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Flexible, low-density polymer crosslinked silica aerogels
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Abstract

Polymerization of a di-isocyanate with the amine-modified surface of a solegel derived mesoporous silica network crosslinks the nanopar-
ticles of the silica skeleton, and reinforces the otherwise fragile framework. Systematically adjusting the processing variables affecting density
produce aerogels whose macroscopic properties could be controlled, and are attributed to changing nanoscale morphology. Aerogels crosslinked
using the smallest amount of silica studied exhibit as much as a 40-fold increase in strength over the corresponding non-crosslinked framework,
and are flexible.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of their low density and high mesoporosity, sole
gel derived silica aerogels are attractive candidates for many
unique thermal, optical, catalytic, and chemical applications
[1e3]. However, their inherent fragility and environmental
sensitivity have restricted the use of monolithic aerogels to,
for example, extreme applications such as insulating the
batteries on the Mars Sojourner Rover where weight is at a
premium and the temperature is �40 �C [4]. Future space ex-
ploration missions as well as advanced aeropropulsion systems
demand lighter weight, robust, dual purpose materials for insu-
lation, radiation protection and/or structural elements of habi-
tats, rovers, astronaut suits, and cryotanks. Reducing fragility
by crosslinking the mesoporous silica structure of an aerogel
with a polymer [5e7] has the potential to foster their use as
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lightweight structural and insulating materials critical in aero-
nautics, space and commercial applications.

The mesoporous structure of silica aerogels results from
a solegel process using tetramethoxysilane (TMOS) and
a base catalyst followed by supercritical fluid extraction [4].
The mesoporous structure consists of fully dense 1e2 nm
amorphous silica particles which assemble into ball-like
secondary particles (5e10 nm). These secondary particles
connect together through neck regions fashioned by dissolu-
tion and re-precipitation of the silica gel during aging, forming
a pearl necklace-like structure containing large voids [8]. Such
empty space between entangled nanoparticle strands is respon-
sible for the low-density and low thermal conductivity of the
aerogels [9,10]. When stress incident on the material causes
failure, fracture occurs at the interface of secondary particles
(necks), while primary particles remain intact [11]. The incor-
poration of a nanocast polymer coating covalently bonded to
the surface of the silica framework before supercritical drying
provides reinforcement by widening the interparticle necks
while minimally reducing porosity [12].

We have previously reported crosslinking with isocyanate-
derived chemistry utilizing surface silanols, which comprise
reaction sites for the di-isocyanate [5,7]. Polymerization of
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the di-isocyanate oligomers, however, is not only dependent
on surface eOH reactivity but also in fact builds on amines
generated in situ when water adsorbed on the mesoporous sur-
faces reacts with the isocyanate moieties [7]. To create addi-
tional reactive sites and further increase strength without
perhaps the addition of more weight, we have modified the un-
derlying aerogel to include amine functionality by co-poly-
merization of TMOS with aminopropyltriethoxy silane
(APTES) as previously reported for use with epoxy cross-
linkers [6] and more recently with isocyanates [12]. For steric
reasons and since hydrolysis of APTES is slower than hydro-
lysis of TMOS [13], the amine functionality is mostly posi-
tioned on the surface of the secondary particles where it is
readily available for crosslinking [14]. Through reaction
with amines, we expect a conformal polymer coating to be
attached to the surface through urea linkages as shown in
Scheme 1.

We have previously explored di-isocyanate crosslinked
aerogels with density ranges of 0.2e0.5 g/cm3 and have shown
that these materials have very high specific strength compared
to native (non-crosslinked) aerogels with a similar silica
framework [7,12]. However, aerogels have been reported
with densities as low as 0.003 g/cm3 [15]. These extremely
low-density materials have extraordinary insulating properties
but their fragility limits their utility. Herein, we report a study
centered on the improvements in mechanical properties ob-
tained when building polymer crosslinking on a lower density
silica framework.

2. Experimental section

2.1. Materials

Raw materials tetramethoxysilane (TMOS), 3-aminopropyl
triethoxysilane (APTES), and high-purity acetonitrile (CH3CN)
were purchased from SigmaeAldrich and used as received.
Deionized water was obtained from a Milli-Q water purifica-
tion system (Millipore). The di-isocyanate crosslinker Desmo-
dur N3200 (average molecular weight 500) was obtained by
the courtesy of Bayer Corporation and also used as received.
For ease of study, the sols were poured into 5 mL polypropyl-
ene molds (Wheaton polypropylene omni-vials). Liquid car-
bon dioxide and siphon tube for supercritical fluid extraction
were purchased and used as received from Linde Gas, Inde-
pendence, OH.

2.2. Methods

2.2.1. Preparation
Using a systematic approach, the concentration of the co-

polymerized silanes in the starting gel, the concentration of
di-isocyanate the gels are exposed to, and the reaction temper-
ature were varied as shown in Table 1. Wet gels incorporating
25% v/v APTES in TMOS were prepared as previously de-
scribed, utilizing the amount of total silane as specified in Ta-
ble 1, noting that the use of amine-rich APTES eliminates the
need for additional base catalysis [6]. For all runs in the table,
two separate vials were prepared: one containing the silanes in
solvent, the other containing necessary water for gel hydroly-
sis, also in solvent. In this study, the water/solvent vial was
held constant (9 mL solvent: 3 mL water) while the silane/sol-
vent vial was varied to obtain the volume concentrations re-
ported in Table 1. In run 1, 2.9 mL of TMOS was combined
with 0.975 mL of APTES in 9 mL of acetonitrile to achieve
a 30% v/v solution. Once formed, the gels were extracted
from their molds and washed four times in 24-h intervals to
remove residual water. To crosslink with isocyanate, typical
1 cm diameter� 4.5 cm length wet gels were placed in
w20 mL of a di-isocyanate (Desmodur N3200, a 1,6-hexam-
ethylene di-isocyanate-based oligomer) bath of varying con-
centrations (as shown in Table 1) and were allowed to
equilibrate until no visible concentration gradients were ob-
served with agitation (usually 24 h). Afterwards, the monomer
solution was decanted, replaced with fresh acetonitrile, and al-
lowed to react for 72 h either at room temperature or in a 71 �C
oven. At the end of the period, oven-cured gels were cooled to
room temperature, and the solvent was replaced four times in
24-h intervals to remove any unreacted monomer from the
mesopores of the wet gels. The solvent was removed from
the gels using supercritical fluid extraction with CO2 (Applied
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Scheme 1. Reaction scheme for amine-modified aerogel crosslinking with di-isocyanates.
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Table 1

Summary of design variables and resulting properties of di-isocyanate crosslinked aerogels

Run Total silane

(% v/v in CH3CN)

Di-isocyanate conc.

(w/w in CH3CN)

Crosslink temp.

(�C)

Bulk density

(g/cm3)

Stress at failure

(Pa� 104 Pa)

Flexural modulus

(MPa)

Average diameter

(cm)

1 30.0 0.0 25 0.136 1.32 6.91 0.77

2 30.0 13 25 0.312 46.7 15.1 0.92

3 30.0 6.8 25 0.270 25.3 11.2 0.93

4 30.0 2.3 25 0.225 8.66 8.97 0.90

5 30.0 13 71 0.449 159 46.7 0.87

6 30.0 6.8 71 0.351 50.3 25.4 0.87

7 30.0 2.3 71 0.283 38.0 15.8 0.87

8 17.6 0.0 25 0.083 2.45 2.61 0.74

9 17.6 13 25 0.190 7.95 4.58 0.90

10 17.6 6.8 25 0.179 7.54 4.27 0.89

11 17.6 2.3 25 0.161 5.56 3.86 0.88

12 17.6 13 71 0.347 51.5 28.8 0.82

13 17.6 6.8 71 0.316 40.0 25.3 0.79

14 17.6 2.3 71 0.234 14.4 10.7 0.80

15 7.16 0.0 25 0.0420 0.667 1.01 0.76

16 7.16 13 25 0.0900 8.29 0.661 0.85

17 7.16 6.8 25 0.0830 6.92 0.437 0.84

18 7.16 2.3 25 0.0750 5.71 0.414 0.82

19 7.16 13 71 0.155 7.74 3.44 0.81

20 7.16 6.8 71 0.143 8.54 3.69 0.84

21 7.16 2.3 71 0.106 6.37 1.19 0.80

22 4.10 0.0 25 0.0260 0.0906 0.103 0.82

23 4.10 13 25 0.0430 2.22 0.123 0.79

24 4.10 6.8 25 0.0380 1.68 0.104 0.86

25 4.10 2.3 25 0.0360 1.21 0.0970 0.76

26 4.10 13 71 0.0720 3.40 0.357 0.78

27 4.10 6.8 71 0.0590 2.75 0.258 0.86

28 4.10 2.3 71 0.0570 2.11 0.213 0.84

29 30.0 13 25 0.207 147 5.25 0.93

30 7.16 2.3 25 0.0460 3.44 0.140 0.93
Separations, 1 L autoclave chamber) to produce the corre-
sponding polymer crosslinked aerogel monoliths.

2.2.2. Characterization
Solid 13C NMR spectra were obtained on a Bruker Avance

300 Spectrometer, using cross-polarization and magic-angle
spinning at 7 kHz. The solid 13C NMR spectra were externally
referenced to the carbonyl of glycine (176.1 ppm relative to
tetramethylsilane, TMS). Samples for SEM were coated with
gold and microscopy was conducted with a Hitachi S-4700
field-emission microscope. For nitrogen-adsorption porosime-
try, samples were outgassed at 80 �C for 24 h under vacuum
and studies were conducted with an ASAP 2000 Surface
Area/Pore Distribution analyzer (Micromeritics Instrument
Corp.). Skeletal density measurements were made using a
helium pycnometer (Accupyc 1330, Micromeritics Instrument
Corp.) after being outgassed also at 80 �C for 24 h.

Three-point flexural bending tests were performed accord-
ing to ASTM D790, Procedure A (Flexural Properties of Un-
reinforced and Reinforced Plastics and Electrical Insulating
Materials), using an Instron 4469 universal testing machine
frame with a 2 kN load cell (Instron part number 2525-818)
and a three-point bend fixture, with 0.9 in. span and 25 mm
roller diameter (Instron part number 2810-182). Typical sam-
ples were cylindrical, w1 cm in diameter and w4 cm in
length. The crosshead speed was set at 0.04 in min�1. Three
samples were tested for each composition and the average of
the three values is presented in Table 1.

2.2.3. Statistical analysis
Experimental design and analysis were carried out using the

RS/Series for Windows, including RS/1 Version 6.01, and RS/
Discover and RS/Explore Release 4.1, available from Domain
Manufacturing Corporation, Burlington, MA.

3. Results and discussion

Twenty-eight different aerogel monoliths plus two repeats
were prepared as summarized in Table 1. In these experiments,
three preparation conditions have been systematically varied:
silane concentration (s) at four different levels, di-isocyanate
concentration (d ) also at four levels and polymerization tem-
perature (t) at two levels. The initial silane concentration (total
APTES plus TMOS in a 1e3 v/v ratio) which was varied from
4.1% to 30% by volume in acetonitrile (CH3CN) should deter-
mine the density of underlying silica aerogel, while the
amount of di-isocyanate in the crosslinking solution ranging
from 0% w/w to 13% w/w in CH3CN and the cure temperature
should determine the degree of crosslinking. The maximum
stress at failure and flexural modulus were measured for
each of the monoliths using a three-point flexural bending
test [16], and bulk density was determined accounting for
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any shrinkage that may have occurred during supercritical
fluid extraction (see sample diameters in Table 1). Empirical
response surface models were derived from these measure-
ments so that significant effects of the variables on the mea-
sured properties could be discerned. Most importantly, the
models can be used to predict properties of monoliths prepared
using other combinations of polymer and silica and at much
lower densities than previously explored.

Within the bounds of the present study, the highest density
crosslinked aerogel had the highest stress at failure and ex-
hibited the highest modulus. Stress at failure for these aerogels
was 120 times higher than that of the corresponding non-cross-
linked aerogels, while density increased only by a factor of
three. The lowest density crosslinked aerogels which boasted
a nominal density of 0.036 g/cm3 still exhibited a 15-fold in-
crease in stress at failure over the corresponding uncrosslinked
aerogels with a nominal factor of w1.3 increase in density.
Representative stressestrain curves for a higher modulus
(run 29) sample and a lower modulus (run 30) sample are pro-
vided in Fig. 1, along with the fracture points. Interestingly,
the lower modulus sample displays a more gradual fracture
under increased strain while the stiffer material fractures
completely under maximum stress.

The effects of the three variables, s, d and t, on the mea-
sured data were modeled using a full quadratic equation of
the form:

Property¼ AþBsþCdþDtþEs2þFd2þGsdþHstþ Idt

ð1Þ

where A through I are coefficients to be derived empirically
from experimental data [17]. The model allows terms for first
and second order effects of s and d because experimental runs
are included in at least three levels of each of these variables.
However, since only two levels of temperature are included in
the experimental runs, only the linear effect of t can be consid-
ered. In addition, the model allows consideration of all three
two-way interactive/synergistic terms for s, d and t. All three
independent variables were orthogonalized (transformed into
a [�1,1] range) prior to modeling, minimizing correlation
among terms and responses were log transformed to normalize
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Fig. 1. Representative stressestrain curves showing the range in modulus

displayed by aerogels with varied amounts of total silane and polymer cross-

linking. Black triangles indicate initial break points.
the data. Terms not deemed statistically significant (<90%
confidence) were dropped from the model one at a time by
a stepwise modeling technique. Summary statistics (R2 and
standard error) and significant terms in the model are shown
in Table 2. For density, all terms were significant in the model.
The model for modulus contained all three main effects, a sec-
ond order effect of s, as well as a synergistic effect of silica
and temperature (st). The model for stress at failure included
all three main effects, second order effects of s and d, as
well as a synergistic effect of silane and di-isocyanate concen-
tration (sd ).

Graphs of the response surface models for density and max-
imum stress at failure and modulus are shown in Fig. 2 along
with the experimental points. As evidenced from these graphs,
increasing silane concentration strongly increases all three
measured responses. Density and maximum stress at failure
both show an increase with increasing di-isocyanate concen-
tration as well, while the effect on modulus is much less pro-
nounced. For density and maximum stress, the significant
synergistic effect between silane and di-isocyanate concentra-
tion (sd ) is also evident. In other words, there is a greater in-
crease in maximum stress with increasing silane concentration
when the di-isocyanate concentration is high.

As seen from Fig. 2, temperature also has a pronounced ef-
fect on all measured responses. Density, maximum stress and
modulus are higher for all combinations of both di-isocyanate
and total silane concentration at 71 �C. Also as evidenced by
the graphs, the increase in modulus and density is greater at
higher di-isocyanate concentrations due to the synergistic ef-
fect of dt.

Solid 13C CP-MAS NMR spectra as shown in Fig. 3 of
selected monoliths reveal approximately twice the amount of
polymer incorporated from the 71 �C heated runs compared
to those polymerized at room temperature, as evidenced by in-
tegrating one of the APTES methylenes (9.5 ppm) against the
four methylenes per hexamethylene unit of the di-isocyanate
oligomer which appear at 27.5 ppm. These data coupled
with a similar increase in density over the uncrosslinked
gels, suggest that although at room temperature reaction be-
tween the di-isocyanate and the APTES amines on the surface
of the silica particles does occur, elevated temperatures facil-
itate reaction to a greater extent. In addition, chain extension
through amines generated in situ when water adsorbed on
the mesoporous surfaces reacts with the isocyanate moieties
is probably also facilitated by higher temperatures [18,19].

While it is clear by observing the response surfaces side by
side in Fig. 2 that both maximum stress at failure and modulus
increase in concert with increasing density, it is possible to

Table 2

Significant terms and summary statistics for response surface models

Responses Significant terms R2 Standard (RMS)

error

Density s, d, t, s2, d2, sd, dt, st 0.98 0.0218 g/cm2

Stress at failure

(log transformed)

s, d, t, s2, d2, sd 0. 87 0.585

Modulus (log transformed) s, d, t, s2, dt 0.95 0.489
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Fig. 2. Response surface models based on data from Table 1 for density, maximum stress at failure and flexural modulus, plotted vs. the di-isocyanate and the total

silane (TMOS plus APTES) concentration graphed along with experimental data points.
make monoliths of equal density with very different strengths.
To illustrate, in Fig. 4 selective prediction curves from the re-
sponse surface models are graphed for monoliths with constant
initial silane concentration but with different cure tempera-
tures. Of course, the highest maximum stress at failure is ulti-
mately achieved by starting with soaking the highest silane
containing gel in the most concentrated di-isocyanate solu-
tions and curing at 71 �C. However, from these curves, it
can also be shown that certain room-temperature cured sam-
ples, starting with the same initial silane concentration, are
predicted to be stronger than their 71 �C cured counterparts
of equal density. For example, considering the model gener-
ated data points predicted from holding silane concentration
constant at 12% (red triangles), a comparison of aerogels at
25 �C (open shapes) and 71 �C (closed shapes) can be made.
The increase in density and mechanical properties in these
plots are correlated with increasing di-isocyanate solution con-
centration. The highest density (w0.15 g/cm3) monolith made
from 12% silica at room temperature is predicted to have
a maximum stress at break of 1� 105 Pa (red dashed arrow).
However, a monolith with the same density produced at
71 �C (red solid arrow) is predicted to break at approximately
40% lower stress (6� 104 Pa). Similarly, with 24% starting
silane (blue circles), the highest stress monolith (blue dashed
arrow) produced at 25 �C has a density of w0.26 g/cm3 and
a maximum stress at break of 3� 105 Pa. The same density
monolith produced at 71 �C (blue solid arrow) has a maximum
stress of 1.5� 105 Pa, about half that of the room temperature
value.

Monoliths starting with the same amount of silica and
having the same final density would have to contain similar
amounts of final polymer (noting that the starting di-isocy-
anate concentration in the solution bath is high for the room
temperature cured samples and relatively low for the 71 �C
cured samples). Hence, the crosslink tethers produced at the
two temperatures must be different in order to explain the dif-
ference in strength. The fact that these room-temperature
cured samples are stronger than 71 �C cured samples with
the same final polymer loading may be because more chain ex-
tension takes place in the room temperature samples. If reac-
tion of isocyanate with surface amines is slower at room
temperature and there is a large amount of di-isocyanate in
the solution, more conversion of isocyanate to amine by ad-
sorbed water would take place. This would result in less but
longer polyurea tethers between surface amines at lower tem-
peratures and more resilience even though the weight of poly-
mer incorporated would be similar. At 71 �C, since the
reaction of isocyanate with surface amines would be very rapid
and the solution of di-isocyanate is at a low concentration, less
isocyanate is available to be converted to amine, resulting in
more but shorter polyurea tethers.

Curves of modulus vs. density in Fig. 4 show the opposite
behavior. In samples with the same resulting bulk density,
room temperature cured samples starting with the same initial
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silane concentration are predicted to be of lower modulus than
their 71 �C cured counterparts. This observation is also consis-
tent with more crosslinking with amines on the silica surface
at 71 �C, resulting in shorter polyurea tethers with higher
crosslink density, and hence a stiffer material.

The empirical models can also be used to design an aerogel
with a particular set of properties as illustrated in Fig. 5. Slices
from the three dimensional surfaces for density and maximum
stress cured at 71 �C, and made using no di-isocyanate (red),
6% w/w di-isocyanate (green) and 13% w/w di-isocyanate
(blue) are shown (For interpretation of the references to colors,
the reader is referred to the web version of this article). As an
example, perhaps it is desirable for a particular application
to make a polymer crosslinked aerogel with the lowest pos-
sible density and a maximum stress at failure of at least
1� 106 Pa. The point at position A in Fig. 5 shows that this
aerogel would have to be made at 71 �C using about 24.5%
silane and 13% polymer, and that the density of this aerogel
would be a little above 0.4 g/cm3. If a lower strength could
be tolerated (1� 105 Pa, for example), aerogel B which is
made from 7.5% silane and 6% polymer is predicted to have
a density of a little over 0.1 g/cm3. It should also be noted
from this figure that the highest strength aerogel achievable
within the design space with no polymer crosslinking is
approximately 2.5� 104 Pa e two orders of magnitude lower
than the highest polymer crosslinked sample (predicted den-
sity as high as 0.15 g/cm3). Furthermore, this density is nearly

200 150 100 50 ppm

a

b

Fig. 3. Solid 13C NMR of di-isocyanate crosslinked aerogel from 17.6% total

silane and 2.3% polymer at 25 �C (run 11, top) compared to corresponding

monolith prepared at 71 �C (run 14, bottom). Note that peak a at 9.5 ppm is

half the size in the bottom spectrum relative to peak b at 27.5 ppm, indicating

twice as much incorporation of di-isocyanate at 71 �C.
identical to that of the di-isocyanate crosslinked aerogel B
which is an order of magnitude higher in strength.

To better illustrate how the material’s nanostructure relates
to the macroscopic properties observed, nitrogen adsorption
data were analyzed for surface area and average pore diameter
by the BrunauereEmmeteTeller (BET) method for selected
samples from Table 1. Non-crosslinked aerogels from this
study typically have a surface area of 600e700 m2/g depend-
ing on the concentration of silanes in the starting sol, while
surface areas for the di-isocyanate crosslinked aerogels de-
crease to a range of 200e300 m2/g for monoliths crosslinked
at 71 �C and 300e400 m2/g for monoliths crosslinked at
room temperature. The average pore diameters [20] follow
a similar trend to surface area as non-crosslinked samples
have measured pore diameters of around 8.1 nm, while cross-
linked samples drop to between 6.4 and 7.5 nm.

Interestingly, as the amount of underlying silica in the
polymer crosslinked aerogels is decreased, the monoliths ex-
hibit a change in microstructure. At high densities, as shown
in Fig. 6A, the secondary particles resemble a cloud-like
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configuration with multiple attachments to one another. In
contrast, Fig. 6B shows a lower density aerogel with a more
fibrous-like, elongated particle arrangement. It also appears
that the secondary particles are ill-defined; strongly indicating
a thicker polymer coating.

Though the combination of pore diameter and surface area
together gives an accurate representation of the material’s
nanostructure, the true differences in overall nanoporosity
are quantified via Eq. (2) where rb is the measured bulk
density and rs is the measured skeletal density of the samples.

Porosity %¼ 1=rb� 1=rs

1=rb

� 100 ð2Þ

Thus, one of the highest density native aerogels produced in
this study (rb¼ 0.136 g/cm3) has a calculated porosity of
91.9%. When this sample was crosslinked using the highest
monomer concentration available for this study, the resulting
monolith (rb¼ 0.312 g/cm3) still remains over 75% porous.
(To illustrate, consider the dark spaces in Fig. 6A.) In parallel,
the porosity of the lowest density native aerogel produced in
this study (rb¼ 0.026 g/cm3) is extremely high (97.5%).
When templated with enough polymer to produce the lowest
density crosslinked aerogel (rb¼ 0.036 g/cm3), the monolith

Total silane, percent

0 5 10 15 20 25 30

M
a
x
.
 
s
t
r
e
s
s
 
a
t
 
b

r
e
a
k
,
 
P

a

1e+4

1e+5

1e+6

1e+7

A

B

Total silane, percent

0 5 10 15 20 25 30
0.0

0.1

0.2

0.3

0.4

0.5

0% Di-isocyanate 6% Di-isocyanate 13% Di-isocyanate

A

BD
e
n

s
i
t
y
,
 
g

/
c
m

3

Fig. 5. Slices of the response surface models at 71 �C for maximum stress at

break and density plotted vs. total silane concentration.
retains an astonishing 95.1% empty space (dark spaces in
Fig. 6B).

Concomitant with this change in morphology, the mono-
liths also begin to become flexible. This is demonstrated in
Fig. 6C, showing a low-density aerogel monolith (run 27)
being flexed to an angle of about 130� without breaking.
This property is observed in those crosslinked aerogels with
densities less than 0.1 g/cm3, and is attributed to fewer attach-
ment points between nanoparticles in the lower density
nanostructure.

Fig. 6. Comparative microstructure of polymer crosslinked aerogels with

higher density (w0.45 g/cm3) (A) which is relatively inflexible and brittle

and lower density (w0.036 g/cm3) (B) showing change in nanoscale morphol-

ogy and demonstrating flexibility (C).



5761L.A. Capadona et al. / Polymer 47 (2006) 5754e5761
4. Conclusions

Flexibility is a property that aerogels rarely exhibit and thus
it is indicative that at very low silica content, the aerogel aban-
dons the properties of the silica template and takes on more
properties of the polymer crosslink. Naturally, the use of other
types of polymers (toughened epoxies, rubbers, etc.) as cross-
linker may introduce even more flexibility into the system.
Kramer et al. have demonstrated a similar notion in 1996,
with a highly porous ormosil made by supercritically drying
a gel made from polydimethyldisiloxane (PDMS) as a co-reac-
tant with TEOS to create an ‘‘aeromosil’’ with up to 30% re-
coverable compressive strain [21].

The notion of utilizing empirical models to tailor aerogels
with a particular set of properties for a wide variety of appli-
cations can be expanded upon by quantifying a broader range
of processing conditions (for example, varying the amount of
water, catalyst, washings, reaction time, etc.) for a host of
other properties such as thermal conductivity and compressive
strength, in addition to density and stress at failure. This is the
subject of an expanded study on this family of polymer cross-
linked aerogels currently in progress.
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