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HIGHLY POROUS CERAMIC OXIDE 
AEROGELS HAVING IMPROVED 

FLEXIBILITY 

STATEMENT OF GOVERNMENT-SPONSORED 
RESEARCH 

This invention was made with government support under 
Contract No. NNC06ZA46A awarded by NASA. The gov 
ernment has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
Ceramic aerogels are among the most highly porous and 

lowest density materials. Their high porosity means that 95% 
or greater of the total bulk volume of a ceramic aerogel is 
occupied by empty space (or air), producing excellent ther 
mal as well as sound insulating qualities. In addition, their 
high speci?c surface area (e.g. on the order of 600-1000 m2/ g) 
should make them well suited for numerous applications, 
including as adsorbent beds for chemical separations, as cata 
lyst supports, as platforms for solid state sensors, etc. Unfor 
tunately, conventional ceramic aerogels are physically and 
hydrolytically very unstable and brittle. Their macro-struc 
ture can be completely destroyed by very minor mechanical 
loads or vibrations, or by exposure to moisture. In addition, 
over time these materials tend to produce ?ne particles (dust 
ing) even under no load. Consequently, there has been little 
interest in ceramic aerogels for the above-mentioned as well 
as other applications, despite their excellent insulative prop 
erties, simply because they are not strong enough to withstand 
even minor or incidental mechanical stresses likely to be 
experienced in practical applications. 

2. Description of Related Art 
US. Patent Application Publication No. 2004/0132846, 

the contents of which are incorporated herein by reference, 
describes an improvement wherein a diisocyanate is reacted 
with the hydroxyl groups prevalent on the surfaces of second 
ary (¢5-10 nm) particles of a silica aerogel to provide a 
carbamate (urethane) linkage. Additional diisocyanate mono 
mers are further polymerized to produce a network of poly 
urea chains between the carbamate linkages of respective 
pairs of hydroxyl groups present on the secondary particles, 
resulting in a conformal polyurea/polyurethane coating over 
the silica backbone. The resulting structure was found to have 
only modestly greater density than the native silica gel (2-3 
times greater), but more than two orders of magnitude greater 
mechanical strength, measured as the ultimate strength at 
break for comparably dimensioned monoliths. 
More recent work has demonstrated that the production of 

such polymeric conformal coatings is not limited to diisocy 
anate linkages anchored from surface-native hydroxyl 
groups. Alternative polymeric architectures have also been 
shown to produce conformal coatings that dramatically 
improve the strength of ceramic aerogels. Speci?cally, non 
native functional groups (e.g. amine or vinyl groups) can be 
incorporated into the surfaces of aerogel secondary particles 
and used as anchors for other polymeric cross-linking chem 
istries (such as epoxy and styrene). Methods and chemistries 
for such alternative polymeric cross-linking architectures are 
described herein as well as in co-pending, commonly-owned 
US. patent application Ser. No. 11/266,025 and the following 
publications the contents of all of which are incorporated 
herein by reference in their entirety: 
1. Structure-Property Relationships in Porous 3D Nanostruc 

tures as a Function of Preparation Conditions: Isocyanate 
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Cross-Linked Silica Aerogels. Meador, M. A. B.; Capa 
dona, L. A; McCorkle, L.; Papadopoulos, D. S.; Leventis, 
N., Chem. Mater. 2007, 19, 2247-2260. 

2. Flexible, low-density polymer crosslinked silica aerogels. 
Capadona, L. A., Meador, M.A. B.,Alunni, A., Fabrizio, E. 
F.,Vassilaras, P., and Leventis, N. Polymer, 2006, 47, 5754 
5761; 

3. Chemical, physical and mechanical characterization of 
isocyanate cross-linked amine modi?ed silica aerogels. 
Katti,A.; Shimpi, N.; Roy, S.; Lu, H.; Fabrizio, E. F.; Dass, 
A.; Capadona, L. A.; Leventis, N. Chem. Mater. 2006, 18, 
285-296. 

4. Cross-linking amine modi?ed silica aerogels with epoxies: 
mechanically strong lightweight porous materials. Mea 
dor, M.A. B., Fabrizio, E. F., Ilhan, F., Dass,A., Zhang, G., 
Vassilaras, P., Johnston, J. C., and Leventis, N., Chem. 
Mater., 2005, 17, 1085-1098. 

5. Hydrophobic monolithic aerogels by nanocasting polysty 
rene on amine-modi?ed silica. Ilhan, U. E; Fabrizio, E. F. 
McCorkle, L.; Scheiman, D. A.; Dass, A.; Palczer, A.; 
Meador, M. A. B.; Johnston, J. C. and Leventis, N., J. 
Mater. Chem., 2006, 16 3046-3054. 

6. Bridged Polysilsesquioxanes. Molecular-Engineered 
Hybrid Organic-Inorganic Materials. Loy, D. A.; Shea, K. 
J. Chem. Mater. 2001, 13, 3306-3319. 

7. Bridged Polysilsesquioxanes. Highly Porous Hybrid 
Organic-Inorganic Materials. Loy, D.A.; Shea, K. J. Chem. 
Rev. 1995, 95, 1431-1442. 

8. Sol-Gel Synthesis of Hybrid Organic-Inorganic Materials. 
Hexylene- and Phenylene-Bridged Polysiloxanes. Dou 
glas A. Loy, Gregory M. Jamison, Brigitta M. Baugher, 
Sharon A. Myers, Roger A. Assink, and Kenneth J. Shea, 
Chem. Mater. 1996, 8, 656-663 

9. US. Patent Application Publication No. 2006/021621 
10. Aryl-Bridged Polysilsesquioxanes-New Microporous 

Materials. Kenneth J. Shea* and Douglas A. Loy, Chemis 
try ofMaterials 1989, 1, 572-574. 

11. A Mechanistic Investigation of Gelation. The Sol-Gel 
Polymerization of Precursors to Bridged Polysilsesquiox 
anes. Kenneth J. Shea and DouglasA. Loy Acc. Chem. Res. 
2001, 34, 707-716. 

12. Tailored Porous Materials. Thomas J. Barton, Lucy M. 
Bull, Walter G. Klemperer, Douglas A. Loy, Brian 
McEnaney, Makoto Misono, PeterA. Monson, Guido Pez, 
George W. Scherer, James C. Vartuli, and Omar M. Yaghi. 
Chem. Mater. 1999, 11, 2633-2656. 

13. US. Patent Application Publication No. 2007/ 0203341 
14. US. Pat. No. 5,321,102 
15. US. Pat. No. 6,284,908 
The polymer cross-linked aerogels described and referred 

to above exhibit far greater strength than the corresponding 
native ceramic aerogels (as much as two orders of magnitude 
greater strength with only a two- to three-fold increase in 
density). However, despite their improved strength they still 
remain relatively in?exible and are subject to brittle failure. 
Consequently there are numerous applications that could 
bene?t from the insulative and improved mechanical proper 
ties of ceramic aerogels as described in the aforementioned 
publications, but where additional ?exibility is necessary or 
would be desirable. For example, space-suit insulation could 
bene?t signi?cantly from more ?exible ceramic aerogels hav 
ing the insulative properties described above. 

Accordingly, it is desirable to produce ceramic oxide aero 
gels as above, but which exhibit a greater degree of ?exibility. 

SUMMARY OF THE INVENTION 

A ceramic-oxide network is provided, which includes 
interconnected strands of ?rst particles of ceramic oxide and 
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a plurality of ?exible linkages dispersed throughout, but not 
necessarily uniformly distributed in, that network. The ?ex 
ible linkages link adjacent ones of the ?rst particles thereby 
segmenting the interconnected strands. The ?exible linkages 
have the form 

wherein: 
M is a metallic or semi-metallic element common to the 

ceramic oxide network; and 
L is a ?exible linkage between the opposing M atoms that 

is stable under reaction conditions for synthesizing the 
ceramic-oxide network. 
A method of preparing a ceramic-oxide network is also 

provided, which includes copolymeriZing a reaction mixture 
that includes at least one ceramic-oxide precursor species and 
at least one ?exible-linkage precursor through one or a series 
of chemical reactions to produce the ceramic-oxide network. 
The at least one ceramic-oxide precursor species includes a 
metallic or semimetallic element bound to at least one moiety 
through a bond that is labile under conditions of the afore 
mentioned one or a series of chemical reactions. The at least 
one ?exible-linkage precursor has the form 

wherein: 
M is a metallic or semi-metallic element; 
each R is attached to the associated M atom via a bond that 

is labile under the conditions of the aforementioned 
reaction(s) and is individually selected to be an alkyl, 
alkoxy or other group that will not prevent that/those 

reaction(s); 
each R1 is attached to the associated M atom via a bond that 

is not labile under the conditions of the aforementioned 
reaction(s) and can be individually selected to be an 
alkyl or other group that will not prevent that/ tho se reac 

tion(s); 
L is a ?exible linkage between the opposing M atoms that 

is stable under the conditions of that/those reaction(s); 
x and y are both integers with y being not less than 1, 

wherein the sum x+y is equal to the valence of M minus 
1; and 

x' and y' are both integers with y' being not less than 1, 
wherein the sum x'+y' is equal to the valence of M minus 
1. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application ?le contains at least one drawing 
executed in color. Copies of this patent or patent application 
publication with color drawing(s) will be provided by the 
O?ice upon request and payment of the necessary fee. 

FIG. 1 is a simpli?ed diagram of the structural formula for 
silica, illustrated in only two dimensions. 

FIG. 2 is a schematic illustration of the structure of a solid 
silica network, composed of interconnected strands of sec 
ondary particles in pearl-necklace con?guration. 

FIG. 3 illustrates two adjacent secondary silica particles 
linked at a neck region therebetween. 

FIG. 4 is a schematic illustration of the solid silica network 
of FIG. 2, but incorporating ?exible linkages as disclosed 
herein periodically dispersed throughout the network 
between adjacent secondary particles. 

FIG. 5 is a close-up schematic illustration of the structure 
of the solid silica network taken at circle “5” in FIG. 4, 
showing interconnected strands of secondary particles having 
?exible linkages periodically dispersed therein between adja 
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4 
cent secondary particles, as well as non-native aminopropyl 
functionality incorporated at the surfaces of the secondary 
silica particles, for example by incorporation of APTES into 
the gel-synthesis reaction. 

FIG. 6 consists of response surface models showing a) 
density and b) porosity of aerogel monoliths prepared in 
Example 1 graphed vs. VTMS and total silane concentration. 

FIG. 7 shows compression curves for two separate aero 
gels, samples 13 and 8 respectively, from Example 1 that 
showed a similar modulus. Sample 13 only recovered half 
way, while sample 8 showed almost complete recovery from 
compression. 

FIG. 8 shows ?tted models of modulus from compression 
data of aerogel monoliths from Example 1 a) when total 
silane:0.84 mol/l and b) when total silane:1.75 g/mol 
graphed vs. VTMS and BTMSH fraction. 

FIG. 9 shows ?tted models of unrecoverable strain from 
compression-de?ection tests of aerogel monoliths from 
Example 1 a) when total silane:0.84 mol/l and b) when total 
silane:1.75 g/mol graphed vs. VTMS and BTMSH fraction. 

FIG. 10 is a photograph showing two silica aerogels having 
the same composition and incorporating ?exible linkages as 
described in Example 2. One of the aerogel monoliths was 
dried in ambient air and the other via the conventional super 
critical COz-mediated process. No appreciable shrinkage was 
observed in the air-dried sample. 

FIG. 11 is a graph of a response surface model for density 
vs. total silane and BTMSH concentration based on the aero 
gel samples made in Example 3. 

FIG. 12 shows photographs of silica wet gels prepared as 
described in Example 3, which exhibited a high degree of 
?exibility and could be manipulated by hand and bent into 
various conformations without breaking. 

FIG. 13 shows compression curves for two separate aero 
gels, Runs A and E respectively, from Example 4 comparing 
the degree of recoverability between them based on their 
respective BTSPA concentrations (~13% versus 100% of 
total silanes). 

Drawings of chemical structures are schematic in nature, 
are not drawn to scale and are not intended to convey any 
information regarding the actual number, concentration and/ 
or arrangement of illustrated chemical chains, particles, func 
tional groups, ?exible linkages or any other species or portion 
of a species within a ceramic oxide network. As will be 
appreciated, the arrangement of these items in the chemical 
structure drawing ?gures are for illustrative purposes, and 
their purpose is simply to schematically illustrate the relation 
ships between the various chemical species, groups, chains 
and particles as further described herein. 

Summary of Sol Gel Chemistry 

Aerogels are made by extracting liquid from a solvent 
?lled gel, to leave behind just a solid-phase three-dimensional 
network of ceramic oxide particles. The wet gel generally is 
composed of the solid-phase ceramic oxide network of par 
ticles just mentioned, whose vast pore network is ?lled and 
occupied by a liquid phase material. The liquid phase material 
typically comprises or constitutes the solvent, other ancillary 
species (water, catalyst, initiator, buffer, etc., if present) and 
any remaining reactant species for forming the network of 
ceramic oxide particles via the sol gel process. Essentially, 
one can think of a wet gel and its cognate aerogel as the 
solvent-saturated solid network of ceramic oxide particles 
and the dried ceramic oxide network once the solvent has 
been extracted, respectively. 
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A ceramic oxide is an inorganic compound formed 
between a metallic or a semimetallic element and oxygen; 

e.g. silica (SiOZ), titania (TiOZ), alumina (A1203), etc. Gen 
erally, a network of ceramic oxide particles comprises a three 
dimensional structure, with individual nanoparticles consist 
ing of atoms of the metallic or semimetallic element(s) linked 
to one another via interposed oxygen atoms. For example, the 
network structure for silica is illustrated schematically in 
FIG. 1, though only in two dimensions. Because each silicon 
atom has four free valences, each is linked to four oxygen 
atoms. Correspondingly, because each oxygen atom has two 
donor electron pairs, each of them is linked to two silicon 
atoms except for oxygen at ceramic particle surfaces, which is 
linked to one silicon and forms a hydroxyl group. The result 
ing empirical chemical composition of the nanoparticles is 
near to SiOZ. It will be recognized and understood that other 
metallic or semimetallic elements having valences other than 
+4 (such as silicon) will result in correspondingly different 
chemical compositions in the network of nanoparticles. For 
example, aluminum has a valence of +3, resulting in the 
empirical formula AlZO3 for the corresponding ceramic oxide 
network. Beyond the foregoing, the only practical constraints 
for producing a ceramic oxide aerogel are that the metallic or 
semimetallic element must have a valence of at least, and 
preferably greater than, +2, and it must be amenable to form 
ing a highly porous three dimensional network of nanopar 
ticles comprising interposed oxygen bonds, e.g. via a sol gel 
process through reaction of appropriate ceramic oxide pre 
cursor species as hereinafter described. Alternatively, other 
mechanisms for producing such highly porous ceramic 
oxides can be used. 
As evident above, a silica aerogel is prepared by extracting 

from the pore structure of the solid silica network of nano 
particles the solvent in which that network was made 
(“gelled”). The three-dimensional network of nanoparticles 
and the solvent within its pore structure are collectively 
referred to as a wet gel, also noted above. Brie?y, a silica wet 
gel is made when an alkoxysilane (typically tetramethy 
lorthosilicate or ‘TMOS’) is hydrolyzed in an appropriate 
solvent, typically methanol, ethanol, acetone, tetrahydrofu 
ran or acetonitrile, to produce the resulting silica gel network 
and an alkyl hydroxide byproduct. The byproduct is methanol 
when TMOS is used. Alternatively, tetraethylorthosilicate or 
‘TEOS’ also can be hydrolyzed to produce a silica gel net 
work, in which case the alkyl hydroxide byproduct will be 
ethanol. The silica particles are formed through the linkage of 
silicon atoms in the solution (“sol”) via oxygen radicals 
formed through hydrolysis and condensation. Thus, the silica 
gel is formed when the nanoparticles become numerous and 
coagulate against each other into a solid three-dimensional 
network. The gellation to produce the silica network is a form 
of cross-linking, wherein silica particles are ‘cross-linked’ via 
SiiOiSi linkages in neck regions between particles. How 
ever, the term ‘cross-link’ and cognates thereof are reserved 
herein for other polymeric linkages between particles that 
provide a polymeric, cross-linked conformal coating over the 
secondary particle structure of a ceramic gel as further 
described herein. 

The hydrolysis reaction of the silicon alkoxide is sponta 
neous, but it occurs too slowly for practical applications (gel 
lation can take days or longer to occur). Hence, it is conven 
tional to employ an acid or a base catalyst, e.g. an amine 
catalyst, to accelerate the reaction to a more practical rate. On 
hydrolysis and condensation, the resulting solid silica net 
work is forrned having at least two distinct classes or orders of 
particles, namely primary particles with densities of l .7 to 2.2 
g/cm3 and secondary particles with densities about half of that 
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6 
of the primary particles. The primary silica particles are 
tightly packed, fully dense solid particles having a particle 
size of less than 2 nm. The secondary particles have a particle 
size on the order of 5-10 nm (average particle size greater than 
5 nm), and are nanoporous in that they are each made up of an 
agglomeration of the smaller primary particles. The nanop 
ores in the secondary particles are provided as the space 
between the agglomerated primary particles that make up 
each secondary particle. The secondary particles are arranged 
to provide an interconnected network of long strands of the 
secondary particles to form a mesoporous structure as illus 
trated in FIG. 2. The secondary-particle strands are often 
referred to and known as a “pearl necklace” con?guration. 
Within each such strand, secondary particles are linked with 
adjacent particles via Si4OiSi bonds across relatively nar 
row ‘neck regions’ between the particles as shown in FIG. 3. 
The empty space between the pearl necklace strands of sec 
ondary particles is referred to as mesoporosity and accounts 
for up to 95% of the total volume of the solid network’s 
macrostructure, which is what affords these gels their desir 
able properties. 
Once the solid silica network is forrned, it is necessary to 

extract the solvent from the pore system (meso- and nanop 
ores) of the solid network. Historically, this had been dif?cult 
to achieve while maintaining the structural integrity of the 
silica gel due to the presence of the mesopores in the solid 
network. The liquid-vapor interface produced on evaporation 
of liquid within the mesopores would exert strong surface 
tension forces that cause the collapse of the pore structure, 
causing the solid gels to fracture or shrink, often considerably 
compared to their initial size and form. To solve this problem, 
the solvent in the pore system of a silica wet gel is tradition 
ally exchanged with liquid carbon dioxide above its vapor 
pressure. The resulting sol gel, now having liquid CO2 in the 
pore system, is heated and pressurized beyond the critical 
temperature and pressure of COZ, thus supercritically gasify 
ing the CO2 within the pore system of the solid gel network all 
at once. The supercritical carbon dioxide is vented, leaving 
behind the solid silica gel network thereby producing a dried 
silica aerogel whose physical structure is substantially 
unchanged and undamaged compared to the parent wet gel 
form. Converting the liquid CO2 directly into supercritical 
CO2 prior to venting results in there never being a liquid-gas 
interface in the mesopores of the gel; hence no surface tension 
forces are exerted on the pore surfaces and the solid structure 
remains intact. An alternative method for drying aerogels to 
limit shrinkage is solvent exchange with a low-surface-inter 
active solvent, such as pentane or ?uorinated solvents. The 
solvent-exchange occurs progressively over several washings 
with increasing concentration of the low-surface-interactive 
exchange solvent for each washing. Once the solvent has been 
completely exchanged with such a low-surface-interactive 
solvent, the gel is removed and permitted to dry. This method 
should work best with aerogels that have been made some 
what hydrophobic. Styrene polymer-cross-linked gels (as 
described below) should be able to be dried in this way. One 
paper reports that this latter method can be practiced with 
isocyanate polymer-cross-linked gels (Leventis, Palczer, 
McCorkle, Zhang, Sotiriou-Leventis, J. Sol- Gel Sci. Technol. 
2005, 35, 99-105), although it has not been found to provide 
very reproducible results in practice. 
The supercritical CO2 or solvent-exchange drying method 

ologies described here (principally the CO2 method) have 
remained necessary even for ceramic aerogels that include a 
conformal polymer cross-linked coating as described above 
in order to prevent or minimize shrinkage or collapse of the 
wet gels when drying to produce aerogels. As will be 












































