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General Introduction 
 

 Aerogel, one of the lightest known solid materials, was first reported in 

1931 by  Kist ler. [1 ]  In his first paper, he reported aerogels composed of var ious 

kinds of substance such as silica, a lumina, nickel tartarate, stannic oxide, tungstic 

oxide, gelatin, agar, nitrocellulose, cellulose, and egg albumin.  In particular, he 

took notice of silica aerogels that can easily be obtained with low density (the 

lowest one is 0.02 g cm− 3 at that  t ime) and are highly opalescent.  At the end of  

his report, he addressed the new physical properties developed in the mater ials 

are of unusual interest.  

 In fact, many researchers have investigated silica aerogels for var ious 

purposes. [2 ]  They have utilized unique properties of aerogels, such as low 

thermal conductivity (< 15 mW m− 1  K− 1), high transmittance (~90 % with respect 

to 10 mm thickness) of visible light, and low refractive index, for applications 

such as thermal insulators and for studies in broad fields including quantu m 

physics[3] and space exploration[4].  As a thermal insulator, silica aerogels have 

recorded the lowest thermal conductivity among all solid mater ials known today.   

The visible-light transmittance of well-prepared aerogel is  comparable to that  of 

window glass.  If such mater ials could be applied in our daily life, they would 

reduce energy consumptions which keep increasing with the development of 

human activity.  However, extremely poor  mechanical strength of aerogels 

associated with its br itt leness has been shutter ing such dreams.  

 The br itt leness of aerogel der ives from their tenuous microstructure 

supporting their low-density body as a monoli th.  The highest barrier for silica  

aerogels to real applications in our daily life is  a necessity of a high pressure and 

high temperature process using supercr it ical fluid to remove solvent from wet 

precursor gels.  Generally, low-density porous mater ials are easily cracked and 

broken to pieces by the capillary force ar isen from surface tension of drying 

solvent at liquid–solid interfaces inside the pores. [2d]  Supercr it ical fluid has no 

surface tension, by which the samples can be dried while keeping the or iginal size 

and shape throughout the drying process.  Although the most commonly used 

carbon dioxide has relat ively low cr it ical pressure and temperature, they need to 
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be kept well above 7.38 MPa and 304.1 K,  and a pressure-t ight autoclave is 

required to realize this harsh condit ion.  

Formation of homogeneous microstructure in gels, not limited to silica,  is  

not difficult as we can find var ious wet gels such as food jell ies.   Inorganic gels 

can be easily obtained by the sol–gel process, which is utilized in many industry 

processes today. [5]  For instance, transparent silica wet gels can be obtained by 

only mixing a silica source, such as tetraalkoxysilanes, and an aqueous solution 

containing hydrolysis–condensation catalysts, such as acid and base.  One of the 

important things to obtain homogeneous gels is to avoid macroscopic phase 

separation dur ing the formation of polymeric networks. [6 ] 

The microstructure of silica aerogels is composed of beaded small 

particles (secondary particles) with ~10–20 nm in diameter as confirmed by 

microscopic techniques. [2a]  Density of these particles is ~1.5 g cm− 3, which is 

lower than vitreous silica, according to analysis by helium pycnometry, because 

these particles include interst ices between dense primary part icles of ~2–3 nm in 

diameter as confirmed by scatter ing techniques.  A schematic view of  

microstructure in silica aerogels is shown in Figure 1. [7 ]  The reason for low 

thermal conductivity and high visible-light transmittance of silica aerogels lies in 

this specific microstructure.  Silica aerogels have low solid fraction and uniform 

mesopores with several dozen nanometers.   The low solid fraction suppresses 

thermal conductivity of solid, and small mesopores suppress the gaseous thermal 

conduction as far as the pore size is shorter than the mean free path of gas 

molecules confined in the pores. [8 ]  In total, thermal conductivity of aerogels is  

much lower than those of commercially available thermal insulators such as 

polyurethane foams and glass wools. [2a-c ]   As for visible-light transmittance, the 

size of porous structure and that of secondary particles play an important role in 

the Mie and Rayleigh scatter ing modes,  respectively. [2b]  It is  cr it ically important  

to form the porous structure with its character ist ic length sufficiently shorter than 

the wavelength of visible light and to reduce the fraction and size of the solid 

skeletons in order to obtain transparent aerogels.  From these points of view, a  

fine and flexible control over microstructure is the key in the study on silica  

aerogels.  
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Aiming at practical uses, many researchers have been investigating 

improvement and reinforcement of the microstructure of silica aerogels for easier  

drying and handling, and indeed many possibilit ies have been proposed.  The 

most common method to improve mechanical strength of silica-based mater ials is  

to leverage the Ostwald r ipening, which contains a process of dissolution of 

higher posit ive curvature part and reprecipitation onto higher negative curvature 

part observed typically in solid–liquid two-phase systems. [9]  Due to the 

increased thickness of the skeletons, mechanical proper ties such as Young’s 

modulus of the mater ial are highly improved.  However,  visible-light 

transmittance tends to decrease by an increasing contr ibution of the Mie 

scatter ing because of the thicker skeletons, which is undesirable for applications 

such as thermal insulating windows.  Another  method to improve the mechanical 

properties of silica aerogels is to laminate skeletons with organic polymers.  By 

this method, Leventis and coworkers have synthesized some mechanically tough 

aerogels. [10]  They used copolymerization systems of tetramethoxysilane and 

3-aminopropyltr imethoxysilane as the precursors to obtain monolithic gels, and 

then allowed them to react with epoxy compounds on the surface of 

microstructure.   While the obtained mater ials show good flexibility against  

compression and bending stresses, their properties such as thermal conductivity 

and visible-light transmittance are deter iorated compared to pure silica aerogels,  

due to the enlarged microstructure and partia l loss of porosity.  

In 2007, Kanamori and coworkers reported new organic-inorganic hybrid 

aerogels which consist of polymethylsilsesquioxane (PMSQ, CH3SiO1. 5) der ived 

from methyltr imethoxysilane (MTMS, CH3Si(OCH3)3) as a precursor via  an acid–

base two-step sol–gel reaction. [11]  These “silicone” aerogels show visible-light 

transmittance, low thermal conductivity like silica aerogels, and strength and 

elast icity enough to recover their or iginal size and shape from 80 % uniaxial 

compression, which had never been reported previously. [11-12]  These new 

aerogels take advantage of flexibility for improving br itt leness of aerogels, while 

many of the old methods aim at  reinforcement by forming r igid structures.  To 

synthesize such silicone aerogels, there had been several problems pr ior to the 

report.  Polysilsesquioxanes are organic–inorganic hybrid, and contain 
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hydrophobic organic moieties in the siloxane network.  In the case of PMSQ, one 

methyl group is directly bonded to each silicon atom in the network.  Due to the 

hydrophobicity of the organic moiety, it was difficult to synthesize a homogenous 

gel via a sol–gel process in aqueous solution, because hydrophobicity becomes 

higher with increasing degree of polymerization.   To solve the problem, 

Kanamori et a l. employed surfactant to suppress the phase separation dur ing the 

formation of crosslinked networks until gelation is completed.  In addit ion, they 

used an acid–base two-step reaction to obtain further homogeneous networks and 

microstructure. [13]  In the acid–base two-step reaction, the acid-catalyzed 

hydrolysis occurs on alkoxysilanes in the first step, followed by the 

base-catalyzed condensation in the second step to form highly branched 

3-dimensional (3-D) networks; whereas cage-like polyhedral oligomeric 

silsesquioxanes would become a major condensation product in acidic 

condit ions. [6 ]  The new PMSQ gels have added remarkable features to the history 

of aerogels.  Xerogels with comparable properties with those of aerogels can be 

obtained via ambient pressure drying without any special condit ions due to their  

flexibility.   During ambient pressure drying,  wet gels start undergoing linear  

shrinkage by ~50 % and then recover to their or iginal size and shape by the 

“spring-back” behavior. [14]  This phenomenon can be observed owing to the 

following three features of the PMSQ network; 1) lower  crosslinking density 

compared to silica for flexible deformation of the network,  2) lower silanol 

density for suppression of irreversible shr inkage, and 3) hydrophobic methyl 

groups for enhancement of spr ing-back.  In addit ion, as-prepared PMSQ 

aerogels/xerogels a lready show strong hydrophobicity.  This is a considerable 

advantage compared to silica aerogels which need a hydrophobizing treatment by 

a silylat ing agent to avoid degradation by atmospher ic humidity. [15] 

The first half of this thesis describes the detailed synthesis and 

character ization of PMSQ aerogels via the sol–gel reaction with suppressing and 

controlling phase separation with surfactant .  The contents of the relevant 

chapters are as follows: 

In chapter 1, changes in the structure and properties of PMSQ aerogels  

are discussed by employing cationic n-hexadecyltr imethylammonium chlor ide 
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(CTAC) as a surfactant.  Exploration of the synthetic parameters such as the 

starting composit ion in the system leads to variations of physical proper ties of 

resultant aerogels.   Optimization of the parameters in the synthesis of aerogels is  

also presented.  

In chapter 2, controls over  phase separation by a nonionic surfactant ,  

Pluronic F127, instead of CTAC are discussed.   A transit ion from transparent 

aerogels to hierarchically porous monoliths has been observed by decreasing the 

concentration of F127 due to moderate phase separation by spinodal 

decomposit ion (Figure 2). [16]  At the same t ime, relat ionships between thermal 

conductivity, gas pressure and pore size have been investigated for the practica l 

application of these porous monoliths to thermal insulators.  The obtained data  

on thermal conductivity have been discussed based on the theory of thermal 

conduction in porous mater ials.  In addit ion,  an aerogel-like xerogel have been 

prepared, for the first t ime, to demonstrate the possibility of utilizing it as a  

high-performance thermal insulating panel.  

In chapter 3, improvement of mechanical proper ties of PMSQ aerogels by 

forming composites with cellulose nanofibers (CNFs) is reported.   By adding 

only a  small amount of CNFs in the start ing solution,  bending flexibility has been 

introduced in the obtained low-density aerogels, which had not been observed in 

any monolithic aerogels including the pr ist ine PMSQ aerogels.  A new 

possibility toward the reinforcement of the PMSQ networks in a simple manner is 

demonstrated.  

The latter half of the thesis descr ibes novel flexible porous mater ials as 

an extension of the above-mentioned sol–gel system discussed in chapter 1.  In 

the previous research on the sol–gel-der ived mater ials, there have been only a few 

reports on the mater ials with sovereign flexibility.  By replacing a part of MTMS 

with dimethyldimethoxysilane (DMDMS, (CH3)2Si(OCH3)2) in the sol–gel system, 

“marshmallow-like” macroporous gels have been successfully obtained.  Due to 

the coarsened microstructure as compared to the PMSQ aerogels and decreased 

crosslinking density, the obtained marshmallow-like gels show outstanding 

properties such as flexibility and hydrophobicity in the wide temperature range,  

while transparency is lost.  
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In chapter 4, fundamental properties of the marshmallow-like gels have 

been investigated as a function of synthetic parameters.  By increasing the ratio 

of DMDMS to MTMS, the microstructure is coarsened and the Young’s modulus 

of the gels is dramatically decreased.   Variations in the porous structures and 

corresponding mechanical properties evaluated by compression and bending tests 

are discussed in detail.   Easy applicability of the ambient drying to obtain the 

marshmallow-like gels is a lso demonstrated.  

In chapter 5, detailed properties and possible applications of the 

marshmallow-like gels are shown.  The flexible porous mater ials show stable 

structure and properties in the wide temperature range similar ly to the typical 

silicone polymer, polydimethylsiloxane (PDMS).  The marshmallow-like gels 

show flexibility even at the liquid nitrogen temperature.  Utilizing their  

superhydrophobic surfaces, an application to oil–water separation has been 

examined.   Additionally, a lteration of the surface proper ty of the 

marshmallow-like gels is investigated by employing different combinations of 

alkoxysilanes instead of MTMS and DMDMS. 

In chapter 6, surface modification of the marshmallow-like gels is  

performed.  The surface of the marshmallow-like gels der ived from a 

co-precursor system of vinyltr imethoxysilane (VTMS, CH2=CHSi(OCH3)3) and 

vinylmethyldimethoxysilane (VMDMS, CH2=CH(CH3)Si(OCH3)2) has been 

reacted with perfluoroalkyl thiol by the thiol–ene click reaction.  The resultant 

marshmallow-like gel shows superoleophobicity, which opens the possibility of 

designing new antifouling flexible monolithic mater ials.  

In the present thesis, the relat ionships between properties and 

microstructure of the polyorganosiloxane (silicone) porous mater ials with varying 

synthetic parameters such as start ing composit ions have been discussed.   

Appropriate controls over sol–gel transit ion and selection of precursors and 

addit ives cr it ically determine the final morphology and the resultant 

physicochemical properties of the porous monoliths.  In part icular, phase 

separation parallel to the sol–gel transit ion plays the key role in the 

polyorganosiloxane systems in aqueous solutions due to the hydrophobicity of the 

networks.   In addit ion, possible applications of these mater ials are discussed in 
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each chapter for the purpose of connecting the fundamental research to practically 

useful technology.   
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Figure 1  Schematic image of the microstructure of silica aerogels.  

 

 

 

Figure 2  Schematic image of the sol–gel reaction accompanied by spinoda l 

decomposit ion.   The transient structure of spinodal decomposit ion is irreversibly 

frozen-in as a PMSQ microstructure by the sol–gel transit ion.  
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Chapter 1 
 
Structure and Properties of Polymethylsilsesquioxane Aerogels 
Synthesized with Surfactant n-Hexadecyltrimethylammonium 
Chloride 
 
1.1 Introduction 
 

Aerogels are prepared with var ious chemical composit ions ranging from 

inorganic oxides such as silica and alumina,  to organic cross-linked polymers 

such as resorcinol–formaldehyde (RF) resins.[1 ]  Typical high-quality silica  

aerogels, which are generally prepared by the sol–gel process, possess high 

porosity (>90%) and small pore size (~50 nm) with the porous texture consist ing 

of aggregates of silica nanoparticles (~10 nm).  Owing to these structura l 

features, a number of excellent proper ties are atta ined; high transparency, low 

refractive index, low thermal conductivity,  and low dielectr ic constant. In 

particular, applications to (transparent) thermal insulators[2],  catalyst  supports [3],  

supercapacitors [4],  and low-k  mater ials [5] are widely concerned and much effor t is  

made to fabr icate aerogels with low-cost and efficient mass production processes.   

However, aerogels are inherently br itt le due to the high porosity and to the weak 

linkage of the aggregated part icles.  To keep the delicate pore structure intact  

dur ing the removal of solvent from the precursor wet gels, supercr it ical drying 

instead of simple evaporative drying is required, in which high pressure (and high 

temperature) is needed.  This fatal drawback keeps aerogels away from the 

extended applications.   To improve the mechanical properties, much effort has 

been paid so far. Some researchers investigated the effect of extended aging in 

water, monomer solution, and mother solvent [6] to dry wet gels in milder (i.e.  

subcr it ical) conditions or even under ambient pressure and temperature.   During 

the aging process, small pr imary part icles with high posit ive curvatur e 

preferentially dissolve and re-precipitate onto the “neck” portion with high 

negative curvature in-between contacting particles.  The resultant skeletal 

structure contains the smoothed linkage of part icles, which increases the st iffness 
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and strength of the or iginal gel.  Aging in monomer solution drastically 

enhances the mechanical properties by incorporating monomers from the aging 

solution into the as prepared gel networks to increase the cross-linking density.   

Hybridization with organo-functional silanes or organic polymers is another  

promising way to increase the mechanical durability of aerogels [7].   Although 

sacr ificing the transparency due to macroscopic phase separation of hydrophobic 

networks, organic-inorganic hybrid aerogels prepared from MTMS[7d] and 

MTMS–DMDMS co-precursors [7h] show unusual flexibility, as discussed in 

chapters 4–6.  

 Simultaneously, the author has demonstrated that a modified 2-step sol–

gel process containing urea and surfactant prevents the occurrence of macroscopic 

phase separation, and transparent organic-inorganic hybrid aerogels are obtained 

utilizing MTMS as a single precursor [8].   The resultant ideal gel network is 

represented as PMSQ.  Urea is hydrolyzed into ammonia and carbon dioxide at  

60 °C after the hydrolysis of MTMS which is catalyzed by dilute acetic acid,  

accelerates condensation and promotes homogeneous gelation by raising solution 

pH.  The author used appropriate surfactants which effectively suppress phase 

separation by making the MTMS-der ived condensates hydrophilic.  In the case 

of nonionic surfactant, poly(ethylene oxide)-block-poly(propylene 

oxide)-block-poly(ethylene oxide) (EO106PO70EO106, Pluronic F127)[9],  it was 

deduced that  MTMS-der ived condensates were made hydrophilic through an 

attractive interaction between F127 and MTMS condensates.  When cationic 

CTA salt (bromide CTAB or chlor ide CTAC) is employed, the MTMS condensates 

are more strongly made hydrophilic by weakly interacting with the hydrophobic 

chain of CTAB/CTAC.  The resultant aerogels showed an unusual spr ing-back 

behavior which contains the compression of aerogel without cracking and the 

following perfect recovery when unloaded.   Successful drying of wet gels 

without utilizing supercrit ical drying was also reported[8a].   Low-density and 

transparent xerogels with comparable properties to corresponding aerogels thus 

obtained are promising for var ious applications such as to thermal insulators due 

to their potential for low-cost productions.  

In chapter  1, the author  shows the control of pore structures and 
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properties by systematically alter ing the starting composit ion.  In part icular,  

effects of changing concentrations of surfactant, urea and solvent are investigated.  

To minimize the effect of drying, a ll the gels have been processed by supercr it ica l 

drying.  The pore structure of aerogels is observed by field emission electron 

microscopy (FE-SEM).  Properties including bulk density, light transmittance 

and compressive mechanical properties are also studied.  The comprehensive 

information on relationships between star ting composit ions and physical 

properties is highly important to understand and design the pore properties of 

PMSQ aerogels/xerogels.  
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1.2  Experimental 
 

1.2.1  Chemicals 

Acetic acid,  dist illed water,  urea, methanol,  and 2-propanol were 

purchased from Hayashi Pure Chemical Ind., Ltd. (Japan).  Surfactant CTAC was 

from Tokyo Chemical Ind. Co., Ltd. (Japan).  Methyltr imethoxysilane (MTMS) 

was obtained from Shin-Etsu Chemical Co., Ltd. (Japan).   All reagents were used 

as received.  

 

1.2.2  Synthesis procedures 

 The sample notations are defined, for example,  as CwAx-yUz,  where w,  x,  

y and z are weight of CTAC (in g), concentration of aqueous acetic acid (in mM),  

volume of aqueous acetic acid (in mL) and weight of urea (in g), respectively.   

At the typical start ing composit ion C0.4A5-10U3, 10 mL of 5 mM aqueous acetic 

acid, 0.40 g of surfactant CTAC and 3.0 g of urea were dissolved in a glass sample 

tube, and then 5 mL of MTMS was added with vigorous st irr ing.   The molar ratio 

of this typical start ing composit ion is MTMS:water :acetic acid:urea:CTAC = 

1.0:1.6 × 10:1.4 × 10− 3:1.4:3.6 × 10− 2.  The mixed solution was continuously 

st irred for 30 min at room temperature for acid-catalyzed hydrolysis, followed by 

base-catalyzed gelation and aging at 60 °C in a closed vessel for 4 d.   The 

typical gelation t ime was about 3 h.  The wet gels thus obtained were soaked in 

water/methanol (volume ratio 1:1) once, then methanol twice and 2-propanol 

three t imes each at 8 h duration to remove CTAC and other unreacted reagents.   

Alcogels obtained in this way were dr ied from supercr it ical carbon dioxide at  

80 °C, 14.0 MPa for 10 h in a custom-built autoclave (Mitsubishi Mater ials Corp.,  

Japan) to obtain aerogels.  

 

1.2.3  Measurements 

 The pore structure was observed with an FE-SEM JSM-6700F (JEOL Ltd.,  

Japan).  Bulk density,  ρ,  was obtained by measuring the volume and weight of a  

carved gel.   Porosity e (%) was then determined as e = (1 − ρ/ρ s)×100, where ρ s  

represents true density that was fixed to be 1.40 g cm− 3 determined for a typica l 
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MTMS-der ived aerogel by helium pycnometry.   For visible-light transmittance 

measurements,  a UV-VIS spectrometer V-670 (JASCO Corp., Japan) equipped 

with an integrating sphere ISN-723 was employed.  Direct-hemispher ica l 

transmittance was recorded, and obtained transmittance data at 550 nm were 

normalized into those of 10 mm-thick samples using the Lambert–Beer equation.   

The normalized total transmittance is denoted as T .   For uniaxial compression 

tests, specimens carved from large panels (typical length × width × height is 10 × 

10 × 6 mm3) were compressed–decompressed using a load cell of 5 kN with a rate 

of 0.5 mm min– 1.  Young’s modulus E was calculated using the slope of stress–

train curves between 0.1 and 0.2 MPa stress.  
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1.3  Result and Discussion 
 

1.3.1  Effects of CTAC 

In many reaction condit ions, MTMS does not form uniform gel networks 

in polar solvents, due to the high phase separation tendency resulted from the 

strong hydrophobicity of the polymethylsilsesquioxane networks.  To synthesize 

uniform monolithic aerogels, the author used the method utilizing surfactant in 

starting composit ions to suppress phase separation.  In CwA5-10U3 system, the 

author obtained transparent elastic aerogels with w > 0.10 g of CTAC (molar ratio 

[CTAC]/[MTMS] > 0.009), and relat ionships are presented between w and several 

properties as T ,  ρ and Young’s modulus in Figure 1.1.  Light transmittance at 550 

nm showed the maximum at  w = 0.40 g with T = 89% (sample shown in Figure 

1.2a).  Bulk density ρ of this aerogel was 0.138 g cm− 3 and porosity e was 

calculated as 90 %.  With increasing w,  the light transmittance value T  gradually 

decreased due to decreasing network homogeneity.  Although monolithic 

aerogels can be obtained even with > 4.00 g of CTAC ([CTAC]/[MTMS] > 0.36),  

visible-light transmittance was low.  In the cases of other surfactants, for  

example Pluronic F127, there is the upper limit of the amount of surfactant in the 

starting composit ion to obtain a monolithic gel.  It is suggested that the 

interaction between CTAC and the PMSQ condensates is weaker, and interruption 

of polycondensation hardly occurs.  The attractive interaction may be 

predominantly based on the weak hydrophobic interaction between alkyl chains of 

CTAC and hydrophobic condensates.  

With varying the amount of CTAC, microstructures (Figure 1.3) as well as 

the physical properties of aerogels were changed.  In CwA5-10U3 system, these 

changes can be explained by dividing into 4 regions about the w value.   1) In w < 

0.10 ([CTAC]/[MTMS] < 0.009), macroscopic phase separation occurred because 

the amount of CTAC molecules is not enough to suppress the strong 

hydrophobicity of PMSQ networks.   The resultant coarse structure is shown in 

Figure 1.3a.  2) In 0.10 < w < 0.60 (0.009 < [CTAC]/[MTMS] < 0.054), the gel  

network became uniform because the moderate amount of CTAC effectively 

interacted with the hydrophobic networks and suppressed phase separation.  At w 
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= 0.40 (Figure 1.3b), the aerogel exhibited the highest light transmittance and 

lowest density, as mentioned above.  3) In 0.60 < w < 1.20 (0.054 < 

[CTAC]/[MTMS] < 0.11), excess CTAC molecules weakly interfere the network 

formation and gels shrank more dur ing the solvent exchange and supercrit ica l 

drying, due to the lower crosslinking density and weaker connections between 

particles composing the gel skeleton.  At w = 0.80 ([CTAC]/ [MTMS] = 0.072),  

shrinkage reached a maximum in this system, and the resultant finer structure is 

exhibited in Figure 1.3c.   Bulk density and Young’s modulus became larger than 

those of the aerogels in the region 2) as can be confirmed in Figures 1.1a and c.   

These factors show a good correlat ion because both of these factors are strongly 

influenced by the shr inkage dur ing aging, solvent exchange, and drying; the 

higher shr inkage leads to the increased bulk density and Young’s modulus.  4 ) 

With further increasing w,  the microstructure became coarser (Figure 1.3d), and 

accordingly the less shr inkage has been observed.  The larger part icles and their  

less homogeneous aggregations decreased T  because of the enhanced Mie 

scatter ing as can be confirmed in Figure 1.1b.  The mechanism of particles 

growth and their aggregations may be caused by multiple factors, such as 

increased stability of condensates covered with CTAC molecules in the solution 

with an excess of CTAC, which retards the nucleation of colloidal part icles.  

 

1.3.2  Effects of Acet ic Acid 

 In acidic condit ions, a lkoxysilanes including MTMS are efficiently and 

uniformly hydrolyzed.  No hydrolysis occurred without acetic acid in the 

starting solutions investigated in this study.   The author obtained monolithic 

aerogels when the concentration of acetic acid aqueous solution was in the range 

of x = 1–300 mM.  Figure 1.4 shows the relationships between properties of 

aerogels and x (C0.4Ax-10U3 system).  With 1 < x < 10, there are no changes in 

these three properties, but with x > 10, T gradually decreased.  With x > 60, ρ  

became higher but Young’s modulus did not clear ly change due to the higher  

shrinkage, which is caused by the enhanced formation of cyclic/polyhedral 

species (at 1100 cm− 1) instead of linear and branched species (at 1025 cm− 1)[10] as 

evidenced in the FTIR spectra in Figure 1.5.   The cyclic/polyhedral species do 
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not contr ibute to the strength of the gel network, and lead to the formation of 

inhomogeneous gel network due to increasing phase separation tendency (Figure 

1.6).   These results conclude the optimal concentration range of acetic acid to 

synthesize transparent aerogel is 1–10 mM.  In this range, obtained aerogels 

possess almost the same properties, though hydrolysis rates are different.  

 

1.3.3  Effects of urea 

 Although transparent PMSQ aerogel cannot be obtained under  the 

one-step acidic condition due to the enhanced formation of cyclic/polyhedral 

species, the basic condit ion promotes polycondensation of MTMS monomers and 

oligomers into the branched network, which provides the good condit ion to obtain 

transparent aerogel monoliths with uniform networks.  The author used urea as a  

base-releasing agent; urea is hydrolyzed into NH4OH and CO2 and uniformly 

raises pH of the aqueous sol.   Figure 1.7 shows the pH curve of the solution with 

the typical starting composit ion C0.4A5-10U3 (but without MTMS) measured at  

60 °C.   In C0.4A5-10U3 system, the gelation t ime was ~3 h, and pH of the 

solution at the t ime was ~6.8.   After gelation, pH continued to rise and finally 

reached 9.1 after 4 d.  

 With var ied amount of urea, proper ties and pore structures of aerogels are 

clear ly changed as shown in Figures 1.8 and 1.9.  Monolithic gels could not be 

obtained with less than 0.50 g of urea.  Without urea in the start ing composit ion,  

the sol was stable even when acetic acid was sufficiently diluted, whereas a small 

amount of oil was separated after a few days.  In C0.4A5-10Uz system, T  

increased and ρ and Young’s modulus decreased with increasing amount of urea,  

which promoted polycondensation into random networks before an enhanced 

formation of cyclic/polyhedral species in the acidic condit ion owing to the higher  

rate of pH increase and shorter gelation t ime.  The obtained networks also 

become homogeneous in such condition. In the C0.4A5-10U1 sample, the porous 

structure is coarser than that of C0.4A5-10U3 (Figure 1.9).  Comparing z = 3 and 

4 g, the obtained aerogels had almost the same properties because the networks 

became sufficiently uniform with such high amounts of urea.   In z > 4, urea does 

not completely dissolve in the solution containing CTAC. 
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1.3.4.   Effects of solvent vo lume 

 Water acts as the diluting solvent as well as reactant in hydrolysis in the 

present system.  Properties as well as pore structures of aerogels are also 

affected by the volumetr ic ratio of 5 mM acetic acid aqueous solution (y  

mL):MTMS volume (5 mL, yielding 2.3 g solid if stoichiometr ic conversion is 

assumed) as shown in Figures 1.10 and 1.11.  The author  synthesized lower  

density aerogels by increasing the ratio of 5 mM acetic acid aqueous solution 

while fixing the concentration of urea (i.e. the y to z ratio is fixed in 10:3).   With 

increasing y,  ρ drastically decreased from ~0.50 to ~0.050 g cm− 3 (Figure 1.10a) 

in all y ranges.  The Young’s modulus naturally decreased accordingly with the 

decrease of bulk density (i.e.  the decrease of monomer concentration).  

 In y < 20, no syneresis and shr inkage was observed dur ing gelation and 

aging processes.  This phenomenon is uniquely observed on aerogels synthesized 

with CTA halide salts, but rarely in the conventional silica aerogels systems.   

The absence of shr inkage and syneresis dur ing gelation and aging is attributed to 

the repulsion between the polar head groups on the surface of the network[9]. This 

fact shows that this start ing composit ional region is advantageous to form the 

low-density monoliths by avoiding shr inkage by syneresis.  The highest T was 

recorded at y = 14 with the value of 91 % (Figures 1.10b and 1.11c).  With 

further increase in y,  T gradually decreased due to the disorder ing of pore 

structure by the higher shr inkage, which is caused by the lower mechanica l 

strength of wet gels as shown in Figure 1.10c.  In this system, crack-free 

aerogels are obtained when y < 100.  At y = 100 (C0.4A5-100U30, the 

microstructure shown in Figure 1.11d), ρ and e showed minima with the values 

0.045 g cm− 3 and 97 %, respectively.   This gel shrank ~30% of the or iginal size 

dur ing drying due to the low mechanical strength, and the dr ied aerogel became 

translucent (Figure 1.2b).  In addit ion, the outer surface of these samples was 

easily collapsed on fingers by absorbing oil from the human skin, whereas 

aerogels can float on water for at least a month.  In 100 < y < 150, monolithic  

aerogels were obtained, but they had too many and large cracks to character ize 

physical properties.  Gelation occurred even when y = 1000, but the alcogels ar e 

easily collapsed dur ing solvent exchange so that dr ied monoliths cannot be 
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obtained.  

 With decreasing y from 10, ρb steeply increased, which can be predicted 

from the start ing composit ions.  On the other hand, T was dramatically changed.   

In 4 < y < 6, T became lower than 20 %, because viscosity of the sol increased by  

high concentration of CTAC and the microstructure became coarser  due to the 

inhomogeneous networks formation governed by a slow diffusion.   The coarse 

microstructure and aggregations of PMSQ particles are shown in the FE-SEM 

image (Figures 1.11a and b).  In y < 4, aerogels became denser and T became 

higher than those of in 4 < y < 6, due to the significant shr inkage and 

densification dur ing the aging process.  

In summary, the range in y = 8–18 mL is the good condit ion to obtain 

aerogels with high transparency and the uniform gel networks.  Outside this 

range, features of aerogels such as uniform microstructure and high porosity ar e 

lost.  
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Figure 1.1  Physical properties of aerogels derived with var ied amount of CTAC 

(CwA5-10U3 system); a) bulk density, ρ,  b) light transmittance at 550 nm, T and 

c) Young’s modulus, E.   
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Figure 1.2  Digita l camera images of the obtained aerogels; a) C0.4A5-10U3 and 

b) C0.4A5-100U30.  

 

 

  

  
Figure 1.3  SEM images of aerogels der ived with var ied amount of CTAC 

(CwA5-10U3 system); a) w = 0 g, b) 0.4 g, c) 0.8 g and d) 2.0 g.  
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Figure 1.4   Physical properties of aerogels der ived with var ied concentration of 

acetic acid aqueous solution (C0.4Ax-10U3 system); a) bulk density, ρ,  b) light  

transmittance at 550 nm, T and c) Young’s modulus, E.  
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Figure 1.5   FTIR spectra of aerogels der ived with var ied concentration of acetic 

acid aqueous solution (C0.4Ax-10U3 system); 1 mM and 300 mM. 

 

 

  

Figure 1.6  SEM images of the aerogels with var ied concentration of acetic acid 

aqueous solution (C0.4Ax-10U3 system); a)  x  = 5 mM and b) 300 mM. 
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Figure 1.7  Change in pH of the solvent with the typical start ing composit ion 

C0.4A5-10U3 without MTMS at 60 °C.  
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Figure 1.8  Physical properties of aerogels derived with var ied amount of urea, z  

(C0.4A5-10Uz  system); a) bulk density ρ,  b) light transmittance at 550 nm, T  and 

c) Young’s modulus E.  
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Figure 1.9  SEM images of the aerogels with varied amount of urea z (C0.4A5-10Uz  

system); a) z = 1.0 g and b) 3.0 g.  
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Figure 1.10  Physical proper ties of aerogels der ived with var ied volume of 

solvent (C0.4A5-yUz system, with keeping y:z = 10:3); a) bulk density, ρ,  b) light  

transmittance at 550 nm, T and c) Young’s modulus, E.  
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Figure 1.11  SEM images of the aerogels prepared with varied volume of solvent, y  

(C0.4A5-yUz  system, with y:z  = 10:3); a) y  = 2 mL, b)  4 mL, c)  14 mL and d)  100 mL. 

  



32 
 

1.4 Conclusion  
 

Transparent PMSQ aerogels have been successfully obtained from MTMS 

under the co-presence of surfactant CTAC in the start ing composit ion to suppress 

phase separation.   As a result of the systematic study in this system, var ious 

properties of the aerogels are found to be affected by the start ing composit ion.   

With the var ied amount of CTAC, the porous texture of the gel is changed.  To 

successfully obtain monolithic PMSQ aerogels, at least 0.10 g of CTAC 

([CTAC]/[MTMS] = 0.009) should be included in the solution.   At 0.40 g of 

CTAC ([CTAC]/[MTMS] = 0.036), the obtained gel has the highest light 

transmittance, but it decreases with increasing amount of CTAC.  Density and 

Young’s modulus are strongly correlated because both of these properties depend 

on the structure and strength of the gel networks.  Concentrations of acid and 

base catalysts affect the molecular-level network and porous texture of the gels.   

With diluted acetic acid and increased amount of urea, the author can obtain 

aerogels with high light transmittance and low density.   With increasing the ratio 

of solvent volume to MTMS, density becomes lower and higher  shr inkage occurs 

dur ing gelation, solvent exchange and drying.   The minimum density of PMSQ 

aerogels obtained without cracks is  0.045 g cm− 3, while light transmittance is 

partia lly sacr ificed.  
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Chapter 2 
 
Relationship between Gas Pressure and Thermal Conductivity of 
Polymethylsilsesquioxane Aerogels/Xerogels with Varied Pore 
Sizes Controlled by Using Surfactant Pluronic F127 
 
2.1 Introduction 
 

It is no doubt that thermal insulation, which decreases the energy 

consumption in various processes, is one of the important issues today.  Thermal 

insulating mater ials with low thermal conductivity are widely used in our life to 

keep desirable temperature in buildings, to protect  from burns, and to reduce 

energy consumptions in electr ical appliances such as refr igerators.  In industry,  

insulating mater ials are more extensively used for improving the energy balance 

in plants, preventing equipment from troubles, and storage of liquefied gases.   In 

addit ion, insulation of engines, batter ies,  and cargos in transportation is becoming 

increasingly crucial from the viewpoint of saving energy.  

Aerogel is one of the most expected thermal insulating mater ials, because it  

shows the lowest thermal conductivity of a ll solid mater ials. [1 ]  Typical aerogels  

specially designed for the thermal insulating purpose show excellent insulation 

with thermal conductivity < 15 mW m− 1 K− 1, which is appreciably lower compared 

to those of classical insulating mater ials, 21–40 mW m− 1 K− 1. [1a , 1b , 2 ]  Although 

commercially available vacuum insulation systems outstr ip the insulation of 

aerogels, the vacuum gradually degrades dur ing long-term use by leaks.  Vacuum 

insulation therefore needs robust  frameworks and regular maintenance to keep the 

high insulation.   Aerogels, on the other hand,  are stable solid as far as being 

hydrophobized, [3] and can be used at ambient pressure for  long duration of t ime.   

In addit ion, aerogel-based thermal insulation has a large advantage in saving 

space and weight for many applications including space development, because the 

less amount of insulating mater ials is required to achieve the comparable 

insulation to the tradit ional mater ials. [1c , 2b , 3 ]  Especially in typical silica  

aerogels, aerogel glazings are expected as a transparent window insulating 
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system, [1c, 2b ] because silica aerogels have visible-light transmittance and low 

refractive index. [1b]  However, mechanical strength of these low-density 

mater ials is so low that they are easily cracked and collapsed even by a slight 

curvature caused during processing and by the wind while in use.  Even worse is 

the requirement of a supercr it ical fluid such as carbon dioxide or alcohols as a  

drying solvent to keep their porous structure throughout the drying process, which 

needs to be performed under high temperature and pressure.  There is a size 

limitation to available aerogels because of that  of an autoclave that can be safely 

operated from technical and legal aspects.  For this reason, there has been 

limited precedent of large-area monolithic aerogels with, for example, the size of 

a window glass. Instead, aerogel granules and composites are widely employed 

for larger-area daylighting and wall insulation systems. [1c , 1d ] 

To improve the mechanical properties of transparent aerogels, many 

researchers have been trying var ious strategies.   In chapter 1, pore structures and 

properties are controlled by systematically alter ing the starting composit ion with 

surfactant CTAC.  In this system, the obtained aerogels had highly visible-light 

transmittance,  but are difficult to be dr ied via  ambient pressure due to their  fine 

structure.  On the other hand, PMSQ aerogels with using nonionic surfactant 

F127 can be synthesized with continuously controlled pore size from 50 nm to 3 

μm. [4 ]  Although these aerogels are designed to possess rather high density (> 0.2 

g cm− 3) in order to obtain co-continuous structure in the extended length scale,  

mechanical properties such as Young’s modulus are higher compared to the 

previous PMSQ aerogels, which enables even easier handling.  In this chapter,  

the author discusses the relationships between pore size, mechanical property and 

thermal conductivity with var ied gas pressure.  Although several researchers 

reported the effects of pore size and gas pressure on thermal conductivity using 

carbon and silica aerogels in these 20 years, [5 ]  this is the first report on the 

organic-inorganic hybrid aerogels with well-defined morphology and extensively 

var iable pore size.   The author also demonstrate the possibility of PMSQ 

aerogel-like xerogels obtained by a simple drying process in ambient temperature 

and pressure as a practical insulating mater ial with sufficiently low therma l 

conductivity of 15 mW m− 1 K− 1.   
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2.2  Experimental 
 

2.2.1  Chemicals 

Acetic acid, methanol, 2-propanol and n-heptane were purchased from 

Kishida Chemical Ltd. (Japan).  Dist illed water  and urea were from Hayashi Pure 

Chemical Ind., Ltd. (Japan).   Surfactant poly(ethylene 

oxide)-block-poly(propylene oxide)-block-poly (ethylene oxide) (EO106PO70EO106,  

Pluronic F127, Mw = 12600) was from BASF (Germany).   

Methyltr imethoxysilane (MTMS) was obtained from Shin-Etsu Chemical Co., Ltd.  

(Japan).  All reagents were used as received.  

 

2.2.2  Synthesis procedures 

 The start ing composit ions are listed in Table 2.1.  In a typical synthesis,  

60 mL of diluted aqueous acetic acid (5 mM), 5 g of urea, and 0–10.0 g of 

surfactant (Pluronic F127) were mixed in a glass sample bott le, and 50 mL of 

MTMS was subsequently added under vigorous st irr ing.  Molar rat io of the 

starting mater ials is MTMS:water :acetic acid:urea:F127 = 1:9.6:0.00086:0.24:0–

0.0023.  After the mixed solution was continuously st irred for 30 min at room 

temperature to allow acid-catalyzed hydrolysis of MTMS, the resultant 

homogeneous solution was allowed to gel at 60 °C in a closed vessel.  At this 

stage, urea hydrolyzes into ammonia, which promotes the base-catalyzed 

polycondensation of hydrolyzed MTMS.  Gelation t ime was 6–6.5 h for a l l 

samples, and phase separation (if induced) and gelation were almost concurrent.   

The wet gel was then aged for 4 d to complete the condensation,  followed by 

washing with methanol for three t imes (more than 8 h at 60 °C for each t ime) to 

remove the surfactant, unreacted species, etc.   The washed sample was subjected 

to solvent exchange with 2-propanol for three t imes in the identical way to 

washing.  To dry wet gels, supercrit ical drying and evaporative drying at  

ambient pressure and temperature were performed.  For supercrit ical drying,  

2-propanol in wet gels was exchanged with supercrit ical carbon dioxide at 80 °C 

and 14 MPa in a custom-built autoclave (Mitsubishi Mater ials Techno Corp. ,  

Japan) followed by a slow depressur izing to atmospher ic pressure.  For  
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evaporative drying, wet gels were subjected to solvent exchange with n-heptane 

for three t imes, and heptane was slowly removed by evaporation at room 

temperature for ~1 d.  Obtained xerogels were finally heated with a hot oven at  

110 °C in air for 3 h to completely remove heptane and liberate remnant stress and 

shrinkage of the networks. 

 

2.2.3  Measurements 

Bulk density ρ was obtained from the weight /volume ratio of specimens.   

Porosity Φ was then determined as Φ = 1 −  ρ/ρs,  where ρ s represents skeleta l 

density of the PMSQ network (1.40 g cm– 3) determined by helium pycnometry.   

A scanning electron microscope (JSM-6700F, JEOL, Japan) was employed to 

observe the microstructure.   Mechanical proper ties of aerogels were investigated 

with a mater ial tester (EZGraph, Shimadzu Corp., Japan).  For uniaxia l 

compression tests, specimens carved from large panels (typical length × width × 

height is 15 × 15 × 10 mm3) were compressed–decompressed using a load cell of 5 

kN with a rate of 0.5 mm min– 1.  For three-point bending tests, carved cuboid 

specimens were put on a fixture with a 15 mm span and loaded by a wedge-shaped 

crosshead with 60 ° t ip and 0.3 mm diameter with using a load cell of 5 N at a rate 

of 1 mm min– 1 to the point of br itt le fa ilure.  Young’s modulus E was calculated 

using the slope of stress–train curves between 0.1 and 0.2 MPa stress.  For light  

transmittance measurements, a UV–VIS spectrometer V-670 (JASCO Corp.,  

Japan) equipped with an integrating sphere ISN-723 was employed.   

Direct-hemispher ical transmittance was recorded, and obtained transmittance data  

at 550 nm were normalized into those corresponding to equivalent thickness of 10 

mm using the Lambert–Beer equation.  The normalized total transmittance is 

denoted as T .   Thermal conductivity was measured under var ied pressure on 

aerogels and under ambient pressure on aerogels/xerogels with a guarded hot 

plate system GHP 456 Titan and a heat flow meter HFM 436 Lambda (Netzsch 

GmbH, Germany), respectively.  
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Table 2.1  Starting composit ions and properties of aerogels obtained in the 

present study.  

Ma teria l s  MT MS [mL]  HO Ac a q. [mL]  Urea  [g]  F127  [g]  E  [MPa ]  T  [%]  ρ  [ g  cm− 3 ]  Φ  

S3 .2  50.0  60.0  5 .0  3 .20  27 0  0 .45  0 .68  

S3 .4  50.0  60.0  5 .0  3 .40  13 0  0 .45  0 .68  

S3 .6  50.0  60.0  5 .0  3 .60  14 0  0 .41  0 .70  

S4 .0  50.0  60.0  5 .0  4 .00  19 0  0 .36  0 .75  

S6 .0  50.0  60.0  5 .0  6 .00  17 2  0 .29  0 .80  

S10 .0  50.0  60.0  5 .0  10.0  7  47 0 .27  0 .81  
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2.3  Result and Discussion 
 

2.3.1  Structure, mechanical propert ies and visible-light  transmittance o f 

obtained aerogels 

Six aerogel panels were prepared via supercr it ical drying as shown in Table 

2.1.  The sample name Sx  means an aerogel panel prepared with x  g of F127 via  

supercr it ical drying.   With increasing only the amount of surfactant F127 in the 

starting composit ion,  the pore structures and properties are easily controllable. [4 ]  

With change in the microstructure, however, mechanical properties do not show a 

straightforward var iat ion.   This can be explained by the elaborate morphologica l 

change in the microstructure (Figure 2.1).   Starting from the sample S3.2 

prepared with the least amount of F127, the PMSQ aerogel possess macropores 

der ived from the transient  structure of spinodal decomposit ion,  the structure of 

which was “frozen” by the concurrent sol–gel transit ion. [6 ]  Each skeleton 

contains only a small amount of mesopores, and Young’s modulus is the highest  

among all the aerogels prepared in this study (Table 2.1).  With increasing F127 

(x), the amount of mesopores inside the macropore skeletons of bicontinuous 

structure increases.  Samples S3.4 and S3.6 have thinner macropore skeletons 

and the fraction of mesopores is increased, both of which are resulted from the 

transient structure at an ear lier stage of spinodal decomposit ion.  The SEM 

images of these two samples show the porous structure with diffusive interfaces.   

The finer  and disordered hierarchical pore structures result in the lower Young’s 

modulus and higher fragility.   With further increasing x,  only small macropores 

are confirmed as interst ices of ret icular PMSQ networks, which are der ived from 

microphase separation.  Young’s modulus of the aerogel S4.0 is higher than 

those of samples with the hierarchical pore structures,  and the modulus decreases 

with a further increase of F127 in the start ing composit ion, due to the finer  

structures from more effective suppression of phase separation.  From these 

reasons,  the S10.0 panel with ~15 nm skeletons shows the lowest Young’s 

modulus among the 6 samples.  However,  Young’s modulus obtained from 

uniaxial compression and bending strength from 3-point bending are higher in 

these samples compared to the PMSQ aerogels synthesized with CTAC which the 
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author discussed in chapter 1, due to the lower porosity and thicker and more 

continuous skeletons (Figure 2.2), which enables easy handling of large panels.  

     As for the optical property, S6.0 and S10.0 show some visible-light 

transmittance (Table 2.1 and Figure 2.3).  This is because, when x > 6.0, the 

average size of the pore structure decreases to < 100 nm, where the effect of the 

Mie scatter ing becomes small.  With increasing amount of F127, since the length 

scale of the pore structure becomes sufficiently shorter (~50 nm) than the 

wavelength of visible light, appearance of the aerogel samples turns from opaque 

to bluish translucent, because the Rayleigh scatter ing becomes the dominant light  

scatter ing mode.   These mechanical and optical properties do not degrade by 

humidity and UV irradiation due to the hydrophobicity (Figure 2.4) and the 

stability of the silicone polymer network of PMSQ, respectively.  

 

2.3.2  Relat ionship between gas pressure and thermal conduct ivit y of 

aerogels 

The total thermal conductivity λ t  of a porous mater ial is the sum of three 

components; thermal conductivit ies of gas λg and solid λ s,  and by radiation 

λ r. [5a-d , 5 f , 7 ]  

𝜆t = 𝜆g + 𝜆s + 𝜆r 

High thermal insulating ability of aerogels is mainly der ived from the limited 

contributions from λg and λ s.   The suppression of λg can be explained by the 

relat ionship between pore size and the mean free path of gas molecules.   Typical 

aerogels possess pore sizes shorter  than the mean free path of the molecules in air,  

which is ~70 nm at ambient pressure.   In this small space, thermal conduction by 

exchange of the kinetic energy of the molecules cannot occur.  In other words,  

the gas molecules cannot transfer the heat,  because the mobility of the gas 

molecules is considerably restr icted in the pores.  In addit ion, since the solid 

fraction is low (~0.1), λ s is also suppressed.  In the conventional insulators such 

as expanded polymer foams, although λ s is sufficiently low because of the high 

porosity, λg is much higher than that of aerogels because of the large pore sizes 

(typically 10–1000 μm).  

In detail, thermal conductivity of gas at  a given temperature can be 
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calculated by the theoretical equations developed by Kaganer. [8 ] 

𝜆g = 𝛷
𝜆g,0

1 + 2𝛽𝛽𝑝0/[𝑝𝑝]  

where Φ  is porosity, p0 is  reference gas pressure, p is gas pressure, λg, 0 is therma l 

conductivity of the non-convectional free gas at p0,  β is  a constant including the 

interaction between the gas molecules and the pore walls,  l is the mean free pass 

of the gas molecules at p0, and D is average pore size of the porous mater ial.  

The total thermal conductivity of the present samples with varied pore size 

was measured under var ied nitrogen gas pressure ranging from 102 to 105 Pa by 

the guarded hot plate (GHP) method, and the obtained exper imental data were 

fitted with the theoretical curves by sett ing the parameters of p0, λg, 0 and β as 105 

Pa, 0.026 W m− 1 K− 1 and 1.5, respectively (Figure 2.5). [5e , f ]  

𝜆t =
0.026

1 + 21/𝑝𝑝
𝛷 + 𝜆𝑠 + 𝜆𝑟 

Porosity Φ of each sample is obtained and listed in Table 2.1.  However, it is  

difficult to determine the average pore size D by porosimetry techniques such as 

mercury intrusion porosimetry and nitrogen adsorption−desorption due to the 

flexibility of these PMSQ aerogels against compressive stress.  Contr ibutions of 

λs and λ r a lso cannot be determined exper imentally.   Instead, the author obtained 

D and λs+ λ r (Table 2.2) from the fitt ing curves of each aerogel panel, and the 

obtained D of each sample agree with the SEM images (Figure 2.1).   In the cases 

of S3.2 and S3.4, deviations of exper imental curves from the fitt ing curves are 

confirmed at the low-pressure region.   These deviations are der ived from an 

incomplete contact between the hot plate of the device and the slightly warped 

aerogel surfaces.  Other parts of the data show a good agreement between 

exper imental and theoretical curves.  Thermal conductivity of these PMSQ 

aerogels can therefore be explained and anticipated the theory of therma l 

conductivity of porous mater ials.  

     To design better insulating aerogels,  there are two major strategies;  

decreasing λg or λs+ λ r.   In this system, λg becomes lower when the amount of 

F127 in the start ing composit ion, x,  is increased predominantly due to the 

decreased average pore size by enhanced suppression of phase separation dur ing 
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gelation.  At the same t ime, it is clear from Figure 2.5 that even a rough vacuu m 

like 104 Pa can effectively reduce thermal conductivity to 0.015−0.025 W m− 1 K− 1 

except for the samples with relat ively large macropores (S3.2 and S3.4).  This is  

highly advantageous for  the design of high-performance insulators, because these 

samples have higher mechanical strength compared to the conventional aerogels 

and facility of obtaining crack-free panels by ambient pressure drying.  On the 

other  hand,  the sum of solid and radiative conductivit ies, λ s + λ r,  becomes lower  

with increasing x in the start ing composit ion, mostly due to lower solid 

conductivity of the lower-density samples.   To further reduce λs + λ r,  density of 

the aerogels should be decreased by changing the starting composit ion such as by 

decreasing the concentration of MTMS.  By this way, however, pore size cannot 

be controllable in an extended length scale due to lower gel formation ability and 

higher phase separation tendency in diluted sols.  Overall, in the present system, 

S10.0 is the best insulator among the 6 samples due to the low λg and λ s+ λ r.   In 

addit ion, this sample shows the highest visible-light transmittance T  as mentioned 

above.   In the next section, a preparation of an S10.0 xerogel insulating panel is  

demonstrated as a candidate of practical super insulators.  

 

2.3.3  Obtaining transparent aerogel-like xerogels 

Recent years, Kanamori and co-workers have reported on PMSQ xerogels  

which have almost the same properties as corresponding PMSQ aerogels, without 

relying on supercr it ical drying. [9]  Although low-density (~0.14 g cm− 3) and 

highly transparent (~90 % at 550 nm) aerogels and xerogels can be obtained with 

cationic surfactant like CTAC and bromide CTAB, it is st ill difficult to prepare 

large area xerogel panels for practical insulating applications.   Using F127 as 

the surfactant, this is the first  repor t on the preparation of large area xerogel 

panels to test their thermal insulating ability, because aerogels prepared under the 

co-presence of F127 are mechanically more robust (Figure 2.2) and there is a high 

possibility to easily obtain crack-free single panels via ambient pressure drying.   

To successfully obtain PMSQ aerogel-like xerogels, the most important loadstar  

of the gels is elasticity enough to recover their  or iginal size and shape from 50 % 

uniaxial compression, because wet gels shr ink about 50 % in length by the 
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capillary force in the pores.  Among the samples discussed above, S10.0 shows 

the highest recovery performance from uniaxial strain (Figure 2.6).  The author  

attempted to obtain a large S10.0 xerogel panel by ambient pressure drying.  

     The author first tested drying of small wet gels with a cylindr ical shape of 

ca.  5 mm height and 10 mm diameter.   As a result, the author obtained xerogels 

with almost the same density as S10.0 aerogels; however, all the samples suffered 

from small cracks.  In the case of large wet gel panels, the drying gels started 

cracking at  the ear ly stage of drying,  and finally were broken into small pieces.   

This shows that the aerogel S10.0 is r igid and less bendability against small 

strains dur ing drying process.   To solve this problem, the author prepared gels 

with lower density by increasing the amount of diluted aqueous acetic acid in the 

starting composit ion.  By using more than 80 mL (cf. 60 mL in the or igina l 

composit ion) of aqueous acetic acid (and proportionally, 6.7 g of urea), the author  

successfully obtained crack-free xerogel samples by ambient pressure drying.   

After evaporation of the bulk drying solvent n-heptane, the gel starts shr inking by 

the capillary force exerted on the outer surface of the gel.  At the cr it ical point  

(the leather-hard point), the gel suddenly turns into opaque due to the cr it ica l 

opalescence, and then the gel undergoes spring-back as a relaxation of the 

capillary force on emptying the pores.  The obtained transparent panel 

synthesized with 80 mL of aqueous acetic acid (named A10.0) shows aerogel-like 

properties and microstructures (Figure 2.7 and Table 2.3), and shows sufficiently 

low thermal conductivity as 15.0 mW m− 1 K− 1, which is even lower than that of 

S10.0 due to the decreased density and λ s + λ r.   This is the first example of a  

monolithic aerogel-like xerogel with visible-light transmittance and low therma l 

conductivity,  and would be the first  step to br ing up the transparent a ir ily 

mater ials as a practical insulator used in our  daily life by eliminating the size 

limitation of aerogels.  
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Figure 2.1   SEM images of the aerogel samples.  a) S3.2, b) S3.4, c) S3.6, d) 

S4.0, e) S6.0 and f) S10.0.  The pore structure becomes finer from severa l 

microns to ~50 nm with increasing amount of F127 in the start ing composit ion.  
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Figure 2.2  Stress−strain curves of aerogel samples synthesized with surfactant 

F127 (S10.0, with 5.9 mm of thickness and 8.0 mm of width placed on a 15 mm 

span) and CTAC (C0.4A5-10U3 in chapter 1, with 5.3 mm of thickness and 9.3 

mm of width placed on a 15 mm span) obtained by 3-point bending tests.  

 

 

Figure 2.3  Digita l camera image of the obtained small aerogel samples; a) S3.2 

and b) S10.0.  
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Figure 2.4  The aerogel sample S10.0 shows hydrophobicity enough to float on 

water at least for 1 month.  

 

 

 
Figure 2.5  Relationship between thermal conductivity and gas pressure on 

PMSQ aerogel samples with different pore sizes.  The solid lines are calculated 

from the theoretical considerations.  
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Figure 2.6  Stress−strain curve of S10.0 obtained by uniaxia l 

compression−decompression.  

 

 

  

Figure 2.7  SEM images of a) A10.0 obtained via ambient pressure drying and b) 

via supercr it ical drying.  
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Table 2.2  Average pore size D and the sum of solid and radiative therma l 

conductivit ies λ s+ λ r of the aerogel samples obtained by fitt ing results.  

Materials D [m] λs+ λ r  [W m− 1 K− 1]  

S3.2 3×10 − 6  0.042 

S3.4 1×10 − 6  0.037 

S3.6 5×10 − 7  0.023 

S4.0 4×10 − 7  0.021 

S6.0 7×10 − 8  0.017 

S10.0  5×10 − 8  0.015 

 

 

Table 2.3  Properties of the A10.0 xerogel via ambient pressure drying and 

aerogel via supercr it ical dr ing.  

Materials E [MPa] T  [%] ρ [g cm− 3]  Φ  

aerogel 13 34 0.21 0.85 

xerogel 27 29 0.21 0.85 
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2.4  Conclusion 

 

Large-area panels of organic-inorganic hybrid PMSQ aerogel with uniform 

meso- and macropores have been prepared.  Pore size has been widely controlled 

from ~50 nm to 3 μm simply by changing the amount of nonionic surfactant F127 

in the start ing composit ion.  Thermal conductivity of each aerogel sample var ies 

depending on the gas pressure, and shows a good agreement with the theoretica l 

values.  Aerogel panels with larger average pore size trend toward higher  

thermal conductivity, which can be effectively decreased by lightly reducing the 

gas pressure; e.g. to 104 Pa.  Aerogel samples with small pores already exhibit  

low thermal conductivity (0.015−0.020 W m− 1 K− 1) at ambient pressure, which 

shows these aerogels can be used as a highly insulating mater ial under ambient or  

lightly reduced pressure.   This is advantageous when consider ing conventiona l 

vacuum insulation requires highly conductive robust frameworks and regular  

maintenance to keep the performance.  An aerogel-like xerogel panel with 

sufficiently low thermal conductivity (0.015 W m− 1 K− 1) and visible-light 

transmittance (29 % through 10 mm thickness at 550 nm) has also been prepared.   

Through further improvement of these mater ials, a new daylighting/transparent 

thermal insulating system would be developed for practical utilizations in the 

near future.  
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Chapter 3 
 
Polymethylsilsesquioxane–Cellulose Nanofiber Bio-composite 
Aerogels with High Thermal Insulation, Bendability and 
Superhydrophobicity 
 
3.1 Introduction 
 

In chapters 1 and 2, properties of PMSQ aerogels with changing starting 

composit ions are discussed and large aerogel- like xerogel panels were obtain to 

evaluate their thermal conductivity.   The thermal conductivity of the 

aerogel-like xerogel was as low as silica aerogels obtained via a supercr it ica l 

drying.  However, porous PMSQ panels are st ill fragile against shear and tensile 

stresses due to fine skeletons composed of a weak linkage of nanoparticles.   To 

obtain low-density bendable mater ials, the author has also investigated new 

organopolysiloxane mater ials obtained from a tri- and difunctional a lkoxysilane 

co-precursor system (discussed in chapters 4–6).  It has been succeeded to obtain 

bendable flexible mater ials (named as marshmallow-like gels) whose density is as 

low as aerogels (~0.1 g cm− 3) by ambient pressure drying. [1]  However, the 

skeletons and pores in those gels are much larger than PMSQ aerogels, which 

resulted in increased thermal conductivity (~30–35 mW m− 1  K− 1).  

Several researchers are recently studying composite silica aerogels fused 

with bionanofibers.   In part icular, cellulose nanofibers (CNFs) are often used 

because of their abundance in nature and good mechanical properties. [2 ]  Due to 

the excellent tensile strength of CNFs, which are ~5 t imes higher ratio of tensile 

strength and density than steel wires, [3 ] these composite aerogels are expected to 

show higher  mechanical properties and flexibility even against bending.  In 

addit ion, CNFs can be obtained from scrap wood, which can reduce the 

environmental load in industr ia l productions.  Their density and therma l 

conductivity, however, are far from those of pure silica aerogels and even 

comparable with conventional thermal insulators such as mineral wools, because 

of ser iously aggregated by condensation between silanol and hydroxyl groups and 
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heterogeneous pore structures in those composite aerogels. [2e , 4 ]  These silica–

CNF composite aerogels are highly hydrophilic due to the abundant hydroxyl 

groups and high surface area, lowers long-term stability even under an ambient  

condit ion without an addit ional process to impart hydrophobicity. [5 ] 

In this chapter, the auther discusses new aerogels composed of the PMSQ 

networks fused with a small amount of CNFs, to aim at  obtaining bendable 

thermal insulating panels.  
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3.2  Experimental 
 

3.2.1  Chemicals 

Acetic acid, dist illed water and urea were purchased from Hayashi Pure 

Chemical Industry, Ltd. (Japan).  Surfactant CTAC was obtained from Tokyo 

Chemical Industry, Ltd. (Japan).  Methytrimethoxysilane (MTMS) was 

purchased from Shin-Etsu Chemical Co., Ltd. (Japan).  All the chemical reagents 

were used as received.  

 

3.2.2  Synthesis procedures 

 To obtain cellulose nanofibers, wood powder  from Radiata pine (Pinus 

radiata D. Don) sieved under 60 mesh was used.   Solvent extraction was first  

performed in a Soxhlet apparatus with a 2:1 mixture of toluene–ethanol for  6 h.   

Lignin in the wood was removed using an acidified sodium chlor ite solution at  

70 °C for 1 h, and the process was repeated until the product became color less.   

The sample was then treated in 6 wt % potassium hydroxide over night at RT, and 

then at the same concentration at 80 °C for  2 h in order to leach hemicelluloses.   

Finally, a slurry of 1 wt % purified cellulose passed through a gr inder (Masuko 

Corp., Japan) at 1500 rpm. 

For preparation of the typical PMSQ–CNF aerogel sample C50,  2.0 g of 

CTAC, 15.0 g of urea, and 50 mL of 5 mM acetic acid aqueous solution with 

cellulose nanofibers were first ly mixed in a glass sample tube (see also Table 3.1).   

Then, 25 mL of MTMS was added under vigorous st irr ing at RT, and st irr ing was 

continued for 30 min for hydrolysis of MTMS.  The obtained sol was transferred 

into a t ightly-sealed container, which was then placed in a forced convection oven 

at 60 °C for  4 d to complete gelation and aging.   The obtained gels were washed 

with methanol several t imes to remove the residual surfactant and other chemicals,  

and then solvent-exchanged with 2-propanol.  The washed samples were 

processed with CO2 supercr it ical drying at 80 °C and 14 MPa for 10 h.  

 

3.2.3  Measurements 

 A scanning electron microscope (JSM-6700F, JEOL, Japan) was employed 
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to observe the microstructure.  Mechanical properties of aerogels were 

investigated by a mater ial tester (EZGraph, Shimadzu Corp., Japan).  For  

uniaxial compression tests, carved gels (typical length × width × height was 10 × 

10 × 6 mm3) were compressed–decompressed using a load cell of 5 kN with a rate 

of 0.5 mm min– 1.  For 3-point bending tests, a cylindr ical sample with diameter  

of 8 mm and length of 40 mm were put on a fixture with a 30 mm span and 

compressed by a wedge-shaped crosshead with 60 ° and 0.3 mm diameter at the 

point with using a load cell of 5 N at a rate of 5 mm min– 1.   To assess the 

molecular-level structure of obtained siloxane networks, 29Si solid-state CP/MAS 

NMR measurements were performed on an NMR spectrometer Avance III 800 

(Bruker Corp., Germany) operated under a sta tic magnetic field of 18.8 T.  The 

contact t ime for the 1H–29Si cross polar ization was fixed at 5.5 ms and the rate of 

sample spinning was 15 kHz.  The 29Si chemical shift was expressed relat ive to 

tetramethylsilane (Me4Si) by using the resonance line at −9.66 ppm for  

hexamethylcyclotr isiloxane crystals as an external reference.  Therma l 

conductivity was measured with a transient heat flow meter HFM 436 Lambda 

(Netzsch GmbH, Germany).  Contact angle of water was measured with Drop 

Master DM-561Hi (Kyowa Interface Science Co., Ltd., Japan).   Volume of water  

droplet was fixed at 3.0 μL and the contact angle was determined at 2 s after an 

attachment to gel surface.  Thermogravimetr ic (TG) analysis was performed with 

a Thermo plus EVO (Rigaku Corp., Japan) instrument at a rate of 5 °C min− 1 while 

continuously supplying air at a rate of 100 mL min– 1.  Nitrogen sorption 

measurements were performed to obtain the BET-specific surface area with 

BELSORP-mini II (BEL Japan, inc., Japan).  Before measurement, the sample 

was outgassed under vacuum at 110 °C for 6 h.  
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3.3  Result and Discussion 
 

The auther succeeded to obtain PMSQ–CNF aerogels by a quite simple 

process as shown in Figure 3.1.  The PMSQ–CNF composite aerogels were 

obtained by a one-pot process, similar to the previously-reported pure PMSQ 

aerogel synthesis, except adding a diluted CNF aqueous solution obtained from 

wood powder of Radiata pine. [6 ]  These CNFs possess uniform diameter of 15 nm 

(Figure 3.2), which helps making the uniform networks of composite aerogels,  

because the diameter is close to the size of the PMSQ nanoparticular networks.   

To synthesize well-defined PMSQ–CNF composite aerogels, the most important 

point is to control aggregation of the PMSQ nanoparticles onto the surface of 

CNFs.  To avoid this, the CNF solution was diluted to 0.18 w/w % in water,  

which is the minimum concentration to homogeneously disperse the CNFs in the 

sol dur ing gelation by moderate electrostatic repulsion between PMSQ and CNFs.   

Five composite aerogel panels were prepared with a varied amount of MTMS and 

one pure PMSQ panel without CNFs as listed in Table 3.1.  The BET surface 

areas obtained by nitrogen adsorption of each aerogel are evaluated to be 550–750 

m2 g− 1,  and no clear relations in density and specific surface area are found.   

Thermogravimetr ic (TG) analysis prove that oxidation of CNFs in the composite 

aerogel (C50) starts from ~ 250 °C (Figure 3.3), which temperature is higher than 

degradation temperatures of polymer-based thermal insulators such as 

polyurethane and polystyrene foams.  

From comparison between the pure PMSQ and PMSQ–CNF composite 

aerogels with the same amount of MTMS (i.e. samples P50 and C50), no large 

difference in the properties is recognized (Table 3.1).   This means that CNFs 

hardly change the morphology of PMSQ networks through the moderate 

aggregation, while silica–CNF systems suffer from changes in physical proper ties 

through strong interaction-induced aggregation as mentioned above.  In fact,  

uniform fibrous networks composed of the PMSQ skeletons and CNFs ar e 

observed in SEM images (Figure 3.4); the PMSQ networks and CNFs ar e 

discernible due to almost the similar dimensions as mentioned above.   It is a lso 

shown by 29Si solid-state cross polarization/magic angle spinning (CP/MAS) 
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NMR and FTIR that the molecular-level structure of PMSQ networks is not 

affected by the presence of CNFs (Figures 3.5 and 3.6).  The T 3/T2 ratio (here T n  

denotes silicon species in CH3Si–(OSi)nX3−n ,  where X is OH or OCH3) is virtually 

unchanged between P50 and C50, which suggests the PMSQ nanoparticles with 

less silanol groups compared to silica do not form extensive chemical bonds with 

CNFs.  In FTIR spectra, no obvious change including cyclic/polyhedral (at 1100 

cm− 1) and linear/branched (at 1025 cm− 1) siloxane species[7] was observed 

between these samples.  Nevertheless, the CNFs clear ly br ing favorable effects 

on the mechanical proper ties.  Although the lowest density achievable in pure 

PMSQ aerogels is 0.040 g cm− 3, we have obtained a composite aerogel with 0.020 

g cm−3 only by adding a small amount of CNFs (C5, Figures 3.1 and 3.4a).   

Surprisingly, a panel with 100 × 100 × 8.5 mm3 in dimension is bendable (Figures 

3.1 and 3.7) even though the weight ratio of CNF:PMSQ is very low (1:4.3×102,  

assuming all MTMS convert into the PMSQ networks).  The bendability cannot 

be observed in the corresponding pure PMSQ aerogel P5.  This bendable 

composite aerogel panel with low density is established not only by the strength 

of CNFs, but a lso by a synergetic effect with PMSQ skeletons.  

Thermal conductivity measurements on the PMSQ–CNF composite 

aerogel panels revealed that C50 shows the lowest value (15.3 mW m− 1 K− 1,  

Figure 3.8), which is comparable or even lower than other composite aerogels 

reported elsewhere[2e , 8 ] and conventional thermal insulators such as mineral wools 

and polymer foams (Figure 3.9).  This result can be explained by the absence of 

morphological changes on composit ing with the CNFs.   Thermal conductivity of 

aerogel mater ials is  mainly composed of the gas-phase conduction and the 

solid-phase one. [9 ]  The gas-phase thermal conductivit ies in C5, C10 and C25 

should be higher than that  of C50 due to the larger  mesopores in these samples,  

which are est imated to be longer than the mean free path of the gas molecules in 

air (~70 nm) (Figure 3.4).   On the other hand, the thermal conductivity of solid 

phase in C75 should be higher than that of C50 because of the higher density 

(higher  fraction of solid phase), result ing in the higher total thermal conductivity 

in C75.  

In addit ion to the above-mentioned excellent properties, the PMSQ–CNF 
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composite aerogels are stable against humidity without addit ional treatments.  In 

the case of silica and silica-based composite aerogels, the aerogel surface is 

hydrophilic and adsorbs water just as silica gel desiccants, which may collapse 

the pore structure due to the capillary pressure induced by water adsorption.  

Cellulose nanofibers a lso show a hydrophilic property due to their r ich hydroxyl 

groups.   Silica and CNFs are therefore an unsuitable combination to use under  

atmospher ic condit ions for long without labor ious and costly hydrophobic 

treatments.  The PMSQ networks, however, have methyl groups directly bonded 

to each silicon atom and show strong hydrophobicity.   With an addit ional effect  

of surface roughness due to the porous morphology, the pure PMSQ (P5 and P50) 

and the four PMSQ–CNF composite aerogels (C5, C10,  C25 and C50) show 

superhydrophobicity with the water contact angles of > 150 ° (Table 3.1,  Figures 

3.10a,b).  Although the sample C75 did not show superhydrophobicity due to the 

excessive hydrophilic CNFs and a decreased length scale of roughness (Figure 

3.4e), the water contact angle is st ill high (145.4 °).  In fact, all the PMSQ–CNF 

composite aerogels can float on water at least one month without any changes.   

Consider ing that superhydrophobic surfaces show the self-cleaning effect, [10] this 

is a large advantage for practical uses such as for low-density thermal insulating 

panels installed outside of buildings.   With good formability and scalability as in 

the case of PMSQ aerogels/xerogels [11],  it is  highly expected that the present 

composite mater ials can also be used for transparent optical panels or films as 

reported in dense CNF-polymer composite films, [3b , 12 ] because these composite 

aerogels show acceptable light transmittance that is higher than 

previously-reported silica–CNF counterparts (Figure 3.10c). [2e ]  By controlling 

the dimension and or ientation of CNFs in aerogels, there is a possibility to obtain 

more transparent and flexible panels.  

The PMSQ–CNF composite aerogels show elastic properties by uniaxia l 

compression (Figure 3.11), which is similar to the pure PMSQ aerogels reported 

previously. [11]  Although compression set  is relat ively lower because CNFs do 

not have enough elast icity to recover  the or iginal shape,  the PMSQ–CNF panels  

allow better handling because these panels exhibit both elasticity and bending 

flexibility.   These are not simultaneously observed in the conventional silica,  
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silica–CNF composites and pure PMSQ aerogels.  Further studies are underway 

for improving the mechanical proper ties of PMSQ–CNF mater ials to obtain 

aerogel-like xerogels by ambient pressure drying.  
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Figure 3.1   Preparation schemes of low-density PMSQ aerogels with and without 

CNFs (samples P5 and C5, see Table 3.1).  
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Figure 3.2  SEM images of a) a low-density pure PMSQ aerogel (P5) and b) 

cellulose nanofibers from wood powder of Radiata pine.  

 

 

 

Figure 3.3  Thermogravimetry results on the PMSQ–CNF composite aerogel 

(C50) and the pure PMSQ aerogel (P50).  Oxidation of CNFs and PMSQ starts at 

~250 and ~350 °C, respectively.  
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Table 3.1  Starting composit ions and properties of typical aerogels obtained in 

the present study.  

Materials MTMS 

[mL] 

HOAc 

aq.  [mL]  

Urea 

[g] 

CTAC 

[g] 

CNFs in 

HOAc aq.  

[wt %] 

λa  ρb
b  SB E T

c  W.C.d   

C5 5 100 30 0.40 0.18 24.3 0.020 657 152.7  

C10 10 100 30 0.80 0.18 21.7 0.039 550 152.4  

C25 25 100 30 2.00 0.18 18.8 0.097 732 154.3  

C50 50 100 30 4.00 0.18 15.3 0.142 525 152.7  

C75 75 100 30 6.00 0.18 16.2 0.186 560 145.4  

P5 5 100 30 0.40 0 22.5 0.040 601 152.5  

P50 50 100 30 4.00 0 14.9 0.135 631 150.6  

aThermal conductivity at an ambient condit ion [mW m− 1 K− 1], bBulk density [g 

cm− 3], cBET specific surface area obtained from nitrogen sorption measurements 

[m2 g− 1], dContact angle of water[º].  
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Figure 3.4  SEM images of PMSQ–CNF composite aerogels and a pure PMSQ 

aerogel without CNFs.   a) C5, b) C10, c) C25, d) C50, e) C75 and d’) P50.  
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Figure 3.5  29Si CP/MAS NMR spectra of the pure PMSQ aerogel (P50) and the 

PMSQ–CNF composite aerogel (C50).  No obvious difference was observed 

between the existence of CNFs.  

 

 

 
Figure 3.6  FTIR spectra of the PMSQ–CNF composite aerogel (C50) and the 

pure PMSQ aerogel (P50).   There is no obvious change in siloxane peaks at 1100 

and 1025 cm− 1.  
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Figure 3.7   Result of 3-point bending test on the PMSQ–CNF composite aerogel  

(C5).  

 

 

 

Figure 3.8  Relationship between the volume of MTMS in start ing solutions,  

thermal conductivity and density of the obtained PMSQ–CNF composite aerogels.  
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Figure 3.9   Comparison of the thermal insulation properties of aerogels and 

some commercially available insulating mater ials.   The thin bars on the top of 

PMSQ–CNF aerogel and silica–CNF aerogel show the reported value ranges.   

PUR: polyurethane foam, CFC: chlorofluorohydrocarbons; EPS, XPS: expanded 

and extruded polystyrene. [2e , 4 ] 
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Figure 3.10   a) Water drop on the PMSQ–CNF composite aerogel (C5) panel ,  

showing superhydrophobicity.  b) Digital camera image of C50 floating on water.   

The PMSQ–CNF composite aerogels float  on water at least for 1 month.   c) 

PMSQ–CNF composite aerogel sheets of A) C10 and B) C5, showing acceptable 

visible light transmittance (see also Table 3.2).  

 

 

Table 3.2  Polymethylsilsesquioxane-cellulose nanofiber composite aerogel 

sheets show visible light transmittance (see also Figure 3.10c).  

Materials Thickness [mm] Transmittance at  800 nm [%] Transmittance at  550 nm [%] 

a) C10 1.35 89 84 

b) C5 1.65 75 54 
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Figure 3.11  Stress–strain curves of PMSQ–CNF composite aerogels.  
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3.4 Conclusion 
 

New organic-inorganic hybrid aerogels by fusing PMSQ and CNFs have 

been prepared.  Obtained PMSQ–CNF composite aerogels show therma l 

conductivity as low as pure silica aerogels and high surface area.   The composite 

aerogel panel with the lowest density of 0.020 g cm− 3 shows bending flexibility,  

which helps easy handling.  The facile one-pot synthesis process for these 

mater ials is  almost the same with that for  pure PMSQ aerogels except adding 

diluted CNFs aqueous solution,  and mechanical proper ties are considerably 

improved while maintaining other pore properties.  These composites show 

superhydrophobicity and float on water at least for one month without any 

hydrophobizing treatments.  The robustness of the composites a llows 

applications even in outdoor environments without any change of their proper ties 

by dirt, humidity and rain, and of course silicone-based PMSQ networks and 

CNFs are stable against  UV in the solar light.   The present study will open up a  

way for practical utilization of excellent thermal insulation ability of aerogels.  
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Chapter 4 
 
New Flexible Aerogels/Xerogels Derived from 
Methyltrimethoxysilane–Dimethyldimethoxysilane Co-precursors 
 
4.1 Introduction 
 

Since 1931, [1] aerogels have been synthesized with var ious chemical 

composit ions, such as inorganic oxides (e.g.  silica, a lumina and t itania), [2 ] 

organic crosslinked polymers (e.g.  resorcinol–formaldehyde (RF))[3] and 

biopolymers (e.g.  cellulose and chitosan). [4 ]  However, all of their mechanica l 

strength of such low-density mater ials are generally too low even against a small 

applied stress, the porous structure is easily collapsed and a drying gel body will 

exhibit shr inkage and cracks.  In previous chapters, the author demonstrated the 

synthesis and character ization of PMSQ aerogels/xerogels and optimized their  

starting composit ion to obtain improved aerogels with handling.  In result, the 

author succeeded to obtain a highly thermal insulating aerogel-like xerogel and 

bendable low-density aerogels.  Although this is a substantial progress from 

classical silica aerogels, there is st ill a significant hurdle for practical uses in our  

daily life.  

Some bendable aerogels had been also reported before the work in chapter  

3, by using organoalkoxysilanes as (co-)precursors.  Rao et a l. have reported 

bendable PMSQ aerogels by using an acid/base two-step reaction in a  

water/methanol mixed solvent, [4 ]  and Guo et a l. reported highly flexible 

aerogels der ived from bis[3-(tr iethoxysilyl)propyl]disulfide,  tetramethoxysilane 

and VTMS, in which the disulphide bridges enhance elast ic recovery after  

compression. [5]  There are also reports on the polymer crosslinked aerogels, but  

the process needs multiple and labor ious steps and porosity is part ia lly lost ,  

though mechanical properties are highly improved. [6]  In response to the results 

of these reports and the works in previous chapters, the author tried to synthesis 

more flexible gels by using a MTMS–DMDMS co-precursor system.  Because 

the flexibility of PMSQ aerogels is from low cross-linking density, DMDMS can 
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be expected to form more flexible network as far as controlling phase separation 

successfully.  In this chapter, the author discusses new aerogels and aerogel-like 

xerogels with “marshmallow-like” flexibilit ies. 
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4.2  Experimental 
 

4.2.1  Chemicals 

Acetic acid,  dist illed water,  urea, methanol,  and 2-propanol were 

purchased from Hayashi Pure Chemical Ind., Ltd. (Japan).  Surfactant CTAC was 

from Tokyo Chemical Ind. Co., Ltd. (Japan).  MTMS and DMDMS were obtained 

from Shin-Etsu Chemical Co., Ltd. (Japan).  All reagents were used as received.  

 

4.2.2  Synthesis procedures 

 In the typical synthesis, 15 mL of 5 mM aqueous acetic acid, 0.80 g of 

surfactant CTAC and 5.0 g of urea were mixed in a glass sample tube, and then 3.0 

mL of MTMS and 2.0mL of DMDMS were added and st irred for 30 min for  

hydrolysis of these alkoxysilanes.  The molar ratio of this typical start ing 

composit ion is (MTMS + DMDMS):water :acetic acid:urea:CTAC = 1.0:2.4 × 

10:2.1 × 10− 3:2.4:7.1 × 10− 2 with MTMS:DMDMS = 5.9:4.1.   After the complete 

mixing, the sol was transferred to a closed vessel and kept at 80 °C for gelation 

and aging for 2 d in the base-catalyzed condit ion brought about by hydrolysis of 

urea.  The typical gelation t ime was about 3 h.  The wet gels thus obtained were 

soaked in water/2-propanol (volume ratio 1:1) once and then 2-propanol twice 

each at 8 h intervals to wash out CTAC and other unreacted reagents.  Then half 

of the gel was dr ied from supercrit ical carbon dioxide at 80 °C and 14 MPa for 10 

h.   The remaining half of the gel was slowly dr ied at 40 °C under ambient 

pressure for  1 d.  In this chapter, the author denotes the former gel as “aerogel”  

and the latter one as “xerogel”, respectively.  

 

4.2.3  Measurements 

 The microstructure was observed with an SEM JSM-6060S (JEOL Ltd. ,  

Japan).  Bulk density,  ρ,  was obtained by measuring the volume and weight of a  

carved gel.   Porosity e (%) was then determined as e = (1 − ρ/ρ s)×100, where ρ s  

represents true density that was fixed to be 1.47 g cm− 3 determined by helium 

pycnometry.  Mechanical proper t ies of aerogels were measured by a  mater ia l 

tester (EZGraph, Shimadzu Corp., Japan).  For uniaxial compression tests, a  
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carved gel (typical length × width × height was 15 × 15 × 7 mm3) was to 80 % of 

its or iginal size at a rate of 0.5 mm min− 1, and then the stress was unloaded at the 

same rate.  Thermogravimetr ic analysis (TG) was performed with a Thermo plus 

TG 8120 (Rigaku Corp., Japan) instrument at a heating rate of 5 °C min– 1 while 

continuously supplying air at a rate of 100 mL min– 1.  
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4.3  Result and Discussion 
 

There have been a number of reports on aerogels with using tetra- and 

trifunctional a lkoxysilanes[7] and with tetrafunctional a lkoxysilane and 

polydimethylsiloxane, [8] but few with tr i- and dialkoxysilane because of their  

too-high phase separation tendency arising from high hydrophobicity of the 

network.  To synthesize the organopolysiloxane mater ials, the author employed 

surfactant CTAC to control phase separation,  and used the acid–base two-step 

sol–gel reaction utilizing acetic acid and urea as catalysts, being similar to the 

case of PMSQ aerogels and xerogels.  The synthesis process is a quite simple 

one-pot reaction.  The digita l camera image of the obtained flexible xerogel is  

shown in Figure 4.1.  

The morphology of the aerogel frameworks are significantly affected by 

the start ing composit ion.  Figure 4.2 shows the SEM images with var ied rat ios of 

MTMS:DMDMS.  The total volume of MTMS (5.0 − X mL) and DMDMS (X mL) 

was fixed to 5.0 mL, and note that molar rat io is about the same as the volume 

ratio.  With no DMDMS (X = 0) in the star ting composit ion, the aerogel was 

transparent and the diameter of the spher ical structural unit  in the gel networks 

was about 10 nm, which is essentially the same mater ial discussed in chapter 1.   

As the fraction of DMDMS was increased, the aerogel became opaque and its 

microstructure dramatically changed predominantly due to the increase in 

hydrophobicity of the condensates.  Where 1.6 < X < 2.4, the diameter of the 

framework slightly grew in size with the increasing amount of CTAC.  No 

monolithic gelation occurred in X > 2.5, because the hydrophobicity of MTMS–

DMDMS oligomers becomes too high and only hydrophobic precipitates were 

obtained.  The change in the intermolecular  structures in the networks with 

var ied X was detected by FTIR (Figure 4.3).   The absorbance by the Si–O–Si 

asymmetr ic stretching mode of linear and branched siloxanes at 1030 cm− 1 and of 

polycyclic oligomers (CH3SiO1. 5)n  (where n = 8, 10, and 12) at 1100 cm− 1 show 

that DMDMS is incorporated into the siloxane network successfully. [9 ]  The 

inclusion of DMDMS also can be confirmed by the result of TG measurements.   

The larger  mass decrease by the decomposit ion of methyl groups is observed at  
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~400 °C in the sample r icher in DMDMS (Figure 4.4). The amount of urea (U g) 

also affected the microstructures.  Where U  = 1.0, the gel consisted of the 

aggregate of spher ical part icles.  With a greater amount of urea, the 

co-continuous structure with smoother interfaces formed and became finer in 

proportion to U (Figure 4.5).  The amount of CTAC (C g) did not clear ly affect  

the microstructures.  However, where C < 0.2, gelation did not occur and 

precipitat ion was observed due to the high hydrophobicity of MTMS–DMDMS 

oligomers in the polar solvent.  

The mechanical property was also evaluated by uniaxial compression 

tests.  With increasing X,  Young’s modulus drastically decreased.  Where 1.6 < 

X < 2.4, the aerogels recovered their or iginal  shape and size almost completely 

after unloading the stress, and the stress of 80 % compression of the sample X = 

2.4 was about 1 % of the PMSQ aerogels (X = 0) (Figure 4.6).  Although the size 

of the frameworks becomes larger and the connectivity better, the aerogels 

become more flexible and extremely soft as X increased, because of the enhanced 

incorporation of DMDMS.  With varying amounts of urea, the flexibility also 

changed.  With increasing U,  the aerogels became further flexible and soft  

(Figure 4.7), because the microstructure became finer as mentioned above.  The 

urea concentration only changes their porous structure and no clear difference in 

the molecular structure between the samples U = 1.0 and 5.0 was detected by 

FTIR spectra.  This means that the porous structure is determined only by the 

progress of phase separation and the transient structure of phase separation is 

frozen by gelation, which is promoted by the base catalyst (urea hydrolysate,  

NH4OH).  On the other hand, CTAC affected the molecular structure (Figure 4.8).   

With increasing C, Young’s modulus became lower (Figure 4.9).  Because there 

is no difference in microstructures, this difference should be caused by the change 

of the siloxane networks, but further investigation is necessary for details.  From 

these results, it is confirmed that the flexibility of MTMS–DMDMS aerogels can 

be extensively controlled by the start ing composit ion.   The author also attempted 

the three-point bending test on this mater ial, but these “marshmallow-like” 

aerogels were bent even by their own weight and the measurements were found to 

be difficult.  
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The flexibility of MTMS–DMDMS gels makes it possible to dry the wet 

gels by simple solvent evaporation under  ambient pressure (the sample shown in 

Figure 4.1 is a xerogel).  In the range of the following three requirements, 1.6 < 

X < 2.4, U > 2.0 and C > 0.2, xerogels can be successfully obtained without any 

change of the shape and size from the wet gels.  The author compared the 

xerogel with the aerogel from the same start ing composit ion (X = 2.0, U = 5.0 and 

C = 0.8).  Bulk densit ies of both gels ρ are almost the same at about 0.11 g cm− 3  

and the porosity can be est imated as 93% by ρs.   Figure 4.10 and b show the 

stress–strain curves of each gel and there is no visible difference.  From SEM 

observations (Figure 4.10c and d), each gel is confirmed to have identical features.   

In fact, we can obtain the xerogels with the identical properties even after  

repetit ive re-wetting and re-drying.  In addit ion, since the MTMS–DMDMS 

xerogels show strong hydrophobicity due to the methyl groups, the gels can float  

on water for at least a few months.  
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Figure 4.1  Digita l camera image of the flexible xerogel der ived from the 

MTMS and DMDMS co-precursor system. 

 

 

  

  

Figure 4.2   SEM images of the samples prepared with var ied amounts of MTMS–

DMDMS: a) 5.0 mL–0 mL (X = 0), b) 3.8 mL–1.2 mL (X = 1.2), c) 3.4 mL–1.6 mL 

(X = 1.6), d) 2.6 mL–2.4 mL (X = 2.4).  
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Figure 4.3  FTIR spectra of the aerogels prepared with different ratios of 

MTMS:DMDMS. 

 

 

 

Figure 4.4  TG curves of the aerogels prepared with var ied ratios of  

MTMS:DMDMS. 
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Figure 4.5  SEM images of the aerogels prepared with different amounts of urea: 

a) 1.0 g (U = 1.0) and b) 5.0 g (U = 5.0).  

 

 

 

Figure 4.6  Stress–strain curves obtained by the uniaxial compression tests on  

the flexible aerogels prepared with var ious amounts of MTMS–DMDMS. 
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Figure 4.7   Stress–stra in curves of the aerogels prepared with var ied amounts of  

urea.  

 

 

 
Figure 4.8  FTIR spectra of the aerogels prepared with varied amounts of CTAC. 
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Figure 4.9  Stress–strain curves of the aerogels prepared with varied amounts of  

CTAC. 
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Figure 4.10  Properties of the aerogel/xerogel synthesized from the same 

starting composit ion (X = 2.0, U = 5.0, C = 0.8): a) and b) Stress–strain curves 

obtained by the uniaxial compression tests, and c) and d) SEM images.  
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4.4 Conclusion  
 

The highly flexible aerogels have been prepared from mixtures of MTMS 

and DMDMS in the two-step sol–gel process containing surfactant CTAC.  

Around the rat io of MTMS:DMDMS = 1.5, xerogels by evaporative drying under  

ambient conditions can be obtained with no difference from the corresponding 

aerogels.  These aerogels and xerogels show the perfect spring-back behavior  

with small stress (~0.10 MPa). The microstructure and the mechanical properties  

can be easily changed by varying the rat io of MTMS and DMDMS, the amount of 

CTAC and urea in the starting composit ion.   Owing to the soft and elast ic porous 

structures, these xerogels can be applied to high performance sound insulators,  

which we will report on in the near future in detail (Figure 4.11).  
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Figure 4.11   Normal incidence sound absorption coefficients of the MTMS–

DMDMS xerogel, the PMSQ aerogel and the urethane form (a conventional acoustic 

absorbent).   Absorbance in the MTMS–DMDMS xerogel is the highest among these 

three.  
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Chapter 5 
 
Facile Synthesis of Marshmallow-like Macroporous Gels Usable 
under Harsh Conditions for the Separation of Oil and Water 
 
5.1  Introduction 
 

 The separation of oil and water is an important pursuit for saving 

endangered environments.  In 2010, the Gulf of Mexico oil spill widely and 

ser iously damaged the ocean and coast near the oilfield.  The number of similar  

accidents is increasing with the development of industry, and mater ials that can 

reduce environmental pollution are in high demanded.  At the same time, in the 

area of analytical chemistry, the efficient separation of molecules is a key 

technique, which determines the efficiency and accuracy of chemical analysis and 

detection.  For these purposes, hydrophobic porous mater ials are in common use,  

because hydrophobic surfaces effectively adsorb/absorb oily target compounds 

that are mixed with an aqueous phase.  Therefore, many researchers have been 

studying hydrophobic porous mater ials and their application as oil–water  

separation media. [1 ]  Var ious chemical composit ions have been investigated,  

such as carbon-based mater ials, [2 ] metal oxide nanowires (such as manganese[3]),  

biomass nanofibers (such as cellulose[4 ]), organic polymers (such as polyester, [5 ] 

polydivinylbenzene, and polythiophene[6])  and hydrophobic macroporous 

aerogels. [7 ] Other mater ials based on polydimethylsiloxane (PDMS) or  

fluorocarbon-coated mater ials, [3b , 5 , 7b, 8 ] and the design of a biomimetic rough 

surface, through the use of etching techniques,  to enhance hydrophobicity[4a, 9 ] ar e 

also widely reported.  However, these methods have problems such as 

complicated and lengthy processes and high costs for reagents and devices, which 

prevents the use of these mater ials in practical and commercial applications.  

 The author  has investigated hydrophobic porous PMSQ mater ials der ived 

from MTMS, consist ing of transparent aerogels and xerogels with mesoporous to 

macroporous monoliths that are created by controlling phase separation in the 

sol–gel process (chapters 1–3).  Polymethylsilsesquioxane (PMSQ) gels have a  
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superhydrophobic surface owing to methyl groups that are directly bonded to 

silicon atoms; this flexible network structure allows the mater ial to spr ing-back 

after compression, and the preparation of aerogel-like xerogels by ambient 

pressure drying.  In chapter 4, marshmallow-like gels der ived from a 

co-precursor system of MTMS and DMDMS are also discussed.   

Marshmallow-like gels show not only compression/re-expansion properties 

similar to that of PMSQ gels, but a lso very soft  and bendable mechanical features.   

A high sound absorption proper ty is also shown, owing to the soft networks.   The 

flexibility and intr insic hydrophobicity indicate that these mater ials can be used 

like a sponge as an adsorption/absorption media for the quick removal of 

unwanted organic liquids.  In this chapter, the shows the outstanding capability 

of these mater ials for absorbing organic liquids over a wide temperature range,  

and discuss the possibility for their application as separation media.  
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5.2  Experimental 
 

5.2.1  Chemicals  

Acetic acid, dist illed water, and urea were purchased from Hayashi Pure 

Chemical Industry, Ltd. (Japan).  Surfactant CTAC was obtained from Tokyo 

Chemical Industry, Ltd. (Japan).  Precursors VMDMS and 

bis(methyldiethoxysilyl)ethane were purchased from Tokyo Chemical Industry,  

Ltd. (Japan) and Gelest,  Inc. (USA) respectively, and all other a lkoxysilanes from 

Shin-Etsu Chemical Co., Ltd. (Japan).  All of the chemical reagents were used as 

received.  

 

5.2.2  Synthesis procedures 

 First, 0.80 g of CTAC, 5.0 g of urea, and 15 mL of 5 mM aqueous acetic 

acid were mixed in a glass sample tube.   Then 0.021 mol of trifunctional and 

0.014 mol of difunctional a lkoxysilanes were added at the same t ime under  

vigorous st irring at  ambient  temperature,  and st irring was continued for 60 min 

until the solution was homogeneous.  In the case of a  

bis(methyldiethoxysilyl)ethane–DMDMS gel, 0.006 mol of 

bis(methyldiethoxysilyl)ethane was used instead of the trifunctional a lkoxysilane.   

The obtained sol was transferred into a t ightly-sealed container, which was placed 

in a forced convection oven at 80 °C for 9 h to complete gelation and aging.   The 

obtained gels were washed with methanol by soaking/squeezing by hand for  

several t imes to remove the residual surfactant and other chemicals. The washed 

samples were dr ied under ambient condition to obtain xerogels.  

 

5.2.3  Measurements 

 A scanning electron microscope (JSM-6060S,  JEOL, Japan) and a laser  

scanning confocal microscope (LSCM, Carl Zeiss LSM 5 Pascal, Germany) were 

employed to observe the microstructure.  The specific surface area was est imated 

by 3-D image analysis with a custom-made software. [10]  Mechanical proper ties 

of aerogels were measured by a mater ial tester (EZGraph, Shimadzu Corp., Japan).  

For uniaxial compression tests, carved gels (typical length × width × height was 
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15 × 15 × 10 mm3) were compressed–decompressed using a load cell of 5 kN with 

a rate of 0.5 mm min− 1.  For three-point bending tests, a cylindr ical sample with 

8 mm diameter and 35 mm length were put on a fixture with a 30 mm span and 

compressed–decompressed for 100 t imes by a wedge-shaped crosshead with 60 ° 

and 0.3 mm diameter at the point with using a  load cell of 5 N at a rate of 5 mm 

min− 1.   To assess molecular-level structure of obtained siloxane networks, FTIR 

and 29Si solid-state cross polar ization/magic angle spinning (CP/MAS) NMR 

measurements were performed.  The FTIR spectra were recorded with 

IRAffinity-1 (Shimadzu Corp., Japan) using an attenuated total reflection (ATR) 

attachment.   A total of 100 scans were recorded with a resolution of 4 cm− 1 on 

the samples dr ied in vacuum at 80 °C for 1 d in advance.   An NMR spectrometer  

Bruker Avance III 800 (Germany) has been operated under  a static magnetic field 

of 18.8 T.  The contact t ime for the cross polarization was fixed at 5.5 ms and the 

rate of sample spinning was set to 15 kHz.  The 29Si chemical shifts were 

expressed as values relat ive to tetramethylsilane (Me4Si) by using the resonance 

line at − 9.66 ppm for hexamethylcyclotr isiloxane crystals as an externa l 

reference.   Contact angles were measured with Drop Master DM-561Hi (Kyowa 

Interface Science Co., Ltd., Japan).   Volume of water droplet was fixed at 3.0 μL 

and a contact angle was determined at 2 s after the attachment to gel surface.   

Thermogravimetr ic–differential thermal analysis (TG–DTA) was performed with a  

Thermo plus TG 8120 (Rigaku Corp., Japan) instrument at a heating rate of 5 °C 

min– 1 while continuously supplying air at a rate of 100 mL min– 1.  
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5.3  Result and Discussion 
 

 The author succeeded in the preparation of var ious kinds of 

marshmallow-like gels der ived from tr i- and difunctional alkoxysilanes as 

co-precursors through a facile one-pot reaction.  The combinations of 

alkoxysilanes and the standard synthesis are shown in Figure 5.1a.  Regardless 

of the combinations chosen, the synthetic procedure and condit ions remain the 

same, which means that we can design flexible porous gels with different 

functional groups (for FTIR spectra, Figure 5.2)[11] without the need for any 

complicated processes such as chemical vapor deposit ion, dip coating with PDMS, 

or addit ional polymerization of organic groups, all of which are necessary in the 

above-mentioned reports.  To obtain gels, only four simple routine steps ar e 

needed: 1) mixing alkoxysilanes, urea, and the surfactant CTAC in a dilute 

aqueous acetic acid solution, and st irr ing for 60 min at RT to promote hydrolysis;  

2) transferr ing the solution to an oven for gelation at 80 °C over several hours; 3) 

washing with alcohol; and 4) evaporative drying under ambient condit ions.   

Alkoxysilanes with higher  hydrophobic organic groups such as 

3,3,3-tr ifluoropropyl lead to macroporous skeletons that are more spher ical, but 

each particle is t ightly bound together at the neck, the diameter of which is  

several micrometers (Figure 5.3).  The bulk body is elastic and bendable without 

any failure in the structure (Figure 5.4).  

In the case of MTMS–DMDMS copolymers (these precursors ar e 

inexpensive and readily commercially available), the synthesis can be completed 

within a day,  even on a multi-liter scale (Figure 5.1b); the result ing gels can be 

formed in any shape desired.   Before obtaining the final product, the author  

needs to wash out the surfactant and unreacted compounds; the sponge-like 

flexible nature of the mater ial helps in this process, reducing the work to soaking 

and squeezing by hand (Figure 5.1c).  The 29Si solid-state CP/MAS NMR 

spectrum shows that residual hydroxy groups are virtually negligible in the 

structure, which indicates that the network formation is complete in a few hours 

(Figure 5.1d). [12]   This is a great advantage for an emergency, such as an 

oil-spill accident, because the gels can be immediately synthesized, even on site.  
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 In addit ion to the simple synthesis process, MTMS–DMDMS gels have a  

low density (ca. 0.12 g cm− 3, which corresponds to a porosity of >92%) and 

superhydrophobicity (contact angle is ca. 153 °; see Figure 5.5a).  The 

hydrophobicity is caused both by the geometr ical rough surface, which is der ived 

from a macroporous structure presumably formed by spinodal decomposit ion, [13 ] 

and by the many methyl groups and relat ively few hydroxyl groups exposed on the 

surface.   To evaluate the mater ial as an oil–water separation media, the author  

tested its  absorption–drying behavior using n-hexane as a model organic 

compound (Figure 5.5b).  Over ten repetit ions, the gel showed stable 

performance: the gel absorbs ca. 6.2 t imes its dry weight in n-hexane,  and no 

damage is observed.  The author also performed an n-hexane removal test using 

this mater ial as a sponge (Figure 5.5c).   All  of the n-hexane was successfully 

separated from water easily and quickly, even though there was larger quantity of 

liquid than could be absorbed at once.  Also,  the gels can absorb other organic 

liquids and st ill be dr ied by squeezing-out, even in the case of high-density oils  

(such as chloroform) and viscous oils (such as mineral oil with a comparable 

kinetic viscosity (ca. 44.6 mm s− 1 at  40 °C) to medium crude oil[14]) in the same 

way as n-hexane.  The organics are stored in the abundant pores of this mater ia l 

(Figure 5.1b), and the weight ratio of absorbed solvent/dr ied gel depends on the 

density of the organic compounds (Figure 5.5d).   Absorbing media specific to 

the chemical and physical nature of a desired organic compound can be designed 

both by changing the substituent groups in the precursors and by controlling 

flexibility and macropore/skeleton diameters of this mater ial, which is 

accomplished by changing the start ing composit ion, such as the precursor ratio 

and the amounts of urea and CTAC (discussed in chapter 4).  

 Because of the PDMS-like network, MTMS–DMDMS gels show high 

flexibility over a wider temperature range than conventional organic polymers 

such as polyurethane and polyethylene.  MTMS–DMDMS gels can recover their  

or iginal shape from 80 % uniaxial compression and a 3-point bending test at RT 

(Figure 5.6).  To evaluate their thermal stability, the author conducted 

thermogravimetry–differential thermal analysis (TG–DTA).  The result shows 

that these mater ials are stable up to ca. 320 °C, whereas the methyl groups in the 
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network are oxidized at higher temperatures (Figure 5.7).  In fact, there was no 

change in the FTIR spectra, mechanical proper ties,  or contact  angle of water after  

heat treatment at 315 °C for 24 h.  This thermal stability is higher than oil–water  

separation media based on organic polymers.  Moreover, even at low 

temperatures, the gels show high flexibili ty.  From differential scanning 

calor imetry (DSC), no obvious glass transit ion is observed from RT to −130 °C.  

The author could absorb and squeeze out a dry ice–ethanol mixture at ca. −70 °C.   

The flexibility of the swollen gel was not lost and they completely recovered their  

or iginal shape after squeezing out the liquid (Figure 5.8a, strain was completely 

recovered after measurement).  Furthermore,  the gel even shows high flexibility 

in liquid nitrogen (LN2),  a lthough the gel was somewhat hardened (Figure 5.9).   

The author could use the gel to absorb and squeeze out LN2 as if it were water in a  

sponge (Figure 5.8b).  Thus, MTMS–DMDMS gels can be also used as oil  

absorbing media in a very low temperature region, such as the polar zone.  In 

fact, kerosene was successfully absorbed and squeezed out at 0 °C in exactly the 

same way as RT.  No other  mater ials have been reported to show high flexibility 

at such low temperatures except for entangled carbon nanotubes obtained by the 

“super-growth” method. [15] 

 The functional groups on the marshmallow-like gels can be used for  

specific adsorption/absorption purposes.  For example, in the case of 

(3-mercaptopropyl)tr imethoxysilane–(3-mercaptopropyl)methyldimethoxysilane 

copolymerized gels, gold ions are adsorbed on the surface by simply soaking in an 

aqueous tetrachloroauric acid solution (Figure 5.10).  By posit ioning organic 

groups other than methyl (such as phenyl and 3,3,3-tr ifluoropropyl) on the surface,  

hydrophobicity can be further increased.  Owing to the soft and elast ic porous 

structure it would also be possible to create new separation media for solid-phase 

extraction. [16]  The author has also succeeded in the synthesis of 

marshmallow-like mater ials der ived from br idged and di-functional a lkoxysilanes 

as co-precursors (bis(methyldiethoxysilyl)ethane–DMDMS) with the same 

process (Figure 5.11).  
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Figure 5.1  a) Facile synthesis of marshmallow-like gels der ived from di- and 

tri-functional a lkoxysilanes as co-precursors.  b) The shape of the MTMS–

DMDMS (R1,R2=Me) gel produced on a 2.5 L scale, and its 3D microstructure 

(73.1×73.1×30.8 μm).  c) The gel can be used to absorb organic liquids and then 

be squeezed out by hand.   d) 29Si solid-state NMR spectrum of the MTMS–

DMDMS gel.  
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Figure 5.2  IR spectra of the marshmallow-like gels der ived from di- and 

tri-functional a lkoxysilane (R1, R2). All samples contain Si–O–Si asymmetr ic 

stretching at 1025 cm− 1 (linear and branch) and 1100 cm− 1 (polycyclic oligomers) 

as well as C-H (methyl groups) asymmetr ic deformations at 1280 and 1400 cm− 1 .  

For (Me, Me), multiple peaks at 750-870 cm− 1 are combinations of –CH3 rocking 

in Si–CH3 and Si–(CH3)2, and C–Si asymmetr ic stretching in C–Si–O units. For  

(Me, Ph+Me), out-of-plane vibration and bending of H–C in phenyl groups ar e 

observed at 720 cm− 1, and planar r ing vibration is at 1120 cm− 1. For (Me,  

3TFP+Me), symmetr ic and asymmetr ic stretching modes character ist ic for C–F 

are observed at 1220 and 1315 cm− 1.  For (V, V), =CH2 wagging at 970 cm− 1 ,  

C=C twist at 1000 cm− 1, =CH2 scissor at 1400 cm− 1 and C=C stretching at 1600 

cm− 1 are recognized.  For (3MP, 3MP), although absorptions related to –SH 

(such as stretching at 2600 cm− 1) cannot be observed because of the weak 

intensity, adsorption of gold ions indicates the presence of thiol groups on the 

surface (Figure 5.10).  
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Figure 5.3  SEM images of the marshmallow-like gels der ived from di- and 

tri-functional a lkoxysilane (R1, R2).  
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Figure 5.4  Stress–strain curves of the marshmallow-like gels der ived from di- 

and tr ifunctional a lkoxysilane for  80 % uniaxial compression (R1,  R2).  Only 

(3-mercaptpropyl)tr imethoxysilane–(3-mercaptpropyl)methyldimethoxysilane 

(3MP, 3MP) gel was tested for 50 % compression due to corruption of bulk body 

for the 80 % test.  All gels returned to their or iginal shape after removal of 

stress.  
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Figure 5.5  a) Superhydrophobic surface of the MTMS–DMDMS 

marshmallow-like gel.  Contact angle is 153 °.  b) Weight gain dur ing n-hexane 

absorption/drying cycles.  c) The marshmallow-like gel can separate n-hexane 

from water.   d) Absorption capacit ies of the MTMS–DMDMS gel for various 

organic solvents and oils, as indicated by weight gain.  
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Figure 5.6  a) Photograph and b) stress–strain curves of a 3-point bending test  

on the MTMS–DMDMS gel.  

 

 

 

Figure 5.7  a) TG–DTA curves of the MTMS–DMDMS (Me, Me) 

marshmallow-like gel and b) IR spectra before and after heat-treated at 320 ° C 

for 24 h.  
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Figure 5.8  a) Stress–strain curves of the MTMS–DMDMS gel, both dr ied 

(black) and swollen with a dry ice–ethanol mixture (red).   b) Squeezing out LN2.  

 

 

 

Figure 5.9  Stress–strain curves of the MTMS–DMDMS (Me, Me) 

marshmallow-like gel and a common polyurethane form (“L35” according to JIS A 

1419-2: 2000 and ISO 717-2: 1996 for  impact sound insulation). The 

marshmallow-like gel maintains the flexibility even when swollen with liquid 

nitrogen whereas the polyurethane form collapses.  
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Figure 5.10   The (3-mercaptopropyl)tr imethoxysilane−  

(3-mercaptopropyl)methyldimethoxysilane (3MP, 3MP) marshmallow-like gel  

adsorbed gold ions on the surface by soaking in an aqueous tetrachloroauric acid 

solution.  

 

  

Figure 5.11  a) SEM image and b) a stress−strain curve of uniaxial compression 

test  (strain completely recovered after measurement) on the 

bis(methyldiethoxysilyl)ethane−DMDMS gel.  
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5.4  Conclusion 
 

 A new kind of superhydrophobic medium for  the separation of oil and 

water is developed.  Marshmallow-like gels, which are based on 

polyorganosiloxane networks, are synthesized from var ious alkoxysilanes, such as 

tri-, di-functional, and br idged alkoxysilanes, as co-precursors by a facile process 

and without special condit ions.  Copolymerization with var ious types of 

alkoxysilanes adds functionality to the gels, which allows for the flexible design 

of surface chemical properties.  The obtained MTMS–DMDMS gels display 

superhydrophobicity and can act as a sponge, removing organic compounds from 

water by absorbing them and then releasing them upon being squeezed out.  The 

elast ic properties are maintained over a wide temperature range, from LN 2 

temperatures up to ca. 320 °C, which extends their possible applications to use in 

harsh environments.  The introduction of different functional groups allows for  

changing of the adsorption/absorption properties, which is advantageous in their  

use as separation media for different target  compounds.  Together with high 

sound absorption properties, [17] these unique multifunctional gels are expected to 

further extend the practical applications of this class of compounds.  
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Chapter 6 
 
A Superamphiphobic Marshmallow-like Macroporous Gel by 
Using Thiol–ene Click Reaction on Surface 
 
6.1  Introduction 
 

 As discussed in chapter 5, marshmallow-like gels can be obtained from 

many combinations of tr i- and difunctional organoalkoxysilanes as co-precursors.   

For the next step, a synthesis of new functionalized marshmallow-like flexible 

mater ials by utilizing surface reactions on the surface of microstructures is  

attempted.  

A number of research groups have been studying hydrophobic and 

oleophobic surfaces, both for pure scientific interest and industr ia l applications.   

These studies are drawing increasing attention because of the growing demands 

for applications such as anti-fingerpr int touch panels on electronic devices and 

solar panels that can prevent output fall from dust and smears on the surface by 

the self-cleaning effect. [1 ]  In nature, many examples of superhydrophobic 

surface exist with a water contact angle of more than 150 °, such as eyes of 

mosquitos and lotus leaves, [1d ,  2 ] and these are important for their survival.   Their  

non-wett ing surfaces possess a combination of nano- or micro-scaled roughness[3 ] 

and low surface energy, which are known for the key of creating art ificial 

superhydrophobic surfaces. [1d]  However,  most of the superhydrophobic 

mater ials can easily be wetted by organic liquids because of the lower surface 

tension of the liquids.  In recent years, techniques for creating oleophobic 

surfaces have been vigorously invest igated.  A promising way to obtain a surface 

with a contact angle of more than 150 ° for  organic liquids is to make rough 

microstructures covered with perfluoroalkyl groups,  which are bound on some 

kinds of polyhedral oligomeric silsesquioxanes (POSS), [4 ] monomeric silanes, [5 ] 

and polymers. [6 ]  However, the reported technologies to achieve 

superamphiphobicity are limited in the forms of films and fibres.   As far as the 

author knows, there have been no reports on monolithic superamphiphobic 
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mater ials that can be prepared in a wide range of thickness and in any shapes.  

Marshmallow-like gels can be obtained through a facile one-pot sol–gel 

reaction, as discussed in chapters 4 and 5. [7 ]  By changing the combination of the 

alkoxysilanes, var ious kinds of marshmallow-like gels with different functiona l 

groups can be obtained.  For example, in the case of 

(3-mercaptopropyl)tr imethoxysilane–(3-mercaptopropyl)methyldimethoxysilane 

copolymer system, gold ions can be adsorbed on the pore surface by the mercapto 

groups.   Marshmallow-like gels der ived from MTMS–DMDMS shows the ability 

for using oil–water separation media.  These flexible gels can quickly remove 

organic liquids/oils from oil–water mixtures.   This means that the surface of 

these macroposous gels have only hydrophobicity but no oleophobicity.  

The marshmallow-like gels der ived from VTMS and VMDMS as 

co-precursor can also be used as oil–water separation media.   In the case of this 

co-precursors system, the surface of the microstructure has reactivility with 

organic molecules such as vinyl-functionalized reagents and thiols.   In this 

chapter, the auther employs a VTMS–VMDMS co-precursors system to prepare 

the new functionalized flexible monolith which has both hydrophobicity and 

oleophobicity.  
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6.2  Experimental 
 

6.2.1  Chemicals  

Acetic acid, dist illed water, and urea were purchased from Hayashi Pure 

Chemical Industry, Ltd. (Japan).  Surfactant CTAC was obtained from Tokyo 

Chemical Industry,  Ltd.  (Japan).  Precursors VTMS and VMDMS were purchased 

from Shin-Etsu Chemical Co., Ltd. (Japan) and Tokyo Chemical Industry, Ltd.  

(Japan), respectively.   All of the chemical reagents were used as received.  

 

6.2.2  Synthesis procedures 

 First, 1.0 g of CTAC, 5.0 g of urea, and 15 mL of 5 mM aqueous acetic 

acid were mixed in a glass sample tube.  Then 0.025 mol (3.71 g) of VTMS and 

0.010 mol (1.32 g) of VMDMS were added at the same t ime under vigorous 

st irring at ambient temperature, and st irr ing was continued for 60 min until the 

solution became homogeneous.  The obtained sol was transferred into a  

tightly-sealed container, which was then placed in a forced convection oven at  

80 °C for 9 h to complete gelation and aging.  The obtained gels were washed 

with methanol by soaking/squeezing by hand for several t imes to remove the 

residual surfactant and other unreacted chemicals.  The washed samples were 

dr ied under an ambient condit ion to obtain xerogels (MG1).  To obtain the 

superamphiphobic marshmallow-like gel MG2, 0.5 g (6.2 mmol) of MG1 was 

soaked into 50 mL of a 2-propanol solution containing 10 v/v % 

1H,1H,2H,2H-perfluorodecanethiol (18 mmol) with a catalytic amount of 

azobisisobutyronitr ile as an init iator at 60 °C for 10 h to attach perfluoroalkyl 

groups on the pore surface by the thiol–ene click reaction.  Then, the wet gel was 

washed with 2-propanol for several t imes and dr ied under an ambient condit ion.  

 

6.2.3  Measurements 

 A scanning electron microscope (JSM-6060S, JEOL, Japan) was 

employed to observe the microstructure.   Mechanical proper ties of aerogels were 

measured by a mater ial tester (EZGraph, Shimadzu Corp., Japan).  For uniaxial 

compression tests, a carved gel (typical length × width × height was 15 × 15 × 10 
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mm3) was compressed–decompressed using a load cell of 5 kN with a rate of 0.5 

mm min– 1.  For three-point bending tests, a cylindr ical sample with 8 mm 

diameter and 40 mm length was put on a fixture with a 30 mm span and applied 

loading-unloading for 100 t imes by a wedge-shaped crosshead with 60 ° and 0.3 

mm diameter at the point with using a load cell of 5 N at a rate of 5 mm min– 1.   

To assess molecular-level structure of the obtained siloxane networks, Fourier  

transform infrared spectroscopy (FTIR), 29Si solid-state cross polar ization/magic 

angle spinning (CP/MAS) NMR measurements and 13C solid-state dipolar  

decoupling/magic angle spinning (DD/MAS) NMR measurements were performed.   

The FTIR spectra were recorded with IRAffinity-1 (Shimadzu Corp., Japan) using 

an attenuated total reflection (ATR) attachment.  A total of 100 scans were 

recorded with a resolution of 4 cm– 1 on the samples dr ied in vacuum at 80 °C for 1 

d in advance.  An NMR spectrometer Avance III 800 (Bruker  Corp.,Germany) 

has been operated under a static magnetic field of 18.8 T.  For 29Si solid-state 

CP/MAS measurements,  the contact  t ime for the cross polar ization was fixed at  

5.5 ms and the rate of sample spinning was set to 15 kHz.  The 29Si chemica l 

shifts were expressed as values relat ive to tetramethylsilane (Me4Si) by using the 

resonance line at −9.66 ppm for hexamethylcyclotr isiloxane crystals as an 

external reference.  For 13C solid-state DD/MAS measurements, the recycle 

delay was fixed at 25 s and the rate of sample spinning was set to 15 kHz.  The 
13C chemical shifts were expressed as values relat ive to tetramethylsilane (Me4Si) 

by using the resonance line at 176.46 ppm for glycine as an external reference.   

Elemental analysis (C, H, F) was performed at Center for Organic Elementa l 

Microanalysis in Kyoto University using YANACO MT-3 and MT-6 analyzers.   

Contact angles were measured with Drop Master DM-561Hi (Kyowa Interface 

Science Co., Ltd., Japan).  Volume of water  and organic liquids droplet was 

fixed at  3 μL and a contact  angle was determined at  2 s after the at tachment to gel  

surface.  The elemental analysis of the samples was carried out by X-ray 

photoelectron spectroscopy (XPS) (MT-5500,  ULVAC-PHI, Inc., Japan).  The 

monochromatized X-ray Mg Kα radiation (1253.6 eV) was used.   The core levels 

were calibrated by reference to the first component of the C1s core level peak 

(unfunctionalized hydrocarbons) set at 284.6 eV.   
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Thermogravimetr ic-differential thermal analysis (TG–DTA) was performed with a  

Thermo plus TG 8120 (Rigaku Corp., Japan) instrument at a heating rate of 5 °C 

min– 1 while continuously supplying air at a rate of 100 mL min– 1.  
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6.3  Result and Discussion 
 

The VTMS–VMDMS marshmallow-like gel can be obtained by four  

simple, routine steps within half a day: 1) mixing VTMS, VMDMS, urea, and 

surfactant CTAC in a dilute aqueous acetic acid solution, and st irr ing for 60 min 

at room temperature for acid-catalyzed hydrolysis of a lkoxysilanes; 2) 

transferr ing the result ing transparent sol to an oven for gelation and aging at  

80 °C over several hours to promote the siloxane network formation under basic 

condit ions, which is brought up by the hydrolysis of urea into ammonia; 3) 

washing with alcohol by hand; and 4) evaporative drying under ambient 

condit ions (Figure 6.1a). The obtained gel (MG1) shows enough 

marshmallow-like flexibility to recover their or iginal shape from 80 % uniaxia l 

compression and 3-point bending (Figures 6.2 and S1).   This mater ial has a  

superhydrophobic surface with a water contact  angle of 153 °, which is due to the 

negligible amount of residual hydrophilic silanol groups, as character ized by 29S i 

solid-state CP/MAS NMR spectroscopy (Figure 6.3). [8 ]  However, MG1 does not  

show oleophobicity,  but absorbs organic liquids quickly like a  sponge (Figure 

6.4a.  See also Figure 5.5.) 

 To transform the superhydrophobic gel into the superamphiphobic one,  

the thiol–ene click reaction, which is wellknown as a facile and reliable method to 

bind molecules for the purpose of surface modification as well as in organic 

synthesis, [9 ] has been used.   The author attached perfluoroalkyl groups to the 

rich vinyl groups on the pore surface of MG1 (0.5 g, 6.2 mmol) by soaking in 50 

mL of a 2-propanol solution containing 10 v/v % 

1H,1H,2H,2H-perfluorodecanethiol (18 mmol, excess) with a catalytic amount of 

N,N’-azobisisobutyronitr ile (AIBN, a radical init iator) for 10 h, and character ized 

surface and microstructure of the obtained gel (MG2; Figure 6.1b).   By an XPS 

survey spectra, the presence of the elements F (F1s at 688.6 eV) and S (S2p at  

163.8 eV)[10] is detected on MG2 (Figure 6.5a).  Consistent with the elemental 

analysis (C, H, F) results, the fluor ide content on the surface of MG2 is around 50 

atom%, which indicates that  1H,1H,2H,2H-perfluorodecanethiol is well-attached 

to the vinyl groups, cover ing the most part of the macropores of MG1.   
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Unreacted vinyl groups are also detected from FTIR spectroscopy (=CH2 wagging 

at 970 cm− 1, C=C twist at 1000 cm− 1, =CH2 scissor at 1400 cm− 1, and C=C 

stretching at 1600 cm− 1)[11] and 13C solid-state DD/MAS NMR spectra (Figure 

6.5b,c).   The percentage of reacted vinyl groups is only 3–5% by estimating from 

the density change of MG1 and MG2 (0.122 g cm− 3 and 0.157 g cm− 3 ,  

respectively), 13C NMR spectra, and elemental analysis, simply because the 

perfluoroalkyl groups are attached only onto the vinyl groups on the macropore 

surface.   The rather large perfluorododecanethiol molecules could not permeate 

into the core of the nonporous micrometer-sized skeletons.   During this surface 

reaction, there is no change in the microstructure, which possesses enough 

roughness to have a high water contact angle (Figure 6.1b).  After the treatment,  

MG2 acquired superoleophobicity (Figure 6.4a).  The contact angles of water  

and n-hexadecane are 160 ° and 151 °, respectively (Figure 6.4b,c).  Likewise,  

the surface of monolithic MG2 shows superoleophobicity for ethylene glycol,  

formamide, diiodomethane, and 1-bromonaphthalene (Figure 6.4c).  From these 

results, it can be concluded that the hydrophobic monolithic macroporous silicone 

gels bear ing vinyl groups on the surface is imparted with oleophobicity by a facile 

process.  

 Significant features of the marshmallow-like gel including MG1 are not 

only the flexibility but a lso the wide controllability in size and shape of the 

monolith.  In fact, the author obtained MG1 as flexible sheets as well as bulky 

monoliths, which can be carved into desired shape and size.  These features ar e 

maintained in MG2 because MG2 can be obtained from MG1 only by the surface 

modification without changing the or iginal siloxane network and microstructure.   

The most important feature of MG2 is superamphiphobicity on any cutt ing surface.   

This can be explainedby the microstructure of marshmallow-like gels.   

Marshmallow-like gels have co-continuous structure der ived from the transient  

structure of spinodal decomposit ion. [7 , 12 ]  On cutt ing any face, the fraction of the 

unmodified cores of intr icate micrometer-sized skeletons on the new surface 

plane is appreciably low and the modified pore surfaces of the skeletons largely 

contribute to the oleophobicity.   In fact, it is hard to recognize the cross-section 

of cut skeletons in the SEM image (Figure 6.6).  Thus, nonoleophobized core 
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parts of the cutt ing surfaces of MG2 can be ignored and this mater ial keeps 

superamphiphobicity on any surfaces after  cutt ing into desired shape.  Although 

marshmallow-like gels are rather br itt le against tensile stress and fr ict ion owing 

to their thin skeletons, their superamphiphobicity is perfectly maintained.  By 

this feature together with low density, the machined MG2 can float on organic 

liquids such as 1,3,5-tr imethylbenzene and n-hexadecane by surface tension for a t  

least over a week without any change (Figure 6.4a).  These features have not 

been reported on other mater ials to date.  Thermogravimetry–differential therma l 

analysis (TG–DTA) result shows that MG2 is stable up to about 170 °C (Figure 

6.7).   At higher temperatures, the macroporous structure was gradually collapsed 

by oxidation and degradation of vinyl groups.  
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Figure 6.1  a) One-pot acid-base sol–gel synthesis scheme for the VTMS–

VMDMS marshmallow-like gel (MG1).  b) Synthetic approach for the 

oleophobic MG2 by attachment of perfluoroalkyl groups onto the rich vinyl 

groups on MG1 pore surface by the thiol–ene click reaction.  From SEM 

observations, no changes are found in the macroporous morphology by the 

reaction.  
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Figure 6.2  Stress–strain curves of a) uniaxial compression test  and b) 100 

cycles of 3-point bending test on the sample MG1.  In both cases, VTMS–

VMDMS marshmallow-like gels perfectly recover their  or iginal shape.   c) 

Photographs of a 3-point  bending test on the VTMS–VMDMS marshmallow-like 

gel (MG1).  The sample returned to its or iginal shape after removal of stress 

dur ing 100 cycles.  
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Figure 6.3  29Si solid-state CP/MAS NMR spectrum of MG1.  Only negligible 

amounts of D1, T 1 and T2 species are found,  which shows that well-developed 

polysiloxane network was successfully formed by the facile one-pot process.  

 

 

 

Figure 6.4   a) The superhydrophobic marshmallow-like gel (MG1) and the 

superamphiphobic marshmallow-like gel  (MG2).  MG2 floats on 

1,3,5-tr imethylbenzene (colored by Oil Red O) by its surface tension, while MG1 

absorbs it.  The color less liquid at the bottom is water.  b) The contact angle of 

n-hexadecane is 151 °.  c) MG2 with droplets of water, ethylene glycol,  

formamide, 1-bromonaphthalene, diiodomethane and n-hexadecane.  
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Figure 6.5  a) XPS survey spectrum of MG2, revealing the presence of F.  b) 

FTIR spectra of 1H,1H,2H,2H-perfluorodecanethiol, MG1 and MG2.  c) 13C 

solid-state DD/MAS spectra of MG1 and MG2.  Four percent of vinyl groups are 

reacted by the thiol–ene click reaction.  For MG2; 13C NMR δ = 0.38 (s, Si–CH3,  

over lapped with Si–CH2), 22.77−32.57 (t , CF2–CH2), 50.41 (s, OCH3),  

109.17−118.33 (m, other carbons in CF3 and CF2), 131.76 (s, CH=CH2), 136.31 (s,  

CH=CH2). [13]  Two peaks at ca.  60 ppm are spinning sidebands.  

  



119 
 

 

Figure 6.6  SEM image of a cutt ing surface of MG2.  Since the unmodified 

cross-section can be hardly recognized on the surface, MG2 shows 

superamphiphobicity on any cutt ing surfaces.  

 

 

 

Figure 6.7  TG–DTA curves of MG2.  This superamphiphobic mater ial is stable 

up to  ~170 °C where vinyl groups are oxidized.  
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6.4  Conclusion 
 

 In summary, the author has successfully obtained the first  

superamphiphobic monolith with contact angle greater than 150 ° for both water  

and organic liquids, such as ethylene glycol, formamide, diiodomethane,  

1-bromonaphthalene, and n-hexadecane.  This mater ial can be obtained in a  

facile manner by a combination of the simple one-pot sol–gel process and the 

thiol-ene click reaction.  Co-continuous macroporous structure covered with 

perfluoro-alkyl groups supplies roughness and low surface energy, result ing in 

superamphiphobicity on any cutt ing surfaces of the monolith.  The 

superamphiphobic marshmallow-like gel floats on the surface of water and oils 

for long by surface tension.   This unique and outstanding monolithic mater ial is  

expected to pioneer the scientific and technological interests of three-dimensiona l 

superamphiphobic mater ials.  Furthermore, novel applications to new 

self-cleaning and antifouling surfaces, gas-permeable separators,  

medical/biomedical mater ials,  and selective separation media for organic liquid 

would be developed by carefully tuning the surface energy and roughness of the 

monolith. [7a ,  14 ]  Formability of the material in such as monoliths and 

sheets/membranes, as well as developing coating films and part icles, would allow 

extended applications in var ious fields.  
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Summary 
 

The present thesis deals with the studies on polyorganosiloxane porous 

mater ials der ived from alkoxysilanes as (co-)precursors via the sol–gel process 

with controlled phase separation.  The contents of the respective chapters ar e 

summarized as follows: 

     In chapter 1, the relat ionship between the start ing composit ions and the 

properties of the PMSQ aerogels by employing cationic CTAC as a surfactant to 

suppress phase separation is reported.   Visible-light transmittance, density and 

mechanical proper ties were systematically investigated with varied start ing 

composit ions.  Since the surfactant predominantly controls the phase separation 

tendency in the system, the porous texture of  the aerogels is changed with the 

var ied amount of CTAC.  To successfully obtain monolithic PMSQ aerogels by 

sufficiently suppressing macroscopic phase separation, a small amount of CTAC 

(at least [CTAC]/[MTMS] = 0.009) should be included in the solution.  At 

[CTAC]/[MTMS] = 0.036, the obtained gel exhibits the highest light  

transmittance (89 % through 10 mm thickness at 550 nm).  Density and Young’s 

modulus are strongly correlated, because both of these properties depend on the 

structure and bonding proper ties of the gel networks.  Concentrations of acid and 

base catalysts affect the molecular-level network and porous texture of the gels,  

as is well known in the sol–gel chemistry.   With diluted acetic acid and increased 

amount of urea as the acid and base catalysts, respectively, aerogels with high 

light transmittance and low density are obtained.   With increasing the volume 

ratio of solvent to MTMS, density monotonously decreased and the lowest density 

of PMSQ aerogels obtained without cracks is 0.045 g cm− 3.  

     In chapter 2, aerogels with var ied pore size were prepared using nonionic  

surfactant F127, instead of CTAC, to investigate the relationships between 

thermal conductivity,  gas pressure and pore size.   A change in the concentration 

of F127 leads to aerogels with pore size from ~50 nm to 3 μm.   Therma l 

conductivity of each aerogel sample var ies depending on the gas pressure, and 

shows good agreement with the theoretical values.  An aerogel-like xerogel 

panel with sufficiently low thermal conductivity (15 mW m− 1 K− 1) with 
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visible-light transmittance (29 % through 10 mm thickness at 550 nm) was also 

successfully prepared.   The low thermal conductivity can be even lower under a  

light evacuation like 104 Pa.  These results show the possibility of practical 

applications of PMSQ aerogels to highly insulating and daylighting mater ials 

under ambient pressure or light evacuation.  

     In chapter 3, improvement of mechanical properties of PMSQ aerogels by 

composit ing with cellulose nanofibers (CNFs) is repor ted.  By adding only a  

small amount of CNFs in the same starting solution examined in chapter 1,  

bending flexibility has been introduced in the obtained low-density aerogels,  

which had not been observed in any monolithic aerogels including the pr ist ine 

PMSQ aerogels.   The CNFs are homogeneously fused with the PMSQ networks 

through a moderate interaction, which gives a favorable effect on the physica l 

properties of PMSQ aerogels.  A bendable PMSQ aerogel with low density 

(0.020 g cm− 3),  which is below the minimum value of the pure PMSQ aerogels,  

was successfully obtained.  Also, these composites show high hydrophobicity 

without any hydrophobizing treatments.  With the stability of the PMSQ and 

CNFs under ambient emvironment, PMSQ–CNF composite aerogels will extend 

the usability of excellent thermal insulation of aerogels.  

     In chapter 4,  the synthesis of marshmallow-like flexible macroporous gels  

is descr ibed using MTMS and DMDMS as the co-precursors.  The synthesis 

process is a lmost the same as that of PMSQ aerogels (chapter 1).  The 

fundamental properties of the marshmallow-like gels have been systematically 

investigated by changing the synthetic parameters.  By increasing only the rat io 

of DMDMS to MTMS, the microstructure is coarsened and Young’s modulus of 

the gels is dramatically decreased while the high porosity is maintained.   

Because of the highly flexible nature, the marshmallow-like gels can be obtained 

by a more facile manner  without supercr it ical drying.   The result shows the 

availability of these unique mater ials for extended applications such as sound 

absorbing mater ials.  

     In chapter 5, detailed properties and multi-functionality of the 

marshmallow-like gels are shown.  The flexible macroporous mater ials show 

stable structure and properties in the wide temperature range (−130 to 315 °C) 
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similarly to a typical silicone polymer, PDMS.  The marshmallow-like gels even 

show flexibility at the liquid nitrogen temperature, which extends their usability 

to harsh environments.  Absorption and squeezing-out of liquid nitrogen have 

been successfully demonstrated like a sponge without any physical damages.   

The external surfaces of marshmallow-like gels show superhydrophobicity due to 

the low surface energy of PDMS-like polymethylsiloxane and geometr ical 

roughness.  Utilizing their hydrophobic surfaces and wettability of oil/organic 

liquids, it is possible to quickly separate biphasic oil–water  mixtures.   Alteration 

of the surface property of the marshmallow-like gels is investigated by employing 

different combinations of a lkoxysilanes instead of MTMS and DMDMS.  The 

marshmallow-like gels prepared from the (3-mercaptopropyl)tr imethoxysilane−  

(3-mercaptopropyl)methyldimethoxysilane co-precursor can adsorb gold ions on 

the surface when soaked in an aqueous tetrachloroauric acid solution.  These 

results show the possibilit ies as new separation media by utilizing the surface 

functionalit ies of organic groups attached to the precursors.  

     In chapter 6, surface modification of the marshmallow-like gels is examined.   

The surface on the microstructure of marshmallow-like gels der ived from a 

co-precursor system of VTMS and VMDMS has been reacted with perfluoroalkyl 

thiol by the thiol–ene click reaction.  The resultant marshmallow-like gel  

attained superoleophobicity.   The contact angles on the surface of the resultant  

mater ial after the surface modification are greater than 150 ° for both water and 

organic liquids such as ethylene glycol,  formamide,  diiodomethane,  

1-bromonaphthalene, and n-hexadecane.  The superoleophobicity is maintained 

on any cut surfaces of the monoliths, and these monoliths can float on the surface 

of water and oils for long by surface tension.   This result shows the possibility 

of designing new self-cleaning and antifouling surfaces, gas-permeable separators,  

medical/biomedical mater ials, and selective separation media with desired shapes.  

     The present study has revealed the practical sol–gel pathways to design 

flexible and functional organosiloxane porous gels from organoalkoxysilane 

precursors by controlling phase separation in aqueous media.  Through the 

structural controls over multiple length scales such as molecular-level networks 

and porous microstructures of nano- to micrometer scales, these porous mater ials 
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represent remarkable proper ties such as low thermal conductivity, sound 

absorption and superamphiphobicity.  As discussed with the 

polymethylsilsesquioxane (PMSQ) aerogels and xerogels and polyorganosiloxane 

marshmallow-like gels for examples, flexibility and elasticity against  

compression and bending stresses are the progeny of successful multiple 

structural controls in the network and porous structures.  Unlike inorganic 

mater ials, sol–gel-der ived inorganic–organic hybrid mater ials with well-defined 

porosity and properties have not been reported much.  Because of the fine 

controls by the simple processes and availability of functionalit ies, the present 

studies on porous organosiloxane mater ials are expected to further develop to 

change our life in the near future.  

  



127 
 

List of Publications 
 

Chapter 1 

“Structure and properties of polymethylsilsesquioxane aerogels synthesized with 

surfactant n-hexadecyltr imethylammonium chlor ide” 

Gen Hayase, Kazuyoshi Kanamori and Kazuki Nakanishi  

Microporous & Mesoporous Materials 2012,  158,  247-252.  

 

Chapter 2 

“Transit ion from transparent aerogels to hierarchically porous monoliths in 

polymethylsilsesquioxane sol–gel system” 

Kazuyoshi Kanamori, Yasunori Kodera, Gen Hayase, Kazuki Nakanishi and 

Teiichi Hanada 

Journal of Colloid and Interface Science 2011,  357,  2, 336-344.  

 

“Thermal conductivity of polymethylsilsesquioxane aerogels and xerogels with 

var ied pore size for practical application to thermal super insulators” 

Gen Hayase, Kazuma Kugimiya, Mitsue Ogawa, Yasunori Kodera, Kazuyoshi 

Kanamori and Kazuki Nakanishi 

Journal of Materials Chemistry A,  accepted. (DOI: 10.1039/C3TA15094A) 

 

Chapter 3 

“Polymethylsilsesquioxane–cellulose nanofiber biocomposite aerogels with high 

thermal insulation, bendability and superhydrophobicity” 

Gen Hayase, Kazuyoshi Kanamori, Kentaro Abe, Hiroyuki Yano, Ayaka Maeno,  

Hironori Kaji and Kazuki Nakanishi  

submitted.  

 

Chapter 4 

“New flexible aerogels and xerogels der ived from 

methyltr imethoxysilane/dimethyldimethoxysilane co-precursors” 

Gen Hayase, Kazuyoshi. Kanamori and Kazuki Nakanishi  



128 
 

Journal of Materials Chemistry 2011,  21,  43, 17077-17079.  

 

Chapter 5 

“Facile Synthesis of Marshmallow-like Macroporous Gels Usable under Harsh 

Condit ions for the Separation of Oil and Water” 

Gen Hayase, Kazuyoshi Kanamori, Masashi Fukuchi, Hironori Kaji and Kazuki 

Nakanishi  

Angewandte Chemie International Edition 2013,  52,  7, 1986-1989.  

 

Chapter 6 

“A Superamphiphobic Macroporous Silicone Monolith with Marshmallow-like 

Flexibility” 

Gen Hayase, Kazuyoshi Kanamori, George Hasegawa, Ayaka Maeno, Hironor i 

Kaji, Kazuki Nakanishi  

Angewandte Chemie International Edition 2013, 52,  41, 10788-10791.  

  



129 
 

Acknowledgement 
 

 The present thesis has been carried out at Graduate School of Science,  

Kyoto University, under the direction of Professor Kazuki Nakanishi.  

 

 First of a ll, the author wishes to express his sincere gratitude to Professor  

Kazuki Nakanishi for continuous encouragement and valuable advices all 

thorough the graduation of the present works.  The author is a lso greatly 

indebted to Dr. Kazuyoshi Kanamori for his discussions, exper imental directions,  

and sincere supports in proceeding with the present studies.  The author is a lso 

grateful to Professor Teiichi Hanada,  Dr. George Hasegawa, Dr. Kei Morisato, Dr.  

Riichi Miyamoto, Dr. Yasuaki Tokudome and Yasunori Kodera for the usefu l 

advices and discussions on exper iments and writ ing research papers.  Hearty 

thanks are made to all students of Nakanishi Group for everyday activit ies.  

 

 The author would like to thank Professor Hironori Kaji, Dr. Masashi 

Fukuchi and Ayaka Maeno (Institute Chemical Research, Kyoto University) for  

NMR measurement, Professor Keisuke Yamada and Tomoya Nakazawa (Graduate 

School of Engineer ing, Kyoto University), for sound absorption analysis, Dr.  

Kazuma Kugimiya and Mitsue Ogawa, (Japan Fine Ceramics Center), for therma l 

conductivity analysis, and Dr.  Kentaro Abe and Professor Hiroyuki Yano 

(Research Institute for Sustainable Humanosphere, Kyoto University) for  

providing bionanofibers and advices.  Suggestion for applications of mater ials 

and advices about research life from Professor  Shin-ichiro M. Nomura (Graduate 

School of Engineer ing, Tohoku University), Professor Hirohide Saito and Dr.  

Shunichi Kashida (Center for iPS Cell Research and Application,  Kyoto 

University) and Dr. Masahiro Takinoue (Interdisciplinary Graduate School of 

Science and Engineer ing, Tokyo Institute of Technology) are gratefully 

acknowledged.  The collaboration research with Nobuyuki Matsumoto (Graduate 

School of Science, The University of Tokyo) and Dr. Takehiro Ando (School of 

Engineer ing, The University of Tokyo) brought a fresh perspective to science.  

 



130 
 

 Finally, the author  expresses his sincere gratitude to his parents, Yutaka 

Hayase and Takako Hayase, for their all-t ime support.  

 

Kyoto, winter 2013                                         Gen Hayase 

 


