores to the exterior. As the polymerization proceeds, the monomer is consumed and 

polymer is formed. This reduces the average pore size of the silica gel and slows 

monomer diffusion into the silica gel. This would lead to a trapping of the polymer within 

the pores of the silica gel, which the polymer cannot further grow due to depletion of 

monomer. While on the exterior of the gel an abundance of monomer is still present and 

the polymers’ molecular weights can increase further. This would cause the observed 

second molecular weight distribution and the increase in the grafted PMMA’s PDI. This 

is in good agreement with the results from the TGA. It is very common that the 

polydispersity of grafted polymers from highly porous materials is higher than those 

prepared in the absence of a substrate and typically ranges from 1.14 to 2.59, which the 

polydispersities were found to be higher with increased molecular weights [283]. 

Polydispersities of the PMMA grafted from silica gels prepared in these experiments is 

within this range and is on the lower side of this range. Molecular weight analysis 

showed that this method allows for molecular weight control over the grafted PMMA on 

the surface of the silica gel. Mechanical property analysis of these aerogel composites 

will allow for correlation of a specific PMMA molecular weight to a observed bulk 

mechanical property. 
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Figure 5.11 Retention time of PMMA isolated from ATRP-modified silica aerogels after 

various polymerization times. As retention time increases, molecular weight of the 

polymer decreases.    

 

  Initiation efficiency of the ATRP, which is the ratio of the number of polymer 

chains grafted compared to the number of initiation sites, ranged from 20-35% (table 

5.1). On convex surfaces, exceptionally high initiation efficiencies range from 60-80% 

[284]. However, grafting form concave surfaces, initiator efficiency values commonly 

range between 20-40% due to the steric restriction of the polymerization, which is similar 

to initiation efficiencies observed in our polymerizations [285].  
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Table 5.1 Molecular weight, polydispersities, and initiator efficiency values from the 

polymers grafted from the surface of the silica gels. The GPC was calibrated with well 

defined PMMA standards.  

Time (h) 
Molecular 

weight (Mw) 

Molecular 
Weight 
(Mn) 

Molecular 
weight 
(Mp) PDI 

Initiator 
Efficiency 

6 20390 13122 12941 1.55 21.4 
20 43013 34983 51992 1.22 25.3 
30 63284 37637 87038 1.68 24.6 
40 75246 42895 50645 1.82 33.0 

Control 20 h 42570 34327 50645 1.24 30.7 
 

 

5.3.3 Mechanical Property Characterization 

  To determine the mechanical properties of PMMA silica aerogel composites and 

how changes in grafted PMMA molecular weight changed the composites mechanical 

properties, the composite gels were analyzed using a three point flexural bend analysis 

according to ASTM D790 and ASTM C1684. Strengths of PMMA silica aerogel 

composites are plotted against their density in figure 5.12. The precursor polymer-free 

ATRP-modified silica aerogel (ρ = 0.092 g/cm3) had a flexural strength of 3.4 ± 0.1 x 104 

Pa, which is nearly as strong as a silica aerogel with the same density. A silica aerogel 

composite which has been reinforced with grafted PMMA that had a weight average 

molecular weight of 20,390 g/mol increased the flexural strength to 15.4 ± 0.49 x 104 Pa. 

This is approximately 5x stronger that the precursor aerogel strength, with only a 25% 

increase in the density (ρ= 0.116 g/cm3). As the molecular weight of the grafted polymer 
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increased, so did the strength. The strongest PMMA silica aerogel composite had a 

density of 0.327 g/cm3, a molecular weight (Mw) of 63,000 g/mol and a flexural strength 

of 63.5 ± 1.7 x 104 Pa. This is 18x stronger than the precursor silica aerogel. This is the 

first example that correlates a mechanical property to the molecular weight of a polymer, 

which reinforced the silica aerogel. It is believed that the strength improvement is from 

polymer entanglements which increase as the molecular weight of the polymer increases 

and an increase in the density. Polymer entanglements would increase the amount of 

connectivity between particles that make up the aggregate structure, thus explaining the 

observed strength increases. It should be noted that composites (ρ ≤ 0.34 g/cm3) with 

higher PMMA molecular weights could be prepared, however; these composites suffer 

from significant problems during SCD, which they no longer retain the monolithic gel 

shape.   
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Figure 5.12 Flexural strength analysis of PMMA silica aerogel composites (diamond 

blue line) and polymer free silica aerogels (black triangle line). The strength of the 

PMMA composites are higher than what can be attributed to strength increases from 

density. 

 

  An increase in the connectivity between particles could be achieved by 

incorporating a cross-linker into the polymerization. Cross-linking of the grafted PMMA 

could be achieved by simply incorporating a ethylene glycol dimethacrylate cross-linker 

at an equal concentration of MMA (50:50 mol%) in the polymerization. Densities of the 

composites were controlled by varying the polymerization time, which the densities for 

the composites prepared, ranged from 0.148-0.415 g/cm3. Composites prepared with 

higher densities (ρ ≤ 0.34 g/cm3) could be isolated, unlike PMMA silica aerogel 

composites. In all composites prepared by cross-linking the grafted PMMA, the strengths 
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were higher than the PMMA silica aerogel composites with similar densities (figure 

5.13). A cross-linked PMMA silica aerogel composite with a density of 0.148 g/cm3 had 

a flexural strength of 28.9 ± 0.5 x 104 Pa, which is 44% stronger than a PMMA silica 

aerogel composite with a similar density. As the density of the cross-linked PMMA 

composites increased, the strength difference from the PMMA silica aerogel composites 

increased further. The strongest cross-linked PMMA composite had a density of 0.415 

g/cm3 and a flexural strength of 240.1 ± 3.0 x 104 Pa, which is significantly stronger 

(100x) than precursor ATRP-modified silica aerogels. Strengths of polymer free silica 

aerogels increase linearly as the density of the composites increase and extrapolating this 

data to higher densities, a polymer free silica aerogel with a density of 0.415 g/cm3, 

would theoretically have flexural strength of 37.2 x 104 Pa. Theoretically, a cross-linked 

PMMA composite with a density of 0.415 g/cm3 would be 7x stronger. The observed 

strength for the cross-linked PMMA silica aerogel composites confirms our hypothesis, 

that cross-linking the grafted PMMA would further increase the amount of particle 

connectivity, thus increasing the composite mechanical prosperities beyond what’s 

possible from mass addition.   
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Figure 5.13   Flexural strength analysis of cross-linked PMMA silica aerogel composites 

(circle red line), PMMA silica aerogel composites (diamond blue line) and polymer free 

silica aerogels (black triangle line). Cross-linked PMMA silica aerogel composites are 

substantially stronger than either PMMA silica aerogel composites or polymer free silica 

aerogels. 

 

5.3.4 Surface Area and Pore Size Characterization 

  Surface areas and average pore diameters of the silica aerogel composites were 

determined by nitrogen gas sorption porosimetry at 77 K. Grafting of PMMA (figure 

5.14) and cross-linked PMMA (figure 5.15) resulted in a gradual decrease in the volume 

of nitrogen adsorbed as the density of the composites increase. Volume of adsorbed gas 

decreases due to the expected filling of the pores within the ATRP-modified silica 

aerogels. This filling of the pores within the ATRP-modified silica aerogels is observed 
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from the pore size distribution analysis, the average pore size shifts higher as the 

composites (PMMA and cross-linked PMMA) density increase.  

 

Figure 5.14 Nitrogen adsorption-desorption isotherms PMMA silica aerogel composites 

(0 h, blue; 6 h, black; 20 h, red; 30 h, green). The volume of gas adsorbed decreases as 

the density of the composites increases.  
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Figure 5.15 Nitrogen adsorption-desorption isotherms for cross-linked PMMA silica 

aerogel composites (0 h, blue; 6 h, black; 20 h, red). The volume of gas adsorbed 

decreases as the density of the composites increases. 

 

  Filling of the pores within the ATRP-modified silica aerogel causes a shift in the 

average pore size and attenuates the surface area of both PMMA and cross-linked PMMA 

composites. The surface area of a polymer free ATRP-modified silica aerogel was 1483 

m2/g. As PMMA or cross-linked PMMA is grafted from the surface of the silica aerogel, 

the surface areas are reduced and are directly dependant on the density of the composite. 

The largest reduction (75%) in the surface area (330 m2/g) was for a cross-linked 
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composite which had the highest density (0.415 g/cm3) of any composite prepared. The 

surface area results as well as the other porosity analyses of the PMMA and Cross-linked 

PMMA composites are summarized in table 5.2.  

 

Table 5.2 Pore sizes, total pore volume and surface areas of the A) PMMA and B) cross-

linked PMMA-silica aerogel composites.  

A) 

Density (g/cm3) Surface Area (m2/g) Pore Dia. (Å) 

Pore Volume for 
pores smaller than 

400nm (cm3/g) 
0.085 1483 114 9.76 
0.110 403 236 5.83 
0.162 301 328 3.47 
0.236 221 270 0.96 

 

B) 

Density (g/cm3) Surface Area (m2/g) Pore Dia. (Å) 

Pore Volume for 
pores smaller than 

400 nm (cm3/g) 
0.085 1483 114 9.76 
0.170 739 175 5.52 
0.375 330 207 0.88 

 

 

5.3.5 Copper Concentration within Silica Aerogel Composites after SCD.  

  To determine the amount of copper that remained within the silica aerogel polymer 

composites after SCD, the copper was removed and analyzed using atomic absorption 
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spectroscopy. To extract out the copper from the silica aerogel composites, the 

composites were ground into a fine powder using a mortar and pestle and the powder 

added to a solution of HF:HCl (10:90 v:v) and heated to 50 ⁰C for 48 h. The remaining 

solids were removed by filtration and the acidic solution taken to dryness in a Teflon™ 

beaker. The solids in the Teflon™ beaker were dissolved with an aqueous solution 

containing HCl (5 vol%) and diluted to a known volume (200 mL). 

  Copper extractions of silica aerogel/PMMA composites revealed that copper was 

still present and the amount of copper which remained within the composite, increased as 

the molecular weight of the polymer grafted from the surface increased (table 5.3). The 

highest amount of copper within the silica aerogel composite was found to be 

approximately 1500 ppm (µg/g), which is approximately 1 mg of copper remaining 

within the silica aerogel/PMMA composite after SCD. This amount would represent 

1.75% of the total copper used during ATRP polymerizations. Combination of the solvent 

exchanges into methanol (required for SCD with carbon dioxide) combined with the 

methanol exchange for CO2 removed much of the copper within the aerogel composites. 

Copper extracted from the aerogel composites during CO2 exchange can visually be seen 

in the autoclave.  

  Using the same extraction process and copper analysis it was found that less copper 

remains within silica aerogels which have been reinforced by cross-linked PMMA. The 

decreased copper within cross-linked composites is most likely due to retention of pores 
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within the composites as determined from nitrogen gas sorption porosimetry, allowing for 

more copper to leach out of the composite before SCD.  

 

Table 5.3 Summary of the amount of copper which remained within the silica aerogel 

composites after SCD. 

Sample ID 
Density 
(g/cm3) 

Molecular 
Weight (Mw) 

PPM (µg/g) Cu in 
Aerogel Comp. 

PMMA/Silica Aerogel Comp. 0.110 20,390 1334.55 
PMMA/Silica Aerogel Comp. 0.181 43,013 1525.81 
PMMA/Silica Aerogel Comp. 0.254 63,284 1533.88 
Cross-linked Aerogel Comp. 0.177 N/A 905.060 
Cross-linked Aerogel Comp. 0.336 N/A 1183.54 
Cross-linked Aerogel Comp. 0.415 N/A 1474.91 

 

 

5.3.6 Other Composites Prepared 

  Using the above polymerization conditions, polymerization of 2,2,2-trifluoroethyl 

acrylate showed our methods versatility to prepare silica aerogel composites and the 

ability to prepare tailored surface properties. Grafting 2,2,2-trifluoroethyl acrylate from 

the surface of silica gels resulted in hydrophobic reinforced silica aerogel composites, 

which can float on the surface of water for months without any structural failure (figure 

5.16). The fluorinated composites density ranged from 0.110-0.125 g/cm3, which the 

strength (9.3 ± 0.2 x 104-10.8 ± 0.1 x 104 Pa) of the composites increased with increased 

densities. The improvements in the mechanical properties were not as significant as 

observed for silica aerogel reinforced with PMMA at the same density. This may be due 
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to the interaction of the polymer with the surface of the silica aerogel.  These systems 

were less characterized and only used to quickly demonstrate the versatility of this 

approach to prepare silica aerogel composites.     

 

 

Figure 5.16 Fluorinated acrylate-silica aerogel composite, which float on water without 

structural failure due to the tailored (hydrophobic) surface properties of the composite. 

 

5.4 Conclusions 

  We described a new approach which for the first time allows for well defined 

polymer to be grafted from the surface of a silica aerogel. Utilizing ATRP, well defined 

PMMA polymers with polydispersities ranging from 1.22 to 1.68. After drying the 

composites using supercritical carbon dioxide, PMMA silica aerogel composites were 

obtained. Flexural strength analysis of these composites showed a dependency of the 

molecular weight of the polymer which was grafted from the silica gels surface. This is 
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the first time that a flexural strength of a silica aerogel composite can be related to a 

molecular weight of the polymer which was used to reinforce the aerogel. The strongest 

PMMA silica aerogel composite showed an 18x improvement in flexural strength the 

precursor silica aerogel. Further strength improvements were achieved by cross-linking 

the grafted PMMA. The cross-linked composites were stronger than PMMA silica 

aerogel composites at all densities, which the strongest composite prepared is 

approximately 100x stronger than the precursor silica aerogel.    

  Although we only have briefly explored this methodology to prepare silica aerogel 

composites, this method should provide a versatile approach to prepare a plethora of 

silica aerogel composites with tailored properties.  

 

5.5 Experimental Section 

  Below are the experimental procedures details used in the above experiments.  

 

Materials:  

  Tetramethoxysilane (98%), anhydrous methanol (99.5%) toluene (99%), copper (I) 

bromide, copper (II) bromide, 4,4’-dinonyl-2,2’-dipyridyl (97%), allyl alcohol (98.5%), 

α-bromoisobutyryl bromide (98%) and aluminum oxide were obtained from Sigma-

Aldrich Chemical Company. Methyl methacrylate (99%) and ethylene glycol 

dimethyacrylate (98%) were purchased from Polysciences, Inc. and filtered through 
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alumina to remove inhibitors prior to polymerizations.  Ammonium hydroxide (1 N) was 

used as received from VWR.  Platinum-divinyl tetramethyl-disiloxane in xylene (~2 wt% 

Pt) was purchased from Gelest Inc.  

 

Synthesis of Allyl 2-Bromoisobutyrate [286]: 

   To a 500 mL three-neck, round bottom flask equipped with a magnetic stir bar, 

condenser, equalizing addition funnel and a glass stopper THF (100 mL), allyl alcohol 

(15.78 g, 0.2721 mol) and triethylamine (27.51 g, 0.2713 mol) were added. The round 

bottom was fitted with a condenser, equalizing addition funnel and a glass stopper.  After 

cooling the solution to 0 °C in an ice bath, α-bromoisobutyryl bromide (50.00 g, 0.2209 

mol) in THF (50 mL) was added drop-wise from an addition funnel over a 30 minute 

period with an immediate formation of a white precipitate. The mixture was stirred 

overnight which the temperature was slowly warmed to room temperature. The reaction 

was worked up by the addition of diethyl ether (200 mL) followed by deionized water 

(200 mL). The aqueous layer was removed and the organic layer was washed with 

deionized water (2x, 200 mL), followed by wash with saturated sodium bicarbonate (2x, 

200 mL) and finally deionized water (100 mL). The ether solution was concentrated in 

vacuo. Product was isolated by distillation (60 °C, 500 mmHg) to obtain allyl 2-bromo-2-

methylpropanoate, a colorless oil (40.29 g, 0.1912 mol, yield = 89%). 1H NMR (500 

MHz, CDCl3) δ 5.85 (m, J = 9, 1 H) δ 5.2 (quartet of d, J = 31, 2 H), δ 4.6 (dd, J = 9, 2 

H), δ 1.85 (s, 6 H); 13C NMR (125 MHz, CDCl3) δ 170.93, 131.28, 118.24 66.06, 55.42, 
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30.57; MS: LRMS (EI); 207.01, 192.96,148. 96, 127.06, 120.94, 109.06, 99.07, 81.07, 

70.03, 41.02. 

 

Synthesis of 3-(triethoxysilyl)propyl-2-bromo-2-methylpropanoate: 

   To allyl 2-bromoisobutyrate (10.00 g, 0.04802 mol) in a 25 mL round bottom flask 

triethoxysilane (9.520 g, 0.05791 mol), platinum-divinyl tetramethyl-disiloxane (200 μL) 

and a stir bar were added. The round bottom flask was fitted with a condenser that was 

fitted with a drying tube and placed into an oil bath at 80 °C. The solution bubbled for 1 

minute upon heating and was left at that temperature for 12 h, at which point it had turned 

a dark brown color similar to tea. The reaction was worked up by distillation (130 °C, 60 

mmHg) to obtain 3-(triethoxysilyl)propyl-2-bromo-2-methylpropanoate (10.56 g, 

0.02803 mol, yield = 60%).  1H NMR (500 MHz, CDCl3) δ 4.1 (t, J = 8.5, 2 H) δ 3.8 (q, 

J = 19.5, 6 H ) δ 1.9 (s, 6 H), δ 1.65 (m, J = 10.5, 2 H),   δ 1.2 (t, J = 6, 9 H), δ 0.65 (t, J 

= 8.5, 2 H); 13C NMR (125 MHz, CDCl3) δ 171.47, 67.87, 58.35, 55.87, 30.75, 22.02 

18.23, 6.42; MS: LRMS (EI) 373.12, 371.23, 339.47, 265.42, 221.83, 167.35, 123.52, 

69.56, 41.39. 

 

Gels with Surface-Modified ATRP Initiators:  

  A solution containing tetramethoxysilane (TMOS, 0.5500 g, 3.600 mmol) and 3-

(triethoxysilyl)propyl-2-bromo-2-methylpropanoate (0.03560 g, 0.0960 mmol) diluted to 
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1.8 mL with anhydrous methanol and mixed for one minute with a second solution 

containing aqueous 1 N ammonium hydroxide (NH4OH, 0.2590 mL, 0.7200 mmol) 

which was diluted to 1.8 mL with anhydrous methanol in a poly(propylene) container (4 

mL) at room temperature. The final volume was 3.6 mL.  Gelation occurred within ~7 

minutes. Gels were aged at room temperature for 48 h followed by 48 h at 50 °C. Once 

removed from the poly(propylene) container, the methanol was slowly exchanged with 

toluene over 48 h for ATRP. If processed for silica aerogel formation, gels were dried 

using the standard procedure for supercritical carbon dioxide drying (chapter 2) affording 

a ATRP initiator-modified silica aerogel (0.255 ± 0.004 g, yield 110%). IR (KBr) 3498, 

2961, 2857, 1750, 1625, 1435, 1089, 831, 608 cm-1. 

  

ATRP Polymerizations: 

   Initiator-modified gels were placed into a Schlenk flask along with toluene (20 

mL). The Schlenk vial was sealed and purged with argon for 30 minutes.  In a separate 

vial the monomer was deoxygenated by bubbling argon for 30 minutes.  A third vial 

containing CuBr (0.05700 g, 0.4012 mmol), CuBr2 (0.004002 g, 0.02012 mmol) and 4,4’- 

dinonyl-2,2’-dipyridyl (0.3271 g, 8.021 mmol) was evacuated and back-filled with argon 

(3x, 10 minutes). Then the deoxygenated monomer (0.01871 mol) was transferred into 

the vial containing the copper catalyst and ligands via syringe.  Mixtures were sonicated 

at room temperature until a homogeneous red solution formed.  Then the red solution was 

transferred into the schlenk flask under argon containing the gel in toluene via syringe. 
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Solutions were allowed to equilibrate for 3 h, after which the Schlenk flask was placed 

into a thermostated oil bath at 85 °C. The time left in the oil bath depended upon the 

composite density desired. The density of the polymer composites can be controlled by 

varying the polymerization times. After a specific reaction time, the composite silica 

aerogels were removed from the vial and the toluene solution was slowly exchanged for 

methanol, which is needed for SCCD. Polymer composites were dried using SCCD. 

(Polymer free ATRP-modified silica aerogel 0.258 ± 0.003, yield = 109%; 6 h 

polymerization composite 0.328 ±0.003 g; 20 h polymerization 0.728 ± 0.03 g). IR (KBr) 

3488, 2963, 2857, 1734, 1608, 1515, 1463, 1412, 1090, 826, 653, 608 cm-1.  

  To prepare cross-linked PMMA silica aerogel composites, the same experimental 

procedure for PMMA silica aerogel composite formation was used with the exception of 

the addition of ethylene glycol dimethacrylate cross-linker (1.840 g, 9.301 mmol) at an 

equal molar concentration of the methyl methacrylate (0.9400 g, 9.290 mmol) in the 

polymerization. (6 h polymerization composite 0.420 ±0.02 g; 20 h polymerization 0.965 

± 0.03 g). IR (KBr) 3501, 2995, 2954, 2854, 1750, 1451, 1090, 831, 556 cm-1. 

 

Instrumentation:  

  Molecular weight of the PMMA grafted from the surface of silica aerogel was 

determined by size exclusion chromatography (SEC) performed in a tetrahydrofuran 

(THF) mobile phase with a Waters 1515 isocratic pump running three 5-m PLgel 

columns (Polymer Labs, pore sizes 104, 103, and 102 Å) at a flow rate of 1 mL/min. with 
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a Waters 2414 differential refractometer and a Waters 2487 dual-wavelength UV–vis 

spectrometer. Molar masses were calculated using the Empower software (Waters), 

calibrating against lowpolydispersity linear poly(methymethacrylate) standards. 

Mechanical property measurements were determined using a three-point flexural 

compression test with an Instron 5540 series single column testing system with a 100 N 

load cell set with a 0.04 inch/min-1 crosshead speed. For each data point, 3 samples were 

prepared.   Structural characterization was determined by 1H and 13C Nuclear Magnetic 

Resonance (NMR) spectroscopy with a Bruker DRX-500 spectrometer (500 MHz; 

CDCl3), and compound purity were accessed using a HP 5988A Gas 

Chromatograph/Mass Spectroscopy (GC/MS). Samples for SEM were sputter-coated 

with platinum and microscopy was conducted with a Hitachi S-4800 field-emission 

microscope. Copper determination was conducted on a Perkin Elmer Atomic Absorption 

analyzer, using an absorption wavelength of 324.8 nm. Surface area and pore sizes were 

determined by nitrogen adsorption porosimetry of one representative sample. Samples 

were degassed at 30⁰C for 24 h under vacuum and analyzed with an Autosorb-1 

porosimeter (Quantachrome Instruments) at 77 K.    
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CHAPTER SIX  

POLYANILINE-SILICA AEROGEL COMPOSITES WITH IMPROVED 

MECHANICAL PROPERTIES AND SENSOR APPLICATIONS 

 

6.1 Introduction 

  An alternative approach for strengthening silica aerogels is to incorporate long load 

bearing fibers into the silica gels matrix. This has been used successfully with the 

incorporation of poly(propylene) fibers [152], carbon nanotubes (conductivity not 

measured) [287] among a number of other fibers [288]. Reinforcement of silica aerogels 

by fibers and other before mentioned approaches (chapter 2) did extend the use of silica 

aerogels to applications not previously possible. However, the reinforcing material did 

not add a further functionality other than making it strong, which silica aerogels as high 

surface area scaffolds have been used in sensor [289] and catalyst [290] applications. 

These particular applications utilize the inert silica aerogel as a high surface area scaffold 

that offers very high loadings per unit volume of an active material (catalyst or sensor). 

Not only do silica aerogels allow for higher loadings of the active material, but it also 

ensures interaction with the active material on surface due to the Knudsen effect.  

   Here we taken an alternative approach to prepare fiber-reinforced aerogels that can 

also be used as chemiresistor sensors. We have prepared composite aerogels by 

incorporating polyaniline nanofibers into silica aerogels that are electrically conducting, 
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acid/base sensing and substantially stronger than fiber free silica aerogels of the same 

density.   

 

6.2 Polyaniline  

  Since the discovery that polyacetylene could become electrically conductive 

through p- or n-chemical doping [291], the field of conducting polymers has rapidly 

expanded [292]. A particularly interesting conjugated polymer is polyaniline which was 

initially discovered in 1910 [293] and heavily investigated in the 1980’s [294].  Unlike 

other conjugated electrically conducting polymers, polyaniline has rapid and reversible 

doping (conductive)/dedoping (insulating) properties under acidic and basic conditions 

respectively. This doping and dedoping of polyaniline allows for control over the 

conductivity [295] and optical properties [296]. Under acidic conditions, using HCl as an 

acid dopant, polyaniline can have conductivities up to 1 S/cm, which is 10 orders of 

magnitude higher than its dedoped insulating state (σ > 1 x 10-10 S/cm) after exposure to a 

base such as ammonium hydroxide [297].   

  Polyaniline is commonly prepared by a chemical oxidation polymerization using 

ammonium peroxydisulfate in dilute acid solutions (1 M HCl) with vigorous stirring 

(scheme 6.1) [298]. Polyaniline can also be prepared by electrochemical polymerization 

typically yielding a thin film at the anode [299]. Electrochemical polymerization of 

aniline yields low quantities in comparison to that of the chemical oxidation 

polymerization that is used in bulk synthesis of polyaniline.    
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Scheme 6.1 Common synthetic method for the preparation of polyaniline. 

 

 

  Polyaniline prepared via the chemical oxidation polymerization has been used in a 

number of applications ranging from anti-corrosion coatings [300], batteries [301], 

antistatic coatings [302] and sensors [303]. Of particular interest is polyaniline’s use in 

sensors which offers rapid detection with its drastic difference in conductivity based on 

its chemical doping and dedoping (acidic and basic conditions). 

 

6.2.1 Polyaniline Nanofibers 

  Common morphologies achieved during the chemical oxidation polymerization, 

where the oxidant is added slowly to a vigorously stirring aniline solution, are aggregates 

of polyaniline fibers (figure 6.1) [304]. Aggregates observed in traditional syntheses to 
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polyaniline have been attributed to heterogeneous nucleation [305]. During classical 

chemical oxidation polymerization of aniline, initial stages of the polymerization yield 

polyaniline nanofibers. As more oxidant is added to the aniline solution, the aniline 

polymerization proceeds, which can nucleate out heterogeneously on the already present 

polyaniline fibers or form new fibers. As this process proceeds, heterogeneous nucleation 

cannot be avoided and aggregates of polyaniline nanofibers are formed.  If heterogeneous 

nucleation could be suppressed, the oxidation polymerization of aniline should result in 

only a fibular morphology.  

 

 

Figure 6.1 Using traditional chemical oxidation polymerization for the preparation of 

polyaniline, aggregates of polyaniline nanofibers were the predominating morphology.  

 

  To prepare polyaniline nanofibers and avoid the heterogeneous nucleation, which 

causes the aggregation, a number of methods such as “hard” templates [306], surfactants 

[307], electrospinning [308] and coagulation media [309] have been used. These methods 
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differ significantly from the classical chemical oxidation polymerization and add a 

significant complexity, combined with lower yields, making these approaches less 

attractive. Polyaniline nanofibers can be obtained though the termination of the chemical 

oxidation polymerization prior to heterogeneous nucleation [310], but this would result in 

very low quantities of polyaniline nanofibers compared to classical chemical oxidation 

polymerizations of aniline. To suppress heterogeneous nucleation throughout the entire 

chemical oxidation polymerization and increase the yields of the isolated nanofiber a 

number of approaches were explored. Initially, minimization of the heterogeneous 

nucleation was achieved by separating the oxidant and aniline in an organic/aqueous 

biphasic static system, where the chemical oxidation polymerization could occur at the 

interface of the two solutions [311]. When a polymer reaches high enough molecular 

weight it phase separates and move into the aqueous phase away from monomer which  

and will not nucleate branches. During this process the entire reaction is never stirred. 

This resulted in high aspect ratio polyaniline nanofibers without the use of structure 

directing additives. This method was later further developed to ensure rapid consumption 

of the reactants during the chemical oxidation polymerization in a homogenous aqueous 

solution containing both oxidant and aniline to yield polyaniline nanofibers (figure 6.2) 

in yields similar to classical polyaniline synthesis [312]. With rapid consumption and 

polymerization of aniline, supersaturation is quickly reached and continues to increase 

until the activation energy is so low that rapid homogenous nucleation occurs preventing 

most, if not all, of the heterogeneous nucleation as expected from classical nucleation 

theory [313]. This is very similar to the formation of silica spheres under the Stöber 
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method [340]. Additionally, polyaniline prepared by the classical chemical oxidation 

polymerization forms agglomerates that rapidly sediment out of solution making 

processing a challenge. However, polyaniline nanofibers disperse well forming colloidal 

dispersions that allows them to be easily and cheaply solution processed [314].   

 

 

Figure 6.2  Polyaniline nanofibers prepared from rapid consumption procedure. 

 

  Chemical sensors, which offer rapid and sensitive detection, are of significant 

importance to environmental protection and homeland security [315]. Polyaniline when 

used as a chemical sensor is advantageous with its significant change in conductivity 

which is directly dependant on its doping/dedoping chemistry. Polyaniline nanofiber 

films have been used in the detection of acidic and basic atmospheres [316], hydrazine 

[317], hydrogen sulfide [318] and hydrogen [319]. Comparing polyaniline prepared by 

classical chemical oxidation polymerization and polyaniline nanofiber thin films response 

to HCl vapor, the polyaniline nanofibers respond significantly faster (figure 6.3) [320]. 
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This is attributed to an increase in the surface area of the thin films prepared from 

polyaniline nanofibers. The surface area of classical polyaniline solution cast into a film 

is basically the area (length x width) of the film which it is cast. However, with 

polyaniline nanofibers, the surface area is based on the diameter of the fiber, which the 

surface areas significantly increase with smaller diameters. Typically, the diameter for 

polyaniline nanofibers is approximately 30 nm. Experimentally the surface area of a 

conventional polyaniline film is approximately 0.2 m2/g and a polyaniline nanofiber film 

is 50 m2/g [321].  This increase in the surface area observed with polyaniline nanofibers, 

exposes more of the polyaniline surface per unit mass to the gas that is being detected, 

thus allowing for quicker response times. 

 

 

Figure 6.3 Response of polyaniline nanofibers (―) is significantly faster than 

conventional polyaniline (----) to HCl vapors. Reproduced with permission from [32].  
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6.3 Proposed Preparation of Polyaniline-Silica Aerogel Composites  

  It was hypothesized that silica aerogels could also be reinforced from the addition 

of polyaniline nanofibers with background knowledge of fiber-reinforced silica aerogels. 

Addition of polyaniline nanofibers would not only enhance the mechanical properties, but 

extend the use of the silica aerogel composite to sensor applications utilizing polyaniline 

doping dependant conductivity.  

  To prepare the proposed polyaniline-silica aerogel composites, the below scheme 

was used (scheme 6.2).   

 

 

Scheme 6.2 Proposed preparation of the polyaniline nanofiber-silica aerogel composites.   

   

6.3.1 Polyaniline Nanofiber Preparation 

  To synthesize polyaniline nanofibers, ammonium peroxysulfate in 1 N HCl was 

rapidly combined with aniline (3.2 mmol) in 1 N HCl and mixed for 30 seconds. Upon 

mixing the two aqueous solutions, a homogenous solution is obtained that is clear and 

colorless. After 2-3 minutes, the solution begins to turn to a transparent blue color, which 

Polyaniline nanofiber 
suspension 

Silica Sol 
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intensifies over time to a deeply colored green solution (figure 6.4). The polymerization 

is left static for 12 h.    

 

 

Figure 6.4 As the polymerization proceeds during the chemical oxidation polymerization 

of aniline, the solution intensifies in blue color which over the course of the 

polymerization the color becomes dark green. 

 

    Polyaniline nanofibers were isolated by centrifugation at 4000 rpm (25 °C). The 

aqueous solution was decanted off of the PA nanofibers, which was then redispersed in 

deionized water by sonication for 15 minutes. This process was completed 4x more. The 

polyaniline nanofibers were left in deionized water until further use. 

   

6.3.2 Characterization of Polyaniline Nanofibers 

  To confirm that the chemical oxidation polymerization produced polyaniline 

nanofibers, the samples were imaged using scanning electron microscopy (SEM) and 
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transmission electron microscopy (TEM) (figure 6.5). From these images, high aspect 

ratio fibers were confirmed to have formed from the rapid mixing chemical oxidation 

polymerization. The average diameter of the fibers is approximately 40 nm, with the 

length varying from a few hundred nanometers to microns. The molecular weight of the 

polyaniline that makes up the nanofibers was determined by gel permeation 

chromatography (GPC) with dimethylformaide (DMF) as the mobile phase and found to 

have a weight average molecular weight  = 15,200 with a polydispersity of 1.24, which is 

similar to results previously reported in literature [322].  

 

 

Figure 6.5  A) SEM and B) TEM images of polyaniline nanofibers obtained from 

chemical oxidation  polymerization. Fibers are individual and have high aspect ratios. 
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6.3.3 Preparation of Polyaniline-Silica Aerogel Composites 

  To prepare polyaniline-silica aerogel composites, a polyaniline nanofiber aqueous 

suspension was added to a sol just prior to gelation (figure 6.6). The sol was formed by a 

sol-gel polymerization of tetramethoxysilane (TMOS; 1 M) catalyzed by ammonium 

hydroxide (NH4OH) in 4 equivalents of water. The sol was allowed to become viscous 

(12 minutes after sol-gel polymerization was initiated) before the polyaniline nanofibers 

were introduced. Once the polyaniline nanofiber solution was combined with the sol, 

gelation occurred within 1 minute. If the polyaniline aqueous dispersion was not added, 

the sol gelled in approximately 20 minutes. If polyaniline was used as the catalyst for the 

sol-gel polymerization of TMOS, gelation occurred within 2 months.  

 

 

Figure 6.6 The polyaniline-silica aerogel composites were prepared by mixing a 

preformed polyaniline nanofiber solution with a preformed sol just prior to gelation. 

Once combined, the sol gelled within 1 minute of mixing.  

 

Pre‐formed PA 
Nanofibers 

Pre‐formed 
Sol 

PA Nanofiber 
Silica Gel 



228 
 

  Gels were aged at room temperature for 48 h followed by aging at 50 ⁰C for 48 h. 

During this time no apparent physical change occurred to the silica gel composites. Once 

aged, the gels were supercritical dried with liquid CO2 (chapter 2). During the CO2 

exchange, there was no visible leach out of polyaniline nanofibers. Supercritical drying 

resulted in a deep black/purple polyaniline-silica aerogel composite (figure 6.7).  

 

Figure 6.7 The polyaniline-silica aerogel composite is deeply colored and opaque 

compared to the transparent silica aerogel. 

 

    Concentration of polyaniline nanofibers to be incorporated into the silica aerogel 

was controlled by the concentration of the polyaniline nanofibers in the aqueous 

suspension. The suspension concentration of the preformed polyaniline nanofibers ranged 

from 27 to 183 mg/mL, which allowed for the addition of 7-45 mg of polyaniline 

nanofibers into the silica aerogel. 

  To ensure that the expected polyaniline nanofiber concentrations were retained 

within the silica aerogel and not extracted out during the aging or supercritical drying of 
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the gel, polyaniline-silica aerogel composites were analyzed using thermal gravimetric 

analysis (TGA) (figure 6.8). From this analysis, it was determined that very little, if any 

of the polyaniline nanofibers were extracted from the silica aerogel composite. This is 

consistent with other approaches for the incorporation of a number of particles into silica 

aerogels [323].  For example, a polyaniline-silica aerogel composite prepared from a 

polyaniline nanofiber suspension of 110 mg/mL, should theoretically contain 28 mg of 

polyaniline nanofibers or 9.6 wt%. From the TGA analysis it was experimentally 

determined that the composite contained approximately 10.4 wt% polyaniline nanofibers. 

The higher than expected value is attributed to un-hydrolyzed alkoxy groups within the 

silica matrix. The polyaniline nanofiber-silica aerogel composites were found to have 

degrees of condensation of 89% as determined from CP-MAS 29Si NMR. This would 

suggest that the higher than expected organic loading in the silica aerogel composite is 

most likely from residual alkoxides and silanols. 
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Figure 6.8 TGA curves for polyaniline-silica aerogel composites of various polyaniline 

nanofiber loadings.   

 

6.3.4 Polyaniline-Silica Aerogel Composites Nanostructure 

    To determine the effect on the composite aerogels morphology from the addition of 

the polyaniline nanofibers, the composites were imaged using electron microscopy. SEM 

images indicate that high aspect ratio fibers are present within the silica aerogel (figure 

6.9). In comparison to that of a nanofiber free silica aerogel, it is apparent that the 

polyaniline nanofiber-silica aerogel composite has a fibular morphology and a more open 

porous network. This would suggest that the nanofibers are directing the growth of the 

silica network during the sol-gel polymerization.    
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Figure 6.9  SEM images of the A) Polyaniline nanofibers-silica aerogel composites have 

a fibular like structure in comparison to that of a B) nanofiber free silica aerogel. 

  

  To ensure that the fibular morphology of the polyaniline-silica aerogel composites 

still contained polyaniline nanofibers and not just a directed growth silica aerogel the 

composites were imaged with TEM (figure 6.10). From the TEM images, polyaniline 

nanofibers are visible as they have a very smooth outer surface in comparison to silica 

which is rough from the aggregate that makes up the silica aerogel network.   
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Figure 6.10 Polyaniline nanofibers were intact and still fibular after being aged and 

supercritically dried.  

 

6.3.5 Surface Area Characterization of Polyaniline-Silica Aerogel Composites  

  The surface area of the polyaniline-silica aerogel composites and average pore of 

the size within the composite were determined by nitrogen gas sorption porosimetry at 77 

K. The surface area of a polymer free silica aerogel with a density of 0.075 g/cm3 was 

determined to be near 1330 m2/g. Addition of the polyaniline nanofibers did not 

significantly decrease the surface area of the composite, which for a composite density of 

0.073 g/cm3 the surface area is approximately 1000 m2/g. Increasing the polyaniline 

nanofiber concentration within the silica aerogel composite decreases the surface area, 

which for the most dense composite prepared (0.082 g/cm3), the surface area was found 

to be 927 m2/g (figure 6.11).  
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Figure 6.11 Surface area of the polyaniline composites decreased from the addition of 

polyaniline nanofibers.  

 

  Surface areas of the polyaniline nanofiber composites did not significantly decrease 

as observed from the addition of polymer or cross-linked polymer to reinforce silica 

aerogels. Micropores within those materials fill completely with polymer, thus a shift in 

the average pore size of the material is observed. Average pore sizes within the 

polyaniline-silica aerogel composite were found to be the same (100 Å) regardless of the 

amount of polyaniline added (figure 6.12). Retention of the micropores within the 

material and the small diameter of the polyaniline nanofibers would explain the high 

surface areas observed.    
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Figure 6.12 Average pore size for polyaniline-silica aerogel composites with densities of 

A) 0.073 g/cm3 and B) 0.82 g/cm3 were found to be the same.  

   

6.3.6 Mechanical Property Characterization of Polyaniline-Silica Aerogel Composites 

  To determine the effect of the polyaniline nanofiber addition to the silica aerogel, 

the composites were tested using a three-point flexural compression test according to 

ASTM D790 and ASTM C1684. Gels were bent with a crosshead speed of 0.04 in. min-1. 

Mechanical properties for the various density polyaniline nanofiber-silica aerogel 

composites are plotted against their density in figure 6.13. From the results it can be seen 

that the strength of the polyaniline nanofiber-silica aerogel composites increases linearly 

with the density, up to a density of 0.074 g/cm3. Comparing this to the strength of a 

polymer free silica aerogel with the same density the strength improved 2x. The strength 

improvement is not from a density increase in the composite, but an actual strength 
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improvement made to the material. Interestingly, further addition of polyaniline 

nanofibers into the silica aerogel (ρ ≥ 0.075 g/cm3), actually decreases the composites 

flexural strength. It is expected that the polyaniline is limiting the growth of the silica 

network. 

 

Figure 6.13 Strength of the polyaniline-silica aerogel composites (blue triangle line) 

improved up to a density 0.074 g/cm3. At higher densities the polyaniline nanofibers 

prevent further growth of the silica network and decrease the mechanical properties. Red 

line strength of silica aerogels.   

 

    To demonstrate their improved mechanical properties, calibration weights were 

placed on to two polyaniline-silica aerogel composites whose combined weight is 0.235 g 

until catastrophic failure was achieved (2 Kg). It was found that the polyaniline-silica 
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aerogel composites can hold approximately 8500x their own weight (figure 6.14). This is 

higher than what is commonly found with silica aerogel (0.090 g/cm3), which they can 

commonly hold 5000-6500 times their own weight. 

 

Figure 6.14 Two polyaniline nanofiber-silica aerogel composites (0.235 g) supporting 2 

kg of weight. 

 

6.4 Polyaniline Nanofiber-Silica Aerogel Composite Sensors 

  We were able to show that polyaniline nanofibers were incorporated into silica 

aerogels and that significant reinforcement was achieved at remarkably low loadings. 

However, due to the intimate mixing of polyaniline nanofibers and silica colloids, it was 

not clear if the polyaniline nanofibers were a continuous phase within the composites. To 

ascertain this we measured the electrically conductivity of the composite aerogel.   
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6.4.1 Conductivity of Polyaniline Nanofiber-Silica Aerogel Composites  

  Conductivities of the polyaniline nanofiber-silica aerogel composites were 

determined by four point probe measurements. This was accomplished by painting 

electrodes onto the surface of the composite with a colloidal silver paste.  Painting the 

electrodes on the surface of the composite ensures that good contact to the surface is 

achieved. If the metal probes from a source meter are used, the sharp point of the probe 

breaks the silica matrix and adequate contact is never achieved. To ensure that an even 

distance between the two electrodes, which were painted on the surface was achieved, a 

band was masked with tape around the gel prior to being painted with the silver paste 

(figure 6.15). As the silver past is drying wires are placed into the wet paste, which are 

held into place upon drying for 24 h at room temperature. 

 

Figure 6.15 Conductivity of the polyaniline nanofiber-silica aerogel composites was 

determined by four point probe measurements, where the four separate electrodes were 

painted on the surface of the composite.    

 To measure the monolithic polyaniline-silica aerogel composites conductivity, the 

below closed system was used (figure 6.16). In this system the polyaniline nanofiber-

silica aerogel composite is suspended by the silver wires which were placed into the 

silver paste prior to drying. These silver wires exited the system through the top and were 

connected to a source meter. Once the silica aerogel composites electrodes are connected 
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to the source meter, the apparatus is sealed by attaching the bottom portion of the 

apparatus, which has a rubber seal to ensure that the atmosphere within the system is 

constant. This is followed by the addition of either acidic or basic solutions into the 

system.  

 

Figure 6.16 Using the above experimental setup, the monolithic polyaniline nanofiber-

silica aerogel composite conductivity and use as a sensor were conducted. The above 

picture shows the polyaniline nanofiber-silica aerogel composite being used as a sensor. 

In sensor experiments, the composite silica aerogel is suspended over an acidic or basic 

solution, which the off gassing vapors are monitored by measuring the change in 

resistance of the composite.      

 

  To determine the conductivity (S/cm) of the silica aerogel composites, a current 

was applied through the outer two electrodes, while the inner electrodes measure a 
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voltage drop. The slope of the current applied over the voltage drop is the sheet resistance 

of the material. However, to get a bulk resistivity (Ω cm), the sheet resistance was divided 

by the radius of the composite and the inverse of the bulk resistance is the conductivity 

(S/cm) of the composite [324].   

  Initial resistance of a prepared dedoped polyaniline nanofiber-composite was too 

high and exceeded the source meter’s capability. To determine the conductivity, the silica 

aerogel composites were exposed to acidic vapors off gassing from an 8 M HCl solution 

for 1 h prior to conductivity measurements. Conductivity was found to increase linearly 

as the loading of polyaniline nanofibers increased (figure 6.17). The highest conductivity 

achieved for a silica aerogel composite was 1.83 x 10-5 S/cm, with a polyaniline 

nanofiber loading of 12.5 mg/mL (4.8 wt%). This value is close to that found in solid 

polymer carbon nanotube composites with a carbon nanotube loading of 1% [325].   

  Using the same experimental setup, the conductivity of a drop cast polyaniline 

nanofiber thin film was found to be 5.5 x 10-1 S/cm, which is significantly higher than the 

porous polyaniline nanofiber-silica aerogel composites. However, the loading of 

polyaniline nanofibers in a thin film per meter squared is also significantly higher that the 

silica aerogel composites prepared (vide infra). Comparing the conductivity of the 

polyaniline nanofiber-silica aerogel composite with very low loadings per volume, to 

other highly porous conducting materials is a better comparison than comparisons to their 

dense counterpart. Conductivities of porous carbon nanotube aerogels with a loading of 

12 mg/mL, were found to be 1x10-5 S/cm [326], which is very similar to that found in our 
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materials. However, our material is not only a highly porous conductive material, but it 

can be used as a sensor with its doping dependant conductivity.            

 

 

Figure 6.17 Conductivity (S/cm) of the polyaniline nanofiber-silica aerogel composite 

increased linearly as the loading of the polyaniline nanofiber concentration increased. 

Maximum conductivity achieved for the silica aerogel composites was 1.83 x 10-5 S/cm. 

 

 

6.4.2 Polyaniline-Silica Aerogel Chemiresistor Sensor Experiments 

  To prepare a chemiresistor from a monolithic polyaniline-silica aerogel composite, 

electrodes had to be attached to the composite silica aerogel. The electrodes on the 

surface of the silica aerogel composite were painted on with the colloidal silver paste 

using the same method as described in section 6.4.1. As the silver paste is drying, two 

silver wires were placed into the wet paste and once dried at room temperature and 
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pressure (24 h), the silver wires were held into place and the masking tape removed 

(figure 6.18).  

 

Figure 6.18 Image is a typical monolithic polyaniline nanofiber-silica aerogel 

chemiresistor sensor. The resistance is measured between the two silver electrodes.    

 

6.4.3 Polyaniline Nanofiber-Silica Aerogel Composites used as Acidic Sensors 

  Polyaniline nanofiber-silica aerogel composites in sensor experiments were 

determined using the same experimental setup as the conductivity was determined. In 

these experiments, the source meter monitors the resistance change between the two 

electrodes on the monolithic silica aerogel composite upon exposure to various (acidic or 

basic) atmospheres. 

 Prior to injecting either acidic or basic solutions into the system, the polyaniline 

nanofiber-silica aerogel composite is in a dedoped form. The resistance of the composite 

at this state is too high to be measured (> 10 GΩ). However, injecting an acidic solution 

(8 M HCl ) into the sealed system exposes the polyaniline-silica aerogel composite to an 
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off gassing HCl vapor results in a rapid color change of the composite from dark purple 

to green. This green color is indicative of polyaniline’s protonated emeraldine base, 

which is highly conductive. This rapid color change was accompanied by a rapid 

(seconds) change in the measured resistance of the composite (figure 6.19). The below 

resistance measurement was made on a silica aerogel composite with a loading of 8 

mg/mL. Comparing this to a drop cast thin film of polyaniline nanofibers; the response 

time is just as rapid using the exact same experimental procedure. However, the 

polyaniline nanofiber loading per surface area for a silica aerogel is 0.2 mg/m2, which 

drop cast thin film’s has a loading of 6000 mg/m2. With just as rapid response, despite 

significantly lower loading per area, the silica aerogel must further expose the surface of 

the polyaniline nanofiber. Resistance change can be monitored in all composites with 

polyaniline nanofiber concentrations > 1 mg/mL. This may be the concentration where 

percolation of the polyaniline nanofibers is not achievable.      
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Figure 6.19 The response time of the polyaniline nanofiber-silica aerogel composite is 

just as rapid as a thin film of polyaniline nanofibers. During this resistance change, A) the 

composite changes color to green.  

 

6.4.4 Polyaniline Nanofiber-Silica Aerogel Composites used as Basic Sensors 

    The as prepared dedoped polyaniline nanofiber-silica aerogel composites have a 

resistance which initially is too high to be measured, until the polyaniline nanofibers are 

doped. In order to measure the resistance change in the composite upon exposure to a 

basic atmosphere, the polyaniline nanofiber-silica aerogel composites were doped, due to 

the inability to measure the resistance of a composite in its dedoped form. Exposing a 

doped polyaniline nanofiber-silica aerogel composite to basic (NH3) vapors off gassing 

from a 8 M NH4OH solution resulted in a rapid (seconds) increase in the normalized 

resistance (figure 6.20). During this increase in the composites resistance, the polyaniline 
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is becoming dedoped (less conductive) and the color of the composite changes from 

green to blue. Response of the polyaniline nanofiber-silica aerogel composite is similar to 

the response of a polyaniline nanofiber thin film upon exposure to basic atmospheres. 

However, the order of magnitude change in the normalized resistance of the polyaniline 

nanofiber-silica aerogel composite is not as great as observed for the polyaniline 

nanofiber thin film. This is due to the resistance of the polyaniline nanofiber-silica 

aerogel composites exceeding the source meters capabilities used in these experiments. 

The resistance of polyaniline nanofiber thin films can continue to be measured for longer 

periods of time.  

 

Figure 6.20 The response time of the polyaniline nanofiber-silica aerogel composite (8 

mg/mL) is just as rapid as a thin film of polyaniline nanofibers. During this resistance 

change, A) the composite color changed from green to blue. 

 

A 
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    The  above experiments demonstrate that the polyaniline nanofiber-silica aerogel 

composites can be used as a chemiresistor sensor in the detection of protonating and 

deprotonating gaseous agents. The responses of the silica aerogel composite sensors are 

just as rapid as polyaniline nanofiber thin films, with lower loadings of polyaniline 

nanofiber per area. The best silica aerogel composite for use as a sensor would be a 

composite with the highest strength and conductivity. This was found to be a silica 

aerogel with a density 0.074 g/cm3 or 7 mg/mL polyaniline loading. This composite had a 

200% strength improvement in the mechanical properties over a polymer free silica 

aerogel of the same density and a conductivity of 2x10-6 S/cm.  

 

6.5 Conclusion 

  The above results demonstrate that we have been able to increase the silica aerogels 

strength 2x or 200%, from the addition of polyaniline nanofibers. We have found that the 

concentration of the PA nanofibers can have profound effects on the mechanical 

properties of the aerogels. Not only does the polyaniline help improve the flexural 

strength of the silica aerogel, but it provides doping dependant electrical conductivity 

allowing them to be used as a chemiresistor. Response times for polyaniline-silica 

aerogel composites were found to be within seconds of exposure to either protonating or 

deprotonainting gaseous agents. This response time is very similar to that of a polyaniline 

nanofiber thin film despite having significantly lower loadings of polyaniline nanofibers 

per area. 
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  Polyaniline nanofiber-silica aerogel composites are the first silica aerogel 

composites that include a reinforcing material that not only made the composite stronger, 

but added functionality to the material allowing the composites to be used as sensors. 

   

6.6 Experimental Section 

  Below are the detailed experimental procedures for the experiments described 

above. 

 

Materials:   

  Tetramethoxysilane (98%), anhydrous methanol (99.5%), aniline (99%), 

ammonium persulfate (98%) were purchased from the Sigma-Aldrich Chemical Co. 

Hydrochloric acid (1 N) and ammonium hydroxide (1 N) were purchased from VWR. 

 

Polyaniline nanofiber synthesis:  

  Polyaniline nanofibers were prepared according to Kaner's rapid mixing process 

[250]. A typical procedure is as follows: Prior to use, aniline was purified using fractional 

distillation under reduced pressure. A 4:1 molar ratio of aniline to ammonium persulfate 

(oxidant) was used. Aniline (0.300 g, 3.20 mmol) was dissolved in aqueous hydrochloric 

acid (1 N;10 mL). In a second vial, ammonium persulfate (0.183 g, 0.801 mmol) was 

dissolved in aqueous hydrochloric acid (1 N; 10 mL). Once both solutions were 
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completely dissolved they were rapidly mixed for 30 s and allowed to sit for 12 h. 

Nanofibers were then purified using a centrifuge at 4000 rpm at 25°C. The solvent was 

decanted off of the black fibrous PA nanofibers (isolated 0.271 g), which was then 

redispersed in deionized water. This process was completed 4x more. IR (KBr) 2957, 

1600, 1505, 1351, 1305, 1152, 1101, 843, 802 cm-1.        

 

Silica aerogel/PA composite preparation: 

   Gels were prepared as follows: All gels were prepared by mixing together two 

separate solutions, A and B.  Solution A contained tetramethoxysilane (TMOS; 0.548 g, 

1.0 M) which was diluted to 1.8 mL with anhydrous methanol. Solution B contained (1 

N) ammonium hydroxide (0.259 mL) which provided four equivalents of water per 

equivalent monomer, which was diluted to 1.55 mL with anhydrous methanol.  Solution 

A and B were added simultaneously to a poly(propylene) container (4 mL) at room 

temperature and mixed for approximately one minute.  The final volume was 3.35 mL. 

The solution was left until it become viscous (12 min.), which then a solution (0.25 mL) 

of PA nanofibers was added. This brought the final volume to 3.6 mL. Gelation occurred 

within ~1 minute of PA nanofiber addition. Gels were aged at room temperature for 48 h 

followed by 48 h at 50°C, they were then dried using supercritical carbon dioxide 

(SCCD).  
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Instrumentation:  

 

     Molecular weight of the polyaniline within the nanofiber was determined by size 

exclusion chromatography (SEC) which was performed in a dimethyl foramide (DMF) 

mobile phase with a Waters 1515 isocratic pump running three 5-µm PLgel columns 

(Polymer Labs, pore sizes 104, 103, and 102 Å) at a flow rate of 1 mL/min. with a Waters 

2414 differential refractometer and a Waters 2487 dual-wavelength UV–vis spectrometer. 

Molar masses were calculated using Empower software (Waters), calibrating against low 

polydispersity linear polystyrene standards.  Mechanical property measurements were 

determined using a three-point flexural compression test with an Instron 5540 series 

single column testing system with a 100N load cell set with a 0.04 in. min-1 crosshead 

speed according to ASTM D790 and ASTM C1684.  The surface area and pore sizes 

were determined by nitrogen adsorption porosimetry at 77 K of one representative 

sample. Samples were degassed at 30 ⁰C for 24 h under vacuum and analyzed with an 

Autosorb-1 porosimeter (Quantachrome Instruments) at 77 K. Amount of polyaniline 

nanofibers incorporated into the silica aerogel was determined by thermal gravimetric 

analysis, which samples were analyzed from 25 ⁰C to 900 ⁰C. Samples for SEM were 

platinum sputter-coated and microscopy was conducted with a Hitachi S-4800 field-

emission microscope. 29Si NMR spectra were obtained on a Bruker 400 Spectrometer, 

using cross-polarization and magic-angle spinning at 10 kHz and 70 kHz nH decoupling. 
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The solid 29Si spectra were externally referenced to the silicon peak of the 

[tetrakis(trimethylsilyl)silane] (TTMSS) at -9.7 and -135 ppm [175]. 
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CHAPTER SEVEN 

SURFACTANT FREE SYNTHESIS OF SILICA AND BRIDGED 

POLYSILSESQUIOXANE PARTICLES WITH FORMIC ACID 

 

7.1 Introduction  

  Silica particles have been used in a wide range of applications such as mechanical 

strengthening of thin polymer films [327], conductive polymer composites [328], fuel 

cell membranes [329], anti-reflective coatings [330] and high performance liquid 

chromatography (HPLC) [331], as well as in a number of other applications [332]. 

Although silica particles are used in a large number of applications, there have only been 

a few procedures to prepare silica particles. The most common method for silica particle 

preparation is the Stöber method [333]. This procedure uses highly alkaline conditions 

which prevents the particles from aggregating, but limits the incorporation of base 

sensitive molecules into the sol-gel polymerization. Additionally, in the Stöber method, 

particles are prepared under dilute conditions which limits the quantity of particles 

obtained. However, the Stöber method commonly produces silica particles that have a 

narrow size distribution unachievable with alternative methods. This method has been 

modified only slightly to obtain desired particle characteristics for a specific application 

[334].  Other commonly used methods for the preparation of silica particles involve using 

a number of emulsion techniques, such as surfactants (ionic [335] and non-ionic [336]), 

co-surfactants [337] and other formulations [338]. Procedures using emulsions to prepare 
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silica particles generally afford particles larger than 500 nanometers in diameter and 

eliminating residual surfactants is difficult.    

  We present herein a new method for the preparation of silica particles under acidic 

anhydrous conditions using tetramethoxysilane (TMOS). We developed this new method 

allowing for control over the size of the resulting silica particle by varying the sol-gel 

polymerization conditions. In addition to the preparation of silica particles using TMOS, 

we also show the methods versatility for the preparation of hybrid silica particles using 

bridged silsesquioxane monomers. This is the first method that allows for hybrid particles 

to be prepared from alkyl bridged silsesquioxanes. Finally, we demonstrate this methods 

efficacy in incorporating a base sensitive molecule into the silica matrix during the sol-

gel polymerization. 

 

7.2 Preparation of Silica Particles Using Formic Acid  

  Anhydrous preparation of silica gels is commonly done using a two component 

system, where the carboxylic acid serves as the solvent and polymerization catalyst [339]. 

Initially, we had interest in this approach for the preparation of silica aerogels under 

anhydrous conditions building upon our previous work [340]. However, in our group and 

many others, sol-gel polymerizations procedures commonly pre-dilute the monomer and 

catalyst separately in a solvent to ensure adequate mixing before polymerization. 

Modifying the two component anhydrous procedure for silica gels, we diluted the catalyst 

and the monomer separately in anhydrous toluene, a non-polar hydrocarbon solvent. The 

catalyst used was formic acid and the monomer was TMOS. In our first experiments, we 
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performed the polymerizations by mixing two pre-diluted solutions. The first solution 

contained monomer (TMOS) with a concentration of 2 M, which is a common 

concentration for gel formation. A second solution contained the catalyst (formic acid) 

which had a concentration that was 4 equivalents (8 M) of the monomer concentration. 

The two solutions were each diluted to a final volume of 5 mL. It should be noted that 

formic acid and toluene are only minimally miscible, which causes the formation of two 

distinct phases. The solutions were rapidly mixed for approximately 1 minute. 

Immediately upon mixing, the solution turns opaque, but becomes a homogenous 

solution after a few seconds of mixing. The polymerization solution is then left static for 

24 h. Interestingly, upon investigation of the polymerization solution after 24 h, an 

interesting optical property was observed.  The vial had a yellowish/purple color that can 

be seen in figure 7.1.  This optical property observed, is not common with silica gel 

formation, which led to a more in-depth investigation of the resulting material from the 

sol-gel polymerization under anhydrous acid conditions. 

 

Figure 7.1 Optical properties observed from the sol-gel polymerization of TMOS using 

formic acid in toluene. The origin of this optical property is still under investigation. 
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 Silica particles were isolated by centrifugation followed by drying in a vacuum oven at 

80 ⁰C for 24 h. Yield from the sol-gel polymerization was approximately 104%. Yields 

greater than 100% are very common in sol-gel polymerization as the resulting silica 

material commonly contains un-reacted alkoxysilanes. Scanning electron microscopy 

(SEM) images of the dried silica materials showed that individual particles had formed 

(figure 7.2) and was completely unexpected. The obtained particles had an average 

particle size of approximately 2435 ± 204 nm. 

   

Figure 7.2 A) SEM image of individual particles isolated from the sol-gel polymerization 

of TMOS which were catalyzed using formic acid. The particles have an average size 

2435 nm. B) The distribution of silica particles has a range of approximately ± 204 nm.  
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 7.2.1 Study of Silica Particle Formation 

   The mechanism for silica particle formation under acid-catalyzed conditions during 

the sol-gel polymerization was not initially understood. It is has been found that sol-gel 

polymerizations with water concentrations that are well below the amount required for 

complete hydrolysis of the tetralkoxysilane monomer, result in a linear polymer with 

unhydrolyzed alkoxy groups [341]. The polymers will collapse on themselves leaving the 

hydrophobic alkoxy groups on the interior of the particle while the silanols are on the 

exterior of the particle in the hydrophilic water alcohol mixture. We believe that the 

formation of our silica particles occurs from a similar mechanism. Under acidic 

conditions, a linear polymer will form due to the electronic effects of the monomer, with 

the hydrolysis rate slowing after each subsequent hydrolysis. As this linear polymer 

lengthens, silanols are formed along the backbone of the polymer. These silanols cause 

the polymer to phase separate and associate the linear polymers into hydrophilic regions 

away from the non-polar toluene matrix (similar to water-in-oil emulsions). Un-

hydrolyzed hydrophobic alkoxy groups remain on the exterior of the particle seed. 

Particles will then continue to grow and consume the remaining monomer in solution. 

  To confirm this hypothesized particle formation mechanism, the reaction was 

followed during the sol-gel polymerization by 29Si NMR and dynamic light scattering. 

Solution 29Si NMR is a powerful technique to characterize the molecular species that are 

formed during the sol-gel polymerization [342].  In 29Si NMR, siloxane bonds are 

denoted using a Qn notation; the monomer is represented as Q0. Once the monomer has 

undergone a hydrolysis reaction an approximately 5 ppm down field shift is observed. 
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After hydrolysis, this species will undergo a condensation reaction which causes a 10 

ppm shift upfield and is denoted as Q1. This 10 ppm shift will continue until the 

monomer has been fully condensed into the silica matrix (Q4).  To follow the sol-gel 

polymerization by 29Si NMR figure 7.3, the polymerization was carried out in an NMR 

tube using direct silicon absorb so as to not to interfere with the sol-gel polymerization 

from the addition of relaxation reagents [343]. The polymerization was followed for a 

period of 24 h. As quick (~ 7 minutes) as the reaction could be placed into the NMR 

instrument (including instrument locking and shimming), the monomer had already 

begun to undergo hydrolysis and condensation reactions. The first hydrolysis of the 

tetralkoxysilane monomer is apparent from the chemical shift of ~ -73 ppm followed by 

the first condensation consistent with a chemical shift of -83 ppm. This dimeric species 

undergoes further hydrolysis and condensation reactions, thus forming the expected 

linear polymer (-93 ppm). Within the time it took for the reaction mixture to be placed 

into the NMR instrument, this linear polymer had already formed and begun to undergo 

further hydrolysis (-88 ppm) of the alkoxysilanes, but no further condensation reactions. 

This is consistent with our proposed mechanism for particle formation. It is believed at 

this point during the polymerization, that the partially hydrolyzed polymers began to 

form hydrophilic rich regions from the silanol formation with the remaining alkoxy 

groups on the exterior. This polymer will undergo further hydrolysis reactions with very 

minimal branching being observed (-98 ppm). After 3 h, the polymer begins to increases 

in density with a significant amount of branching. As the polymers undergo further 
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condensation reactions, solids form and are difficulty followed as the resolution becomes 

poor.   

 

 

Figure 7.3 Overlaid 29Si NMR spectra followed the evolution of the chemical species 

during the sol-gel polymerization. The monomer is consumed within 3 h and the reaction 

is no longer able to be followed due to the formation of solids. 

 

  To confirm that the linear hydrolyzed polymer is forming these silanol rich regions, 

the reaction was followed by dynamic light scattering (DLS) over the same period of 

time. It would be expected that the size of these hydrophilic regions would be able to be 

followed. The reaction was followed by mixing the two separate solutions containing 

monomer and catalyst in a 20 mL vial as detailed in the experimental section. An aliquot 

was quickly taken from this vial and placed into a glass cuvette, which was subsequently 

ppm ‐75  ‐80  ‐85  ‐90  ‐95  ‐100  ‐105  ‐110  ‐115  ‐120 
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placed into the light scattering instrument. This took approximately 2 minutes with the 

first analysis being completed within 3 minutes of being placed into the DLS instrument. 

Within this time the linear polymer has already formed and begun to hydrolyze and form 

silanol rich regions as confirmed with 29Si NMR. The size of these regions was 

determined to be approximately 500 nm. This was surprisingly large, however; we expect 

the observed size is due to these regions also containing the polar hydrophilic formic 

acid. It has been determined that formic acid will dimerize and form networks in non-

polar hydrocarbon solvents [344]. The size of these regions increases over time as seen in 

figure 7.4 and is expected due to the formation of the silica particles. However, there was 

no net change in the size during the first 3 h. Interestingly, from the 29Si NMR data, the 

monomer is completely consumed after 3 h. After this three hour period, the size of the 

particles grew linearly.   

 

Figure 7.4 The size of the growing silica particles was followed by dynamic light 

scattering. It was found that the size of silica particle grows linearly versus time. 
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   Summarizing the proposed mechanism for sphere formation is as follows: during 

the sol-gel polymerization a linear polymer is formed, which undergoes further 

hydrolysis that phase separates and associates into hydrophilic rich regions. These 

regions contain formic acid dimers and networks, which assist in the association of the 

linear polymers. These hydrolyzed polymers undergo branching and begin to form dense 

silica particles from further condensation reactions. Once the sizes of these regions are 

formed, the silica particles grow linearly in size. 

  Extent of reaction (degrees of condensation) in the isolated silica spheres was 

determined using solid state (CP-MAS) 29Si NMR. The reference used in these 

experiments was [tetrakis(trimethylsilyl)silane] (TTMSS). Degrees of condensation was 

found to be 84% (figure 7.5), which is slightly higher than the expected range for acid- 

catalyzed [345]. A similar degree of condensation (~ 82%) was found for smaller spheres 

and their preparation is detailed vide infra.     

 

Figure 7.5 SS CP-MAS 29Si NMR spectrum of silica particles prepared from our acid- 

catalyzed method.  The degree of condensation for silica particles prepared under formic 

acid-catalyzed conditions was determined to be 84%. This is slightly higher than what is 

traditionally found in acid-catalyzed silica spheres. 

‐ 120  ppm ‐ 110 ‐ 100 ‐ 90 ‐ 80 
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7.2.2 Study of Optical Properties from Silica Particles in Solution 

  As mentioned, the initial interest to further investigate this material was the unique 

optical properties that were observed. Thus far the optical properties are not fully 

understood. We can absolutely rule out that the optical properties are from opalescence. 

X-ray diffraction (XRD) analysis shows that this is a non-ordered completely amorphous 

material, opalescence requires ordered structures. The refractive index of the mother 

liquor is approximately 1.425, which is only slightly different from fused silica (~1.46). 

Materials with different refractive indices cause white light to undergo dispersion. The 

dispersion of white light is caused by the various wavelengths that make up white light 

traveling at different speeds through the materials with the different refractive indices. To 

prove that this could possibly be the cause of the optical properties, the silica particles 

were dried. When dry the silica particles appear as a white powder. After drying them, 

they were re-dispersed back into a number of other solvents (methanol, ethanol, 

tetrahydrofuran, dichloromethane and toluene) and none of them reproduced the same 

unique optical property. When the spheres were placed back into the mother liquor, 

which is clear and colorless, the same optical properties were observed. At this point, it is 

only a hypothesis that refractive index differences are causing the unique optical 

properties. Further experiments are underway to study this further.   
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7.2.3 Mix or Not to Mix 

   It was found that simple changes during the sol-gel polymerization catalyzed with 

formic acid can cause significant differences in the obtained silica particles. If the 

polymerization is left static, the silica particles formed with a visually smooth surface. 

However, if the polymerization solution is stirred continuously during the sol-gel 

polymerization, a silica particle is still formed, but the surface is very rough figure 7.6. 

This is very similar to what is observed during the formation of polyaniline fibers [346]. 

If the polymerization is stirred fibers will have a “hairy” surface, compared to non-

“hairy” polyaniline fibers if the reaction is left static. This is attributed to secondary 

nucleation and surface growth during the polymerization reactions. Additionally, the 

authors observed a similar trend with the formation of silica particles using the Stöber 

method.  

 

Figure 7.6 SEM image of silica particles which have a visually rougher surface when the 

sol-gel polymerization is stirred continually. 
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7.2.4 Controlling the Particle Size 

   From this first experiment, we were able to prepare silica particles having an 

average size of 2435 ± 138 nm. However, many applications desire a wide variety of 

sizes. Using the Stöber method for particle formation, the size can be changed simply by 

changing the concentration of the catalyst, monomer or water [347]. Here, we cannot 

change the water concentration as the particles are prepared under anhydrous conditions. 

This left the monomer or the catalyst to change the particle size. We anticipated that a 

change in monomer concentration could provide an efficient method for size control 

based on the proposed particle formation. Less monomer would result in smaller 

particles.  

  Initial experiments were to slightly reduce the monomer concentration from 2 M to 

1.5 M. This simple change in monomer concentration resulted in a particle size of 2031 ± 

155 nm, which is smaller than the particles prepared from 2.0 M as expected. 

Additionally, when the monomer concentration was reduced even further to 1.0 M the 

average particle size was 1712 ± 221 nm. As the monomer concentration was reduced 

below 1.0 M, the two solutions, were no longer miscible. This proposed a problem as the 

monomer and the catalyst could only react at the interface of the solution and forms a gel 

like material at this interface. To allow for the mixing of the two immiscible solutions, 

the toluene was pre-mixed with tetrahydrofuran (THF) at a volume ratio of 4:1 

respectively. Upon mixing the monomer and catalyst which was diluted in this 

toluene/THF mixture, the two solutions were now miscible, thus allowing for the further 

reduction of the monomer concentration. Here, we prepared particles from solutions 
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where the monomer concentration ranged from 0.01 M to 0.5 M. This allowed for 

particle size control from 631 ± 67 nm to 1516 ± 205 nm respectively (figure 7.7 A and 

7.7 C). SEM images for particles prepared from monomer solutions of 0.05 and 0.1 M 

are below in figure 7.7. 

 

 

Figure 7.7 A) SEM image of silica particles obtained from a solution with a monomer 

concentration 0.05 M and B) the size distribution (± 80 nm). C) An increase in size is 

observed from SEM images for particles which are produced from a monomer 

concentration 0.1 M, D) with an average size distribution of ± 85 nm. 
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   Additionally, if the sizes of all particles are plotted versus the molar concentration, 

a relatively linear increase in the size is observed. This is detailed in the below graph 

(figure 7.8). On this graph, the distributions for each sphere size are also shown. From 

these results, the smaller the particles the smaller the size distribution and large particles 

tend to have slightly higher size distribution. It is interesting that the smallest size, which 

our method can currently be used to prepare, is approximately 600 nm which is towards 

the larger size of particles that can be prepared using the Stöber method. Therefore, this 

method is by no means a way to replace the silica particles prepared by the Stöber 

method, but a complementary method.   

 

Figure 7.8 The size of silica particles increase linearly by simply changing the TMOS 

concentration  
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  However, as we change the monomer concentration to control the size of the 

resulting silica particles we also change the quantity of spheres that can be produced. For 

a 10 mL solution with a 2.0 M monomer concentration, approximately 1.24 g in a yield 

of 115% of the prepared particles can be isolated. This is a staggering amount compared 

to the typical quantities which can be prepared by the Stöber method, which for a 10 mL 

solution is approximately 0.121 g with a yield of 118%. Although the amount changes for 

silica particles of various sizes prepared using our procedure. For silica particles prepared 

from a monomer concentration 0.1 M, 0.063 g of silica particles were isolated with a 

yield of 116%. This method is not yet optimized and it is believed that a further 

optimization of the procedure could result in larger quantities of particles, while still 

retaining control over the size of silica particles.  

 

7.2.5 Surface Area and Pore Sizes of Silica Particles  

  To evaluate the surface area and pore sizes of the silica particles formed using this 

method, we characterized them using nitrogen porosimetry at 77 K. A particle with an 

average size of 2.5 µm, as observed by SEM, should have a surface area of 

approximately 3-4 m2/g. However, it was found that the experimental surface area was 

approximately 500 m2/g. The adsorption/desorption isotherm shows a large volume 

adsorption of nearly 40 cm3/g below 0.1 P/P0 and the shape of the isotherm is similar to a 

type 1, which is indicative of a microporous material (figure 7.9 A). Microporous 

materials have pore sizes of below 2 nm. Analysis of the adsorption/desorption isotherm 

found that the average pore size of the silica particles is approximately 15 Å or 1.5 nm 
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(figure 7.9 B). This would explain the type of isotherm observed as well the large 

volume of gas adsorbed during analysis. Analyzing the surface area and pore size of 

Stöber particles, a theoretical surface area for a particle with a diameter of 300 nm  as 

determined by SEM,  should be approximately 14 m2/g. Experimentally the surface area 

was found to be 297 m2/g. Stöber spheres are also porous with an average pore size of 

approximately 7.7 nm. The larger pore sizes would explain the smaller surface observed 

with the Stöber particles.      

 

Figure 7.9 A) Adsorption/desorption isotherm for silica particle with an average diameter 

of 2.5 µm, which is similar to a type I isotherm. B) Average pore size observed within the 

spheres is approximately 15 nm which is consistent with the type I isotherm.  

  

7.3 Preparation of Hybrid Polysilsesquioxane Particles  

  Only recently has the ability to prepare near monodisperse bridged 

polysilsesquioxane (BPS) particles been achieved using an inverse water-in-oil emulsion 

polymerization using a 4,4’-bipyridinium Bridged Polysilsesquioxane [348] 
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silsesquioxanes and the self-assembly of coumarin dimer BPS particles [349]. Other than 

these recent methods the ability to prepare near uniform BPS nanoparticles from alkyl 

bridged monomers had yet to be achieved. To explore the versatility of our new method, 

we attempted to prepare hybrid silica particles from a variety of alkyl bridged monomers. 

  The first monomer which we attempted to prepare BPS hybrid particles from was 

bis(triethoxysilyl)methane. As common with our procedure for particle formation, the 

catalyst and monomer solutions were diluted separately with toluene, which when mixed 

the final volume was 10 mL. Monomer concentration was 0.02 M and is well below what 

is expected for gel formation [350]. Spheres were isolated by centrifugation and imaged 

using SEM (figure 7.10 A). From the SEM images, the average particle size is 

approximately 1549 ± 363 nm. This is more polydisperse than that observed with 

particles formed from the polymerization of TMOS. Additionally, spheres can be formed 

by the polymerization of bis(trimethoxysilyl)ethane (figure 7.10 C), with an average 

particle size of 1958 ± 265 nm. Ethylene-BPS particles have found extensive use in 

extending the particle stabilities of HPLC columns [351]. However, we found that as the 

alkyl chain increases in length, spheres could no longer be formed. For example, the 

polymerization of bis(trimethoxysilyl)hexane, a rapidly gelling monomer under acidic 

conditions [352], resulted in no spheres that could be isolated. This is most likely due to 

the hydrophobicity of the monomer with the long bridging alkyl chain.  
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Figure 7.10 A) SEM image of methylene-BPS hybrid particles, B) with an average size 

of 1540 ± 363 nm. C) SEM of ethylene-BPS hybrid particles, D) which has an average 

size of 1958 ± 265 nm.  In both cases spherical particles are obtained. 

 

7.3.1 Tetrasulfide Bridged Silsesquioxanes Particles  

  As mentioned in the introduction, a number of applications require multi-step 

processing to incorporate desired base labile functionality on the surface or within the 

Stöber particles. Incorporating a base labile molecule into the core of silica particles 

during sol-gel polymerization is practically impossible when Stöber conditions are used. 

To test the efficacy of our method for the incorporation of a base sensitive molecule into 

the silica or hybrid silica particles using our method, we used bis[3-
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(triethoxysilyl)propyl] tetrasulfide (BTEPTS). It is common that polysulfide’s will 

rapidly cleave under basic conditions such as those used in the Stöber method [353]. 

BTEPTS is particularly useful as a very vivid yellow color appears indicating the 

formation of sulfur when the polysulfide bridge has been cleaved. Additionally, the 

carbon alpha to the sulfurs, which is typically at 42 ppm, undergoes a significant upfield 

shift to 28 ppm when the sulfur-sulfur bond has been cleaved.   

  To establish a base line to compare our method to, we attempted to prepare hybrid 

silica particles from the polymerization of BTEPTS under typical Stöber conditions. In 

these experiments, the monomer and the catalyst were diluted, in separate vials, with 

ethanol to 5 mL each, once mixed the final volume was 10 mL. A gradual intensifying of 

yellow color was observed during the sol-gel polymerization, which finally reaches a 

vividly bright yellow color (figure 7.11). This is from the cleavage of the polysulfide 

bridge in BTEPTS. SEM images of the attempted hybrid silica particles do not resemble 

silica particles (figure 7.11).  

 

Figure 7.11 Sol-gel polymerization of BTEPTS under Stöber conditions results in a rapid 

cleavage of the tetrasulfide bridge as observed from the yellow color. SEM images show 

that no particles were obtained.    
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    To prepare BTEPTS hybrid silica particles, we kept the monomer concentration 

and solution volume exactly the same as the BTEPTS sol-gel polymerization under 

Stöber conditions. Polymerization of BTEPTS using our acid-catalyzed method for 

sphere formation resulted in a solution where no yellow color was observed (figure 

7.12). In addition to no yellow color being observed in the mother liquor solution, SEM 

images show the formation of spheres with an average distribution in size of 1835 ± 250 

nm. 

 

Figure 7.12 Sol-gel polymerization using our formic acid conditions resulted in no 

observed yellow color and A) SEM images show the formation of particles. B) Particles 

had an average size of 1835 ± 250 nm. 
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   To further investigate the incorporation of the base sensitive polysulfide bridge, 

solid state CP-MAS 13C NMR spectroscopy was used. Analysis of the particles that were 

prepared under our acid-catalyzed conditions show the carbon alpha to the sulfur bridge 

is intact (figure 7.13), indicated by the chemical shift at 42 ppm.  The remaining 

chemical shifts at 22 and 12 ppm are from the propyl chain. Comparing the chemical 

shifts from the 13C spectrum for the sol-gel polymerization under Stöber conditions, an 

additional chemical shift at 28 ppm is observed. This chemical shift is consistent with a 

carbon alpha to a thiol functional group. This analysis along with the visual lack of sulfur 

formation during the polymerization shows that the polysulfide chain remained intact 

during the sol-gel polymerization of BTEPTS. 

 

Figure 7.13 SS CP-MAS 13C NMR spectra was used to determine if the tetrasulfide 

bridged had been cleaved. Blue line is from the hybrid particles which are polymerized 

under our formic acid conditions and the red being the polymerization under basic 

conditions. An asterisk indicates the chemical shift for a carbon alpha to a thiol functional 

group.   
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7.4 Conclusion 

  In summation, we have developed a new technique for the preparation of silica 

particles, which can be scaled. Particle size can easily be controlled within a size range of 

~ 600 nm to 2.5 µm. Particle size distributions of the silica spheres vary based on the 

size, with smaller silica particles having narrower size distributions. In addition to sphere 

formation with tetraalkoxysilanes, we have shown the versatility of this method as hybrid 

particles can be formed from short chain alkyl bridged silsesquioxanes. Additionally, the 

ability to incorporate a base sensitive molecule was also demonstrated with the formation 

of particles with BTEPTS.  

 

 
7.5 Experimental Section 

  Below are the detailed experimental procedures for experiments described above. 

 

Materials: 

  All reagents were used as received without further purification unless otherwise 

stated.  Tetramethoxysilane (TMOS, 98%), tetraethoxysilane (TEOS, 98%), anhydrous 

toluene (99.8%), anhydrous inhibitor free tetrahydrofuran (THF, 99.9%) and formic acid 

(98%), were purchased from the Aldrich Chemical Company. Tetramethoxysilane and 

tetraethoxysilane and were both distilled from molecular sieves prior to use.  

Bis(triethoxysilyl)methane (96%), 1,2-bis(trimethoxysilyl)ethane (96%), bis[3-

(triethoxysilyl)propyl] tetrasulfide (>90%) and 1,6-bis(tirmethoxysilyl)hexane (96%) 

were purchased from Gelest Inc. and all distilled from molecular sieves before use.  
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Preparation of formic acid-catalyzed silica particles with monomer concentration > 

1.0 M: 

   The below experimental is a typical procedure for the preparation of silica particles 

from monomer concentrations >1.0 M. Silica particles which were prepared from a 

monomer concentration of 2.0 M is as follows: Silica particles, using the formic acid 

catalyzed procedure, were prepared by mixing together two separate solutions, A and B. 

Solution A contained tetramethoxysilane (3.04 g, 2.97 mL, 19.7 mmol) and diluted with 

anhydrous toluene bringing the total volume of solution A to 5 mL.  Solution B contained 

formic acid (3.68 g, 2.98 mL, 80.0 mmol) and diluted to 5 mL with anhydrous toluene. 

Solution A was quickly added into solution B and mixed for 30 seconds. The solution 

was left static of a period of 24 h.  The final volume of the combined solutions was 10 

mL. After centrifugation and drying, silica particles prepared from 1.0 M, 1.5 M and 2.0 

M TMOS concentration were obtained (0.632 g, yield = 105%, 0.979 g, yield = 109% 

and 1.33 g, yield = 111% respectively). Characterization from particles prepared using 

2.0 M TMOS solution concentrations: 
29

Si CP MAS-NMR (100 MHz)     δ -93 (Q2), -100 

(Q3) -111 (Q4); IR (KBr) 3432, 1651, 1127, 931, 808, 595 cm-1. 
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Preparation of formic acid-catalyzed silica particles w/ monomer concentration < 

1.0 M: 

  In a typical procedure for the preparation of silica particles from monomer 

concentrations below 1.0 M a similar procedure is used as above.  An example procedure 

for silica particles that were prepared using a monomer concentration of 0.1 M is as 

follows. Solution A contained TMOS (0.152 g, 0.148 mL, 1.00 mmol) and diluted with a 

4:1 solution of anhydrous toluene:THF bringing the total volume of solution A to 5 mL.  

Solution B contained formic acid (3.68 g, 2.98 mL, 80.0 mmol) and diluted to 5 mL with 

a 4:1 solution of anhydrous toluene:THF. The two solutions were mixed for 30 s and left 

static for 24 h. The final volume of the combined solutions was 10 mL. Silica particles 

prepared from 0.01 M, 0.05 M, 0.1 M, and 0.5 M TMOS concentration were obtained 

(0.00600 g, yield = 106%, 0.033 g, yield = 112%, 0.0610 g, yield 106% and 0.329 g, 

yield = 110% respectively). Characterization from particles prepared using 0.5 M TMOS 

solution concentrations:  
29

Si CP MAS-NMR (100 MHz) δ -92 (Q2), -101 (Q3) -109 (Q4); 

IR (KBr) 3411, 1637, 1136, 954, 806, 595 cm-1. 

 

Preparation of silica particles using the Stöber procedure: 

   The silica particles using the Stöber method were prepared by mixing two separate 

solutions, A and B. Solution A contained 2 M ammonia which is pre-diluted in ethanol 

(3.75 mL, 7.50 mmol) and deionized water (1.01 mL, 56.1 mmol).  Solution B contained 

tetraethoxysilane (0.38 mL, 1.7 mmol) which was diluted with 200 proof anhydrous 

ethanol (4.86 mL).  Solution B was added rapidly to solution A and mixed for 10 
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seconds. After 10 minutes, the solution became opaque.  The final solution was left static 

for 24 h, and isolated by centrifugation (3 times, 6000 rpm) with ethanol washes.   

 

Preparation of methylene-bridged silsesquioxanes hybrid silica particles: 

 Solution A contained bis(triethoxysilyl)methane (0.0680 g, 0.0660 mL, 0.200 mmol) 

and diluted with a 4:1 solution of anhydrous toluene:THF bringing the total volume of 

solution A to 5 mL.  Solution B contained formic acid (3.68 g, 2.98 mL, 80.0 mmol) and 

diluted to 5 mL with a 4:1 solution of anhydrous toluene:THF. The two solutions were 

mixed and left static for 24 h. The final volume of the combined solutions was 10 mL. 

After centrifugation and drying, hybrid silica particles prepared from 

bis(triethoxysilyl)methane were obtained (0.0130 g, yield = 107%); IR (KBr) 3459, 2924, 

1641, 1130,  1038, 927, 807, 603 cm-1. 

 

Preparation of ethylene-bridged silsesquioxanes hybrid silica particles: 

 Solution A contained bis(triethoxysilyl)methane (0.0710 g, 0.0670 mL, 0.200 mmol) 

and diluted with a 4:1 solution of anhydrous toluene:THF bringing the total volume of 

solution A to 5 mL.  Solution B contained formic acid (3.68 g, 2.98 mL, 80.0 mmol) and 

diluted to 5 mL with a 4:1 solution of anhydrous toluene:THF. The two solutions were 

mixed and left static for 24 h. The final volume of the combined solutions was 10 mL. 

After centrifugation and drying, hybrid silica particles prepared from 

bis(triethoxysilyl)ethane were obtained (0.0140 g, yield = 101%); IR (KBr) 3501, 2943, 

1635, 1134,  1023, 916, 803, 606 cm-1. 
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Preparation of tetrasulfide bridged silica spheres under basic conditions:  

  For the preparation of tetrasulfide bridged silica particles under basic conditions we 

used a modified Stöber method. Solution A contained ammonia (2 M) which is pre-

diluted in ethanol (3.75 mL, 7.50 mmol) and deionized water (1.01 mL, 56.1 mmol).  

Solution B contained bis[3-(triethoxysilyl)propyl] tetrasulfide (BTEPTS) (0.108 g, 0.118 

mL, 0.200 mmol) which was diluted with 200 proof anhydrous ethanol (4.88 mL).  

Solution B was added rapidly to solution A and mixed for 10 seconds. The solution 

progressively darkened to a yellow color.  Final solution was left static for 24 h, and 

isolated by centrifugation (3 times, 6000 rpm) with ethanol washes.  
29

Si CP MAS-NMR 

(100 MHz) -56 (T2), -66 (T3); SS 
13

C CP-MAS NMR (100 MHz,) δ 42, 28, 22, 11.  

 

Preparation of tetrasulfide bridged silica spheres under acidic conditions:  

  Bridged tetrasulfide hybrid silica particles which were prepared using our formic 

acid procedures were prepared as follows: Solution A contained bis[3-

(triethoxysilyl)propyl] tetrasulfide (0.108 g, 0.118 mL, 0.200 mmol) and diluted with a 

4:1 solution of anhydrous toluene:THF bringing the total volume of solution A to 5 mL.  

Solution B contained formic acid (3.68 g, 2.98 mL, 80.0 mmol) and diluted to 5 mL with 

a 4:1 solution of anhydrous toluene:THF. The two solutions were mixed and left static for 

24 h. The final volume of the combined solutions was 10 mL. After centrifugation and 

drying, hybrid silica particles prepared from bis[3-(triethoxysilyl)propyl] tetrasulfide 
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were obtained (0.064 g, yield = 102%); 
29

Si CP MAS NMR (100 MHz) δ -58 (T2), -66 

(T3); SS 
13

C CP MAS-NMR (100 MHz,) δ 42, 22, 11. 

 

Instrumentation: 

  All silica particles that were prepared in these experiments were platinum sputter-

coated and scanning electron microscopy was conducted on a Hitachi S-4800 field-

emission microscope (FE-SEM) with an accelerating voltage of 15 keV. Silica particles 

were analyzed by X-ray diffraction using a Scintag XDS 2000 and scanned from 10 to 70 

degrees (2θ) at a continuous scan rate of 2 degrees a minute. Functional groups of the 

silica particles were analyzed using a Nicolet FT-IR Spectrometer Model 550. The size of 

the silica particles during the polymerization were determined using dynamic light 

scattering (DLS) (Malvern Zetasizer Nano ZS90). Surface area and pore sizes were 

determined by nitrogen adsorption porosimetry of one representative sample. Samples 

were degassed at 80 ⁰C for 24h under vacuum and analyzed with an Autosorb-1 

porosimeter (Quantachrome Instruments) at 77 K. 29Si NMR spectra were obtained on a 

Bruker DRX-500 Spectrometer using direct silicon absorb. The relaxation delay, which 

was used for these experiments, was approximately 1 min and was referenced externally 

to the silicon chemical shift in tetramethylsilane (TMS). Solid State 29Si NMR was 

obtained on a Bruker 400 using cross-polarization and magic-angle spinning (MAS) at 10 

kHz and 70 kHz 1H decoupling. A recycle delay of 300 seconds was used. Solid state 29Si 

spectra were externally referenced to the silicon chemical shift of the 

[tetrakis(trimethylsilyl)silane] (TTMSS) at -9.7 and -135 ppm. Solid State 13C NMR were 
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obtained on a Bruker 400 using cross-polarization and magic-angle spinning at 10 kHz 

and 70 kHz 1H decoupling. A recycle delay of 60 seconds was used. Samples were 

externally referenced to the carbon chemical shift of adamantine [175].   
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CHAPTER EIGHT  

CONCLUSIONS AND BRIEF PERSPECTIVE ON FUTURE DIRECTIONS 

 

   The main focus of this work was to develop silica aerogel composites with 

improved mechanical properties while retaining the characteristic physical properties of 

the precursor aerogels.  We successfully used chemical vapor deposition (CVD) of 

methyl cyanoacrylate to reinforce silica (chapter 2), aminated silica (chapter 3) and 

bridged polysilsesquioxane aerogels (chapter 4).  All aerogel composites prepared from 

CVD of methyl cyanoacrylate exhibited increases in flexural strength.  Comparing the 

flexural strengths of aerogels reinforced with poly(methyl cyanoacrylate) to previous 

approaches which reinforced aerogels with silica, polymers and cross-linked polymers, 

poly(methyl cyanoacrylate) composite aerogels are stronger at lower densities (figure 

8.1).  Aerogel composites prepared by methyl cyanoacrylate CVD on phenylene-bridged 

polysilsesquioxanes were stronger than any low density silica or silica-polymer 

composite aerogel ever prepared. These composites combine a strong hybrid organic 

aerogel substrate with higher molecular weight polycyanoacrylates.  The red box in the 

plot defines materials that are stronger than traditional, un-modified aerogels and lower in 

density than other polymer strengthened silica aerogels.   Our CVD treated, amine- 

modified silica and CVD-modified phenylene-bridged aerogels were the most successful 

systems in generating high strength with little change to the density. None of the other 

materials prepared by us our other researchers in this field come close to reaching the 

strengths at the low densities defined by the red box in Figure 8.1.   
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  Figure 8.1 Flexural strength of silica aerogel composites plotted against their density. 

 

  Not only are the composites prepared by CVD of methyl cyanoacrylate stronger, 

they were made faster than other polymer-modified aerogels (figure 8.2).  Generally, the 

total processing time (gel formation, supercritical drying and CVD reinforcement) for the 

preparation of silica aerogel composites by CVD of methyl cyanoacrylate is under 200 

hours. Preparation of the CVD-modified, aminated silica aerogel composites took 

approximately 380 hours because of the time spent exchanging solvents required for 

surface silylation to produce a relatively water free surface. In comparison, creation of 

polymer and cross-linked polymer-reinforced aerogels by modification of the gels before 

supercritical drying takes in excess of 450 hours.  Reinforcement with silica is faster than 

with polymers especially when done post SCD with CVD, which processing time is 

under 200 hours.  However, flexural strengths of silica aerogels reinforced with silica are 
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not near as strong as those reinforced with polymers.  Normalizing for density, our 

composites have flexural strengths higher than previous composites reinforced with 

polymer and cross-linked polymers, but with the rapid processing time achieved in the 

reinforcement of aerogels by CVD of silica precursors. 

  The red box in Figure 8.2 maps out the strength versus processing time domain that 

represents stronger aerogels prepared in up to twice the time needed prepare the un-

modified aerogels.  Only the CVD-modified phenylene-bridged aerogel has the 

processing time and flexural strength to lie within the red box.  The phenylene-bridged 

aerogel composites are the strongest of the low density aerogels and are the most quickly 

prepared.     

 

Figure 8.2 Strength of silica aerogel composites plotted against the processing time 

required to prepare the silica aerogel composites.     
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  Additionally, we developed the first approach to graft low polydispersity 

polyacrylates (Chapter 5) from the surface of initiator-functionalized silica gels with 

control over the grafted polymers molecular weight using surface-initiated atom transfer 

radical polymerization (SI-ATRP). Controlling the grafted polymers molecular weight, 

allowed for the first correlation of the molecular weight of polymers used to reinforce the 

silica aerogel to the bulk composite mechanical properties. As expected, the flexural 

strength increased as the molecular weight of the polymers attached to the surface 

increased. Although PMMA reinforcement of silica aerogels improved the mechanical 

properties, further strength improvements were achieved by cross-linking the grafted 

PMMA.  

In addition to our other approaches for reinforcing silica aerogel, we developed 

the first silica aerogels reinforced with polyaniline nanofibers (Chapter 6) that were 

strong and electrically conductive.  Reinforcing silica aerogels with polyaniline 

nanofibers not only reinforced them but allowed the composites to be used as a sensor for 

the detection of protonating and deprotonating gaseous species.  Finally, we developed a 

new approach for the synthesis of silica and bridged polysilsesquioxane particles using a 

new surfactant-free, acid-catalyzed synthesis (Chapter 7). This new method allows large 

quantities of particles to be prepared in single batches and the in-situ incorporation of 

base-sensitive functionalities into the particles. 

  Evaluating our approaches and others used to improve the mechanical properties of 

silica aerogel, I believe the main key in further strength improvements of aerogels must 

start with a strong as possible aerogel aggregate structure. Additionally, our work has 
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shown that the processing time required to prepare silica aerogel composites with CVD is 

fast, thus, other systems must be explored using this methodology. Specifically, those that 

allow for cross-linking at the weak necks of the aerogels aggregate structure. Lastly, for 

silica aerogels to become a viable material to be used in a number of applications, the 

supercritical dying step must be removed.  I believe that our work has shown a significant 

improvement in the field of reinforcing silica aerogels, and has provided meaningful 

results that will allow for future research to prosper.    
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APPENDIX A 

COUMARIN-MODIFIED SILICA AEROGELS 

 

A 1.1 Introduction 

 

 Coumarin was initially isolated from the tonka bean in the late 1820’s [354]. Since this 

initial discovery of coumarin more than a 1000 different derivatives have been 

investigated with many of them being isolated from over 800 different plant species 

[355]. The basic coumarin structure is a bicyclic lactone (figure A.1a) coumarin 

derivatives commonly contain a further oxygen on the bicyclic lactone’s aromatic ring. 

The most common oxygenated coumarin specie is 7-hydroxycoumarin [356], also known 

as umbelliferone (figure A.1b). 7-hydroxycoumarin is routinely used as a starting 

material for the synthesis of more complex coumarin derivatives. Of the several hundred 

oxygenated coumarins, only 35 are not oxygenated at the 7 position [357].  

 

 

Figure A.1 a) Structure and numbering of coumarin and b) 7-hydroxycoumarin.  

 

 The use of coumarin in applications is just as diverse as the number coumarin 

derivatives isolated. Coumarins have been used in the fields of biology, medicine and 
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polymer chemistry [358]. A significant amount of interest in coumarin and its derivatives 

is due to their unique photo-chemistry [359] (figure A.2). Photodimerization of coumarin 

was initially discovered in the early 1900’s, where coumarin in ethanol was exposed to 

sunlight for over two years. Dimerization was confirmed by a significant increase in the 

melting point of the isolated product [360]. It was later shown that this photodimerization 

proceeded through a [2π + 2π] cycloaddition forming a cyclobutane ring upon exposure 

to light with wavelengths longer than 300 nm [361]. Coumarin, when covalently attached 

in materials has been used for the cross-linking of polymers [362], or aggregation of 

inorganic particles [363]. Additionally, exposure to wavelengths greater than 300 nm to 

materials containing covalently bound coumarin groups has been used in the preparation 

of polymers [364], photoresponsive materials [365], in separation science [366], small 

molecule retention in silica materials [367] among a number of other applications [368]. 

Just as coumarin will readily dimerize upon exposure to wavelengths of light greater than 

300 nm, coumarin dimers will undergo rapid photo cleavage upon exposure to 

wavelengths below 300 nm [369]. This allows for materials with coumarin dimers to see 

a change in the material such as change in the modulus, porosity or release of a pay load 

upon cleavage.    
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Figure A.2 Coumarin and coumarin derivatives will undergo photodimerization upon 

exposure to wavelengths longer than 300 nm and photo-cleavage with exposure to 

wavelengths shorter than 300 nm.  

 

A 1.2 Preparation of Coumarin-Modified Silica Aerogels 

 Silica aerogels mechanical properties are dictated on the amount of connectivity 

between the “necks” of the particles which make up the silica aerogels aggregate 

structure. If the surface of a silica aerogel could be modified with pendant coumarin 

groups, exposure of the coumarin containing silica aerogels to UV-light with wavelengths 

longer than 300 nm would result in photodimerization of the surface bound coumarins. 

This photodimerization would increase the amount of connectivity between the aggregate 

particles of the silica aerogel, thus reinforcing the silica aerogel with no density increase 

(figure A.3).   
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Figure A.3 Mechanical properties of coumarin-modified silica aerogels could be 

increased upon exposure to wavelengths greater than 300 nm due to photodimerization of 

pendant coumarin groups.  

 

A 1.2.1 Synthesis of Sol-gel Polymerizable Coumarins 

 Preparation of 7-(3-triethoxysilylpropoxy)coumarin required a two step synthesis. 

First 7-allyloxycoumarin was prepared by reaction of allyl bromide with 7-

hydroxycoumarin in the presence of K2CO3, which 7-allyloxycoumarin was obtained in a 

yield of 85%. In order copolymerize the coumarin trialkoxysilane with 

tetramethoxysilane (TMOS) the 7-allyloxycoumarin was made into a sol-gel processable 

monomer via a hydrosilylation reaction. The triethoxysilane functionalized coumarin was 

prepared by hydrosilylation of 7-allyloxycoumarin with triethoxysilane catalyzed by 
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Karstedt's platinum catalyst (figure A.4). The product was isolated by distillation under 

reduced pressure (200 ⁰C, 60 mm Hg) to obtain 7-(3-triethoxysilylpropoxy) coumarin in 

a yield of 79% and an overall yield for the two steps of 68%. 

O OO
Si H

OEt
EtO

OEt
+ O OOSi

EtO

EtO OEtToluene

Pt-DVS

 

Figure A.4 Preparation of 7-(3-triethoxysilylpropoxy)coumarin for surface bound 

coumarin groups.  

 

  Fluorescence spectroscopy analysis of 7-(3-triethoxysilylpropoxy)coumarin showed a 

peak excitation of ~326 nm and a peak emission of ~390 nm  (figure A.5). This is 

consistent with the common excitation and emissions of coumarin and coumarin 

derivatives [370]. 
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Figure A.5 Excitation (326 nm) and emission (390 nm) of 7-(3-

triethoxysilylpropoxy)coumarin determined in ethanol at a 7-(3-

triethoxysilylpropoxy)coumarin concentration of 10-5 M.  

 

A 1.2.2 Co-polymerization of 7-(3-triethoxysiylypropoxy)coumarin with TMOS 

  We used a single step methodology to modify the surface of silica gels with 

coumarin groups. This was achieved by a copolymerization of TMOS with the less 

reactive ethoxysilyl groups of the 7-(3-triethoxysilylpropoxy)coumarin combined with 

the end-blocking characteristics of organotrialkoxysilanes that preferentially segregates 

the coumarin groups to the surface of the silica gels surface.  

 Copolymerizing TMOS (1 M) with a varying concentration of 7-(3-

triethoxysilylpropoxy)coumarin (0.7, 2.5, 5 and 7 mol%) catalyzed by 1 N NH4OH 
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(0.259 mL) allows the formation silica gels with sufficient coverage of the colloidal 

surface with coumarin groups. Gelation times ranged from 6-10 minutes depending on 

the coumarin silane concentration used in the sol-gel polymerization. Gels were aged at 

room temperature for 48 h, followed by aging at 50 ⁰C for 48 h during which syneresis 

occurred within the time of elevated temperature aging. To supercritically dry (SCD) the 

aged coumarin-modified silica gel for aerogel production, the gels were exchanged into 

pure methanol and dried using standard carbon dioxide SCD procedures to obtain a 

coumarin-modified silica aerogel. Density of coumarin-modified silica aerogels depended 

on the amount of coumarin incorporated into the aerogel. Coumarin-modified silica 

aerogels prepared from 0.7, 2.5, 5 and 7 mol% had densities of 0.086, 0.097, 0.098 and 

0.108 g/cm3 respectively.      

Exposing the coumarin-modified silica aerogel with a wavelength of 365 nm showed 

that the coumarin had been incorporated due to the observed fluorescence (figure A.6). 

Coumarin free silica aerogels do not fluoresce upon exposure with a wavelength of 365 

nm.   
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Figure A.6 A silica aerogel and a fluorescent coumarin-modified silica aerogel under 

exposure to wavelength of 365 nm. 

 

A 1.3 Photo Cross-linking Coumarin-Modified Silica Aerogels and Strength Analysis 

  To photodimerize the pendant coumarin groups on the surface of a silica aerogel, 

the experimental apparatus below was used (figure A.7). A coumarin-modified silica 

aerogel is placed under an Hg-vapor UV light source with filtered emissions, allowing for 

only the wavelengths of 310 nm to 500 nm to be emitted. Intensity of the emitted UV 

light was measured to be 16 mW/cm in the center and 9 mW/cm on the exterior. 

Coumarin-modified silica aerogels were kept near the center of the emitted UV light. The 

time which the coumarin-modified silica aerogel was exposed to the UV-light varied 

from 3 minutes to 20 minutes. During curing no photo bleaching was observed as 

expected with coumarin dimerization. Coumarin when dimerized, no longer absorbs 

wavelengths of 300 nm or greater and no longer fluoresces. However, the global 

concentration of coumarin in the silica aerogel is low which would lead to a number of 

Silica 
Aerogel

Coumarin Silica 
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coumarins which cannot dimerize and would still fluoresce upon exposure to 

wavelengths of 300 nm or greater. It would be expected that coumarins could only 

dimerize when in close enough proximity to each other. A likely location for dimerization 

would be near the necks of the aggregate particles, thus leading to reinforcement.  

   

               

 

Figure A.7 Coumarin-modified silica aerogels were exposed to UV light with 

wavelengths of 310 nm to 500 nm allowing for the coumarin dimerization. 

 

  Mechanical properties for coumarin-modified silica aerogels were determined using a 

three point flexural bend method according to ASTM D790 and ASTM C1684. Flexural 
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strength measurements revealed that longer exposure times to UV light resulted in 

stronger mechanical properties (figure A.8). Additionally, the higher the concentration of 

coumarin within the silica aerogel, the stronger the observed mechanical properties of the 

coumarin-modified silica aerogel became. This is most likely due to an increase in the 

amount of connectivity between the aggregate particles at higher concentrations and 

closer proximity of coumarins on the surface of silica aerogels at higher concentrations. 

Although, we have shown that the addition of trialkoxysilanes into aerogels weakens 

their flexural strength. However, the mechanical properties did improve, all coumarin- 

modified silica aerogels have flexural strengths which are weaker than a silica aerogel 

with the same density. This is due to the incorporation of the trialkoxysilane. Though this 

approach did not significantly increase the mechanical properties of the silica aerogels, it 

did demonstrate that the connectivity of the aggregate structure can be increased upon 

photodimerization of surface bound coumarins with no increase in the aerogels density. 

Combining this with other approaches may prove to be very useful.    
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Figure A.8 Mechanical properties of coumarin-modified silica aerogels with varying 

concentration of coumarin (green triangles = 0.7 mol%, red circles = 2.5 mol%, blue 

diamond’s = 5.0 mol%)  incorporated into the silica aerogel. The gels were stronger upon 

longer exposure times. The blue plot corresponds to the best fit line for the flexural 

strength of various density silica aerogels.     

 

A 1.4 Conclusion 

 We have developed a new approach to enhance the mechanical properties of silica 

aerogels which utilizes the photodimerization of pendant coumarin groups on the surface 

of silica aerogels. The resultant coumarin-modified silica aerogels are fluorescent upon 

exposure to UV light with wavelengths longer than 300 nm. The strength of the 

coumarin-modified silica aerogels can be increased by increasing the concentration of the 

coumarin within the silica aerogel and by prolonged exposure to UV light. The maximum 

2.0E+04

2.5E+04

3.0E+04

3.5E+04

4.0E+04

4.5E+04

5.0E+04

0.08 0.085 0.09 0.095 0.1

Fl
ex

ur
al

 S
tre

ng
th

 (N
/m

2)

Density (g/cm3)

10 min.

20 min.

0 min. 

3 min. 



294 
 

strength increased 41% from the precursor aerogel strength, but the gels are weaker than 

a silica aerogel of the same density. 

 

A 1.5 Experimental Section 

 

Materials: 

  All reagents were used as received without further purification unless otherwise 

stated.  Tetramethoxysilane (TMOS, 98%), triethoxysilane (95%), anhydrous toluene 

(99.8%), allyl bromide (99%), 7-hydroxycoumarin (99%) were purchased from the 

Aldrich Chemical Company.  

 

Preparation of 7-allyloxy coumarin: 

 To a 500 mL round bottom flask with stir bar, 7-hydroxy coumarin (10.00 g, 0.06200 

mol) was added followed by the addition of acetone (300 mL), allyl-bromide (18.64 g, 

0.154 mol) and potassium carbonate (K2CO3, 12.77 g, 0.09200 mol).  The round bottom 

was fitted with a condenser which was fitted with a drying tube. The round bottom was 

placed into an oil bath at 65 oC bringing the acetone to reflux and left for 24 h.  Solution 

was initially opaque with a light brown color, which upon heating to reflux for 24 h, the 

solution turned a darker brown color. Upon cooling to room temperature, excess 

potassium carbonate was removed by filtration and volatiles removed under reduced 

pressure. The resulting light brown solid was purified by recrystallization from methanol, 

and white crystalline solids isolated by filtration to obtain 7-allyloxy coumarin (10.48 g, 
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0.05102 mol, yield = 84%).  1H NMR (500 MHz, CDCl3) δ 4.57 (d, J = 7.5, 2H), δ 5.38 

(dd, J = 50, 1H), δ 6.00 (m, J = 5.5, 1H), δ 6.20 (d, J = 9, 1H), δ 6.77 (d, J = 2.5, 1H),  δ 

6.83 (dd, J = 9, 1H), δ 7.33 (d, J = 8.5, 1H), δ 7.60 (d, J = 9.5, 1H);  13C NMR (125 MHz, 

CDCl3) δ 69.23, 101.69, 113.0, 118.44, 128.70, 132.07, 143.29, 155.72, 161.04, 161.66; 

MS: LRMS (EI): 202.06, 187.04, 174.07, 159.04, 134.04, 133.03, 105.04, 89.04, 77.04, 

51.02, 41.04.  

 

Preparation of 7-(3-triethoxysilylpropoxy)coumarin: 

  To a dry 100 mL round bottom flask with stir bar and condenser fitted with a drying 

tube, 7-allyloxy coumarin (3.01 g, 0.0148 mol) was added followed by the addition of 

anhydrous toluene (60mL). Once dissolved, triethoxysilane (2.68 g, 3.00 mL, 0.0160 

mol) was added followed by the addition of Karstedt’s catalyst PtO[Si(CH3)2CH=CH2]2 

(40 µL).  Reaction mixture was left to stir for 48 h at room temperature followed by 24 h 

at 40 oC. During this heating at the elevated temperature a color change from a clear 

colorless to a clear light brown color solution was observed. The volatiles were removed 

under reduced pressure resulting in a dark brown oil. The Product isolated by distillation 

(200 oC, 60 mmHg) with Hickman head short path to obtain 7-(3-triethoxysilylpropoxy) 

coumarin (4.27 g, 0.0116 mol, yield = 78%). 1H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 

9.5,  1H), δ 7.33 (d, J = 8.5,   1H), δ 6.85 (dd, J = 8.5, 1H), δ 6.81 (d, J = 2.5, 1H), δ 6.22 

(d, J = 9.5,   1H),  δ 3.99 (t, J = 6.6, 2H), δ 3.82 (q, J = 7.0, 6H), δ 1.93 (m,  2H); 13C 

NMR (125 MHz, CDCl3) δ 162.22, 162.1, 155.74, 143.31, 128.56, 101.24, 70.32, 58.32, 

22.52, 18.24, 6.43.  
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Preparation of silica aerogels with pendant coumarin groups (5 mol%): 

Solution A contained, TMOS (0.549 g, 0.532 mL, 3.60 mmol, 1 M) and 7-(3-

triethoxysilylpropoxy) coumarin (0.0660 g, 0.180 mmol, 0.05 M) which was diluted to 

1.8 mL with anhydrous methanol.  Solution B contained 1 N ammonium hydroxide 

(0.259 mL) which provided four equivalents of water per equivalent monomer, which 

was diluted to 1.8 mL with anhydrous methanol.  Solution A and B were added 

simultaneously to a poly(propylene) container (4 mL) at room temperature and mixed for 

approximately one minute.  The final volume was 3.6 mL.  Gelation occurred within ~6 

minutes. Gels were aged at room temperature for 48 h followed by aging at 50 ºC for 48 h 

during which time syneresis was observed. Gels were dried using CO2 SCD to obtain 

coumarin-modified silica aerogels (0.271 ± 0.019 g, yield = 102%). IR (KBr) 3452, 3031, 

2945, 1748, 1630, 1513, 1217, 1133, 1063, 922, 807, 607 cm-1. 

 

Preparation of silica aerogels with pendant coumarin groups (0.7 mol%): 

Solution A contained TMOS (0.549 g, 0.532 mL, 3.60 mmol, 1 M) and 7-(3-

triethoxysilylpropoxy) coumarin (0.0660 g, 0.0252 mmol, 0.00700 M) which were 

diluted to 1.8 mL with anhydrous methanol.  Solution B contained 1 N ammonium 

hydroxide (0.259 mL) which provided four equivalents of water per equivalent monomer, 

which was diluted to 1.8 mL with anhydrous methanol.  Solution A and B were added 

simultaneously to a poly(propylene) container (4 mL) at room temperature and mixed for 
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approximately one minute.  The final volume was 3.6 mL.  Gelation occurred within ~8 

minutes. Gels were aged at room temperature for 48 h followed by aging at 50 ºC for 48 h 

which syneresis was observed. Gels were dried using CO2 SCD to obtain coumarin-

modified silica aerogels (0.264 ± 0.0120 g, yield = 118%). Characterization was 

performed using a coumarin (5 mol%)-modified silica aerogel as a representative sample. 

 

Preparation of silica aerogels with pendant coumarin groups (7 mol%): 

Solution A contained, TMOS (0.549 g, 0.532 mL, 3.60 mmol, 1 M) and 7-(3-

triethoxysilylpropoxy) coumarin (0.0920 g, 0.252 mmol, 0.0700 M) which were diluted 

to 1.8 mL with anhydrous methanol.  Solution B contained 1 N ammonium hydroxide 

(0.259 mL) which provided four equivalents of water per equivalent monomer, which 

was diluted to 1.8 mL with anhydrous methanol.  Solution A and B were added 

simultaneously to a poly(propylene) container (4 mL) at room temperature and mixed for 

approximately one minute.  The final volume was 3.6 mL.  Gelation occurred within ~6 

minutes. Gels were aged at room temperature for 48 h followed by aging at 50 ºC for 48 h 

which syneresis was observed. Gels were dried using CO2 SCD to obtain coumarin- 

modified silica aerogels (0.301 ± 0.0140 g, yield = 105%). Characterization was 

performed using a coumarin (5 mol%) -modified silica aerogel as a representative 

sample. 
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Preparation of silica aerogels with pendant coumarin groups (2.5 mol%): 

Solution A contained, TMOS (0.549 g, 0.532 mL, 3.60 mmol, 1 M) and 7-(3-

triethoxysilylpropoxy) coumarin (0.0920 g, 0.0902 mmol, 0.0250 M) which were diluted 

to 1.8 mL with anhydrous methanol.  Solution B contained 1 N ammonium hydroxide 

(0.259 mL) which provided four equivalents of water per equivalent monomer, which 

was diluted to 1.8 mL with anhydrous methanol.  Solution A and B were added 

simultaneously to a poly(propylene) container (4 mL) at room temperature and mixed for 

approximately one minute.  The final volume was 3.6 mL.  Gelation occurred within ~10 

minutes. Gels were aged at room temperature for 48 h followed by aging at 50 ºC for 48 h 

which syneresis was observed. Gels were dried using CO2 SCD to obtain coumarin-

modified silica aerogels (0.260 ± 0.014 g, yield = 108%). Characterization was performed 

using a coumarin (5 mol%) -modified silica aerogel as a representative sample. 

 

 

Instrumentation: 

  Mechanical property measurements were determined using a three-point flexural 

compression test with an Instron 5540 series single column testing system with a 100 N 

load cell set with a 0.04 inch/min-1 crosshead speed. Structural characterization was 

determined by 1H and 13C Nuclear Magnetic Resonance (NMR) spectroscopy with a 

Bruker DRX-500 spectrometer (500 MHz; CDCl3), and compound purity were accessed 

using a HP 5988A Gas Chromatograph/Mass Spectroscopy (GC/MS). Photo cross-

linking was done using Hg-vapor lamp EFOS Acticure A4000, with standard filter option 
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(λ = 320-600 nm). Karl Suss UV intensity meter-model 1000 was to measure the 

intensity of the emitted light from the UV light source. 
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