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1. INTRODUCTION

Aerogels are highly porous structures formed when the liquid
within a gel is replaced by a gas, in such a way that the solid
particle networks within the gel do not collapse during the
removal of the liquid,1,2 as shown in Scheme 1. The most
common aerogels are silica aerogels, however, aerogels have
been made from polymers,3-6 transition metals,7-10 and mon-
tmorillonite clay/polymer composites.11,12 Polymeric aerogels
have also been pyrolized to form carbon aerogels.13 Aerogels
were first discovered in the early 1930s by Kistler14,15 while
studying gels with a low content of solids. Kistler dispersed
colloidal silica particles in water until they became intercon-
nected, and formed a gel network. These gels were observed to
support their own weight, but the network collapsed and the gel
was destroyed with evaporation of the water under ambient
conditions. The surface tension of water pulled on the networks
as the liquid meniscus receded during water evaporation and led
to destruction of the gel. To resolve this issue, Kistler exchanged
the water in the gel with alcohol via a lengthy solvent exchange
process and removed the alcohol under supercritical conditions.
The resulting materials possessed low density and high porosity,
but the process was fairly involved and required high temperature
and pressure to remove the alcohol.

Nicolaon and Teichner16 improved the process of making
silica aerogels by employing sol-gel chemistry with tetramethy-
lorthosilicate (TMOS) as the metal alkoxide. The key to the
improvement was the use of methanol as the solvent, which was
then removed under supercritical conditions. Note that the sol-
gel reactions also generated methanol as a byproduct. The direct

use of methanol as the solvent avoided the need for the lengthy
water to alcohol exchange step as in Kistler’s method.14,15

However, it was still necessary to heat the sample to at least
242 �C for supercritical extraction of the methanol. Hence,
another significant advancement in the process of making aero-
gels was the use of liquid CO2 in place of methanol as the solvent,
which alleviated several concerns associated with supercritical
drying of methanol.17 Super critical conditions with liquid CO2

can be achieved by heating the system to as low as 32 �C; the
required pressure is also slightly lower. The lower temperature in
the drying step and nonflammability of CO2 make the process
safer and less expensive.

Regardless of the chemical makeup, aerogels offer many
unique properties. Silica aerogels in particular may possess
extremely high porosity (>90%), density as low as 2 mg/cm3,

Scheme 1. Aerogel Fabrication Typically Proceeds through
Sol-Gel Process Followed by Supercritical Drying to Avoid
Collapsing of the Particle Networks
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and low thermal conductivity (10-30 mW/(m K)) depending
on density). However, their load bearing capability is poor and
they are easily shattered.18 A native silica aerogel synthesized
fromTMOSwith an average density of about 120mg/cm3 can be
completely crushed with the application of stress of about 31
kPa.19 This fragile nature of silica aerogels became beneficial in
several spacemissions, e.g., in capturing hypervelocity particles of
cosmic dust from the tail of a comet.20,21 The aerogel structure
was used to gradually slow particles traveling at high velocity,
capturing them intact so that they could be further investigated
upon arrival on earth.

Despite their poor mechanical properties, silica aerogels have
found use in several applications, including Cherenkov radiators
in particle physics experiments22-24 and thermal insulation for
skylights andwindows.25,26 Silica aerogels have also been used for
making heat storage devices used in defrosting of windows27 and
as acoustic barrier materials.28-30 Other aerogels have been
demonstrated as battery electrodes,31,32 catalyst supports,33,34

and oxygen and humidity sensors,35,36 taking advantage of their
large internal surface areas. However, the fragile nature of native
silica aerogels renders them unsuitable for load bearing applica-
tions, especially where the external load exceeds the breaking
stress. The low values of stress at break in native silica aerogels are
often attributed to their unique structure, typically referred to as a
pearl necklace or beads-on-a-string organization of spherical
secondary silica particles. The secondary particles are connected
at neck regions composed of only a few Si-O-Si bonds.

The low values of thermal conductivity and very low density
make silica aerogels attractive materials to meet the thermal
insulation needs of a number of aerospace applications. Some
examples are presented in Figure 1. One example involves
insulation around the battery packs in the Mars Sojourner Rover.
The aerogel insulation performed admirably, protecting the
electronics and the battery for three months—much longer than
initially planned.37 A more robust form of aerogel is desired,
however, for more widespread use in aerospace applications.
Aerogels are being considered to insulate extra-vehicular activity
(EVA) suits for future manned missions to Mars.38 Aerogel
composites are the only materials that come close to meeting the
requirements for EVA suit insulation. However, current aerogel
composites flake apart under rigorous cyclic loading-unloading
tests and lose insulation quality over time.39,40 Robust aerogel
composites are also considered as the baseline insulation materi-
als of inflatable decelerators for entry, descent, and landing
(EDL) applications.41 Inflatable decelerators are proposed to
slow spacecraft for planetary EDL.42 EDL systems used to
successfully land six robotic missions on Mars from 1976 to
2008 employed a hard aeroshell heat shield and parachutes of
12-16 m in diameter. Future robotic and manned missions are
expected to be much heavier and will require more drag for

landing.Hence, new designswithmuch larger diameters (30-60m)
will be required.43 The inflatable decelerators need to be stowed
in a small space and to deploy into a large area lightweight heat
shield to survive reentry.44 Thus, minimizing the weight and
thickness of the system as well as providing suitable insulation
capacity are important considerations. Durable, lightweight in-
sulation is also required for applications involving cryogenic
storage and transfer systems for vehicle and launch pad
operations.45 Note that aerogels out-perform conventional foam
and multilayer insulation systems at ambient pressure and under
light vacuum for these applications.

The most straightforward way of increasing the strength of
aerogels is to increase the density. This is achieved by increasing
the total amount of material used in the creation of the gel,
thereby increasing the number of connecting points between the
secondary particles as shown in Scheme 2. Studies detailing the
scaling of mechanical properties with the density of aerogels were
put forth by Fricke46 and Pekala et al.47 Young’s modulus (G)
was found to scale with bulk density (Fb) in a power law
relationship, G ∼ Fba, where the exponent, a, is around 3. The
value of the exponent was attributed to irregular fractal morphol-
ogy. Later studies concluded that this scaling relationship was not
directly related to fractal morphology, pointing out that a number
of aerogels are fractal over less than 1 order of magnitude of
length scale. Gross and Fricke illustrated that the scaling range
can vary, with a assuming a value between 2 and 4 simply by
altering the connectivity of the network.48 Specifically, the
number of dangling ends which do not add to the elasticity of
the network impacts the final scaling of modulus with density.
Woignier et al.49 put forth similar arguments, stating that the
exponent a does not depend on the fractal nature of the aerogels
and that percolation theory is insufficient to describe their results.
Instead, gelation, aging, and shrinkage all play roles in defining
the final mechanical properties of aerogels. It should be noted
that the ambient humidity present during testing can also alter
the mechanical properties of silica aerogels, especially for hydro-
philic aerogels. Ambient humidity has less of an effect on
mechanical properties of hydrophobic aerogels. Miner et al.50

noted a 60% increase in Young’s modulus, from 0.5 to 0.8 MPa,
and a 10% increase in mass of hydrophilic silica aerogels due to
water vapor uptake.

Another approach to strengthening silica aerogels is to use an
aging process. As a silica gel is aged, some monomer leaves the
network due to dissolution, and becomes a reactive species again.
Silica on the concave curvature (negative radius of curvature) of
the neck region between two connected secondary particles is
less likely to dissolve than the bulk silica particles.51 In this
manner, the dissolved silica migrates over time to the neck
regions within the silane network and precipitates, leading to
thickening of the necks. The thickening of the neck regions in
turn increases the overall strength of the gel and the final aerogel

Figure 1. Current and proposed aerospace applications of aerogels,
showing (a) Mars rover, (b) an inflatable decelerator concept for EDL
applications, and (c) an EVA suit.

Scheme 2. Typical Approaches to Improving Mechanical
Properties of Aerogels; Of These, Only Polymer
Reinforcement Builds Conformal Coating on the Particles
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product. This phenomenon is known as Ostwald ripening
(Scheme 1), and is the basic premise behind any aging phenom-
ena. Note, however, that this route to reinforcement takes a long
time under ambient conditions. Ways to expedite the aging
process include heat treatment in water,52 and soaking in
alcohol53,54 with and without additional tetraethyl orthosilicate
(TEOS). These processes increased the elastic modulus of the
final aerogel products by roughly a factor of 2. More recently,
Rolison and co-workers55 used a combination of aging in
methanol and postcuring at 900 �C in air to achieve a 2 orders
of magnitude increase in the modulus of aerogels as measured by
microindentation. It should be noted that the final aerogel also
displayed over a 4-fold increase in density to approximately 0.80
g/cm3, which is significantly higher than the density of typical
aerogels.

Copolymerization or cogellation of silanes with an organic
polymer has also been considered as a method of reinforcement.
Kramer et al.56 outlined one of the first successful attempts to
reinforce aerogels with polydimethylsiloxane (PDMS). Dubbed
aeromosils by these authors, the reinforced aerogels were
synthesized from TEOS and varying amounts of PDMS. Some
aerogels displayed a 4-fold increase in the compressive strength
over neat TEOS-based aerogels and recovered their original
shape from a state of 30% compressive strain. Novak et al.57

mixed preformed poly(2-vinylpyridine) (PVP) with silane pre-
cursor prior to gelation and achieved comparable results. Further
enhancement of the mechanical properties of the gels was
obtained by cross-linking the PVP using Cu(II) salts. Wei
et al.58 used a similar copolymerization approach with poly-
(vinylpyrrolidone). Martin et al.59 introduced varying concen-
trations of polyethylene glycol (PEG) to the sol before gelation
and was able to achieve a 50% improvement in modulus with
almost no change in the overall density.

Recent studies established that aerogels can be even more
effectively strengthened by reacting the hydroxyl groups on the
silica gel surface with organic moieties carrying isocyanate
groups, followed by supercritical fluid extraction after exchanging
solvent with liquid CO2.

19,60 Unlike the approaches described
above, this method leads to a conformal coating of polymer on
the silica aerogel backbone as shown in Scheme 2. The resultant
aerogels showed large increases in mechanical strength com-
pared to unreinforced silica aerogels when evaluated by three
point bending tests. For example, the isocyanate-reinforced
aerogels supported stresses up to 800 kPa in a three-point
bending test, compared to 20 kPa for a native aerogel of the
same density of 280 mg/cm3. The pore structure, however, did
not change much.

More versatile polymer reinforcement can be easily achieved if
reactive functional groups are introduced onto the surfaces of the
silica gel by coreacting functionalized trialkoxysilanes with con-
ventional silane precursors, such as TMOS or TEOS as shown in
Scheme 3.61 For example, amine functionalities are placed on the
surfaces of silica gels by coreacting 3-aminopropyltriethoxysilane
(APTES) with TMOS. APTES, due its basic nature, also
catalyzes the hydrolysis and condensation of the sol to silica
gel as demonstrated by Husing et al.,62 thus eliminating the need
for additional base. These amine-decorated silica gels have been
reacted with di-, tri-, and tetra-functional epoxies to obtain a
conformal coating of epoxy on the silica network.63 Similar to the
isocyanate-reinforced aerogels19,64,65 previously discussed, the
epoxy-reinforced aerogels showed a 2 orders of magnitude
increase in strength over unreinforced silica aerogels.

The amine groups on the silica surface also participate in
reactions with di-isocyanates, thus producing a reinforcing coat-
ing of polyurea. In some cases, this scheme yields more translu-
cent aerogels than can be fabricated by reacting the isocyanates
directly with the silanol groups on silica surfaces.64 The aerogel
structures and their properties depend on several factors, such as
the concentration of silanes, di-isocyanate cross-linker, initial
water concentration, and the number of washes before cross-
linking.65 Statistical methods were used to obtain models relating
the physical property data with the above factors. Full quadratic
equations were used to fit any nonlinearity in the data. These
models can be used as a set of predictors to optimize and refine
the morphology of aerogels. A few general trends emerged from
the models, in particular, the number of polyurea repeat units
between the functional groups increased with the amount of
water in the gels. It was found that 18-25 repeat units of polymer
produced the largest enhancement in mechanical properties at
lower densities than previously reported.64 The thermal con-
ductivity of optimized aerogels varied from 19 to 36 mW/(m K)
as characterized using laser flash method. This showed that the
polymer reinforcement does not significantly affect the thermal
conductivity of silica aerogels,66-68 even though surface areas can
be reduced by as much as half.

Other variations on reinforcement of silica aerogels with
polymer includes styrene-reinforced aerogels,69-71 and polycya-
noacrylate-reinforced aerogels with and without amine surface
modification.72,73 Polyurea-reinforced silica aerogels have also
been fabricated with up to 5 w/w% carbon nanofibers as a filler.74

Polyurea-reinforced aerogel carbon nanofiber composites made
using lower total silane concentrations were observed to have
higher tensile strength and were easier to handle in the wet gel
state before cross-linking and supercritical fluid extraction. In
contrast, for aerogel composites produced using the highest
silane concentrations, there was little change in the strength
because of addition of carbon nanofiber.

A more industrially friendly approach to epoxy reinforcement
of aerogels uses ethanol as the solvent in TEOS/APTES
aerogels.75 Previous reinforcement schemes have used less
desirable solvents due to limited solubility of the organic cross-
linker in common solvents such as ethanol. The process has been
further refined into a one-pot reaction scheme, which uses about
half the amount of solvent and results in more uniform aerogels
in about half the time.76 Notably, these epoxy-reinforced aerogels
have comparable compressive modulus at the same density to
previously optimized polyurea-reinforced aerogels. However, the
surface areas obtained from Brunauer-Emmet-Teller (BET)

Scheme 3. Process for Polymer-Reinforcement of Silica
Aerogels via Reactive Groups on the Silica Particle Surface;
Representative Set of Monomers Used to Obtain
Reinforcement Are Presented
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analysis for these aerogels are more than double compared to
polyurea-reinforced aerogels (300-350 vs 150 m2/g). Note that
higher BET surface areas are typically a good predictor for lower
thermal conductivity in aerogels.

Although polymer-reinforced silica aerogels provide good
compressive strength, it is apparent that the manufactured
articles must be cast in their final forms as the aerogels cannot
be reshaped due to brittleness under large deformation. Though
the polymer-reinforced aerogels at densities below 0.06 g/cm3

can be deformed to a bend of about 50�without breakage,77 it has
been shown that the flexibility/elasticity of silica networks can be
more greatly enhanced by altering the SiO2 backbone in some
significant way. The aeromosils reported by Kramer et al.56 with
PDMS links within the SiO2 backbone showed some degree of
recovery after compression. PDMS linked silica aerogels have
also been produced in thin film form and reinforced with
electrospun nanofibers of flexible polyurethane.78 These aerogels
were extremely bendable and flexible, with the electrospun fibers
bridging any small cracks that formed. Rao and co-workers79

used methyltrimethoxysilane (MTMS) in preparation of aero-
gels by a two-step process. The first step involved hydrolysis
under acidic conditions and the second step involved condensa-
tion with a base catalyst. The authors observed that the aerogel
could be bent almost back upon itself, i.e., to approximately a
180� bend. In addition, the aerogel recovered its original length
from a state of almost 60% compression, although not much
force was required to compress the sample. This was attributed to
decreased bonding in the silica network, since MTMS can
undergo condensation at only three points instead of four as in
the cases of TMOS or TEOS. Similar results were reported by
Kanamori et al.80 and Bhagat et al.,81 who showed that this
spring-back behavior could be used to dry the gels under ambient
conditions and to yield xerogels with nearly the same pore
structure as the corresponding supercritically dried aerogels.
Notably, the MTMS aerogels produced by Kanamori et al. using
supercritical fluid extraction were exceptionally clear, having light
transmission in excess of 90%.

Simultaneous alteration of the silica backbone and reinforce-
ment of the gel structure using a conformal coating of polymer as
shown in Figure 2 resulted in spring-back behavior as well as
stronger aerogels. For example, aerogels obtained by coreacting
MTMS with bis(trimethoxysilylpropyl)amine (BTMSPA) and
reinforcing with polyurea have been recently reported.82 Both
MTMS and BTMSPA contribute to the reduction of stiffness of
the silica backbone through reduced Si-O-Si bonding per
molecule and due to inclusion of a flexible alkyl linking group.
On the other hand, BTMSPA provides a secondary amine for
reaction with an isocyanate (Desmodur N3300, Bayer), thus
anchoring a polyurea conformal coating on the silica networks.
The resulting polyurea-reinforced aerogels showed good recov-
ery, e.g., to less than 1% unrecovered strain from a state of 25%

compression over a wide range of compressive modulus (up to
150 MPa). In addition, the polyurea-reinforced aerogels exhibit
an order of magnitude improvement in stress at break and
toughness over the unreinforced aerogels, and BET surface area
greater than 200 m2/g.

Similar but less dramatic results have been reported for epoxy-
reinforced aerogels synthesized by replacing up to 40% of the
TEOS or TMOS in the silica backbone with alkyl linked
bis(trimethoxysilyl)hexane (BTMSH). The BTMSH reduces
stiffness in the silica backbone by replacing some of the more
rigid Si-O-Si bonds with flexible hexyl links. The resultant
epoxy-reinforced aerogels provided modulus up to 23 MPa75,76

and almost complete recovery from a state of 25% compressive
strain.

Styrene-reinforced aerogels containing BTMSH also showed
good recovery from compression, but the modulus of these
aerogels were lower, only up to 3 MPa. An increase in BTMSH
concentration in the formulations also led to inhibition of cross-
linking through vinyl groups on the silica surface.71 Non-cross-
linked aerogels83 made from a combination of TMOS and
bis[3-(triethoxysilyl)propyl]disulfide, the latter a source of flex-
ible silane linking group, also showed almost complete recovery
from 25% compression with a similar modulus (4 MPa) and
density (0.2 g/cm3). A high proportion of the disulfide in the
formulation yielded lower density monoliths, which recovered
completely from as much as 75% compression, although the
modulus was quite low and the surface area was greatly reduced.
Nonpolymer-reinforced aerogels made from the alkyl-linked
silsesquioxanes, including ethyl-linked bis(triethoxysilyl)-ethane
(BTESE), hexyl-linked bis(trimethoxysilyl)-hexane (BTMSH),
and octyl-linked bis(triethoxysilyl)octane (BTESO) have
been examined previously by Loy, Shea, and co-workers.84-88

These studies focused on porosity and relative surface areas of
the resulting silsesquioxane aerogels as well as reactivity of the
precursors. However, little data has been published on the
mechanical properties of these aerogels.

2. CURRENT RESEARCH

Above, we examined several cross-linking schemes and differ-
ent methods of introducing flexibility to the silica backbone and
eliciting elastic response from the aerogel monoliths. However,
no systematic study exists in literature that examines the relative
merits of different silica backbones using a single type of polymer
reinforcement. Thus, fundamental questions remain concerning
the relative contributions of silica backbones to the properties of
aerogels, independent of the type of polymer reinforcement and
the nature of reactive functional groups used. In this light, our
current work, as shown in Scheme 4, uses only one epoxy
(bisphenol A proposylate diglycidyl ether) as the reinforcement
and examines the effects of different alkyl-linked bis-silanes, as
well as the use of dimethyldiethoxysilane (DMDES) as ways of
altering the silica backbones. In addition, the study considers a
direct comparison of the performance of amine reactive sites
derived from APTES and BTMSPA. We present preliminary
results on the effect of the variables mentioned above on density,
pore structure, modulus, and elastic recovery of epoxy-reinforced
aerogels.

In the first part of the discussion, we focus on three different
silane precursors all containing organic linking groups, such as
ethyl-linked BTESE, hexyl-linked BTMSH, and octyl-linked
BTESO. This elucidates if there is an optimal length of an

Figure 2. Schematic of MTMS and BTMSPA-derived polyurea-rein-
forced aerogels showing recovery after compression.
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organic linking group in the silica backbone, which would give
rise to the highest modulus and optimum elasticity. In the second
part, we explore reducing the number of Si-O-Si bonds by
using a difunctional silane, DMDES, in order to improve the
elastic response. The impact of alternative amines for silica
surface modification and reaction with epoxy is also examined.
2.1. Alkyl-Bridged Silanes. Three organic linking groups

were examined, BTESE, BTMSH, and BTESO, respectively with
two, six, and eight carbon atoms in the alkyl chains. Two amine
containing silanes, APTES and BTMSPA were also selected for
comparison. All silanes were purchased from Gelest, Inc.
(Morrisville, PA). Bisphenol A propoxylate diglycidyl ether
(epoxy) and 200-proof ethanol were acquired from Sigma-
Aldrich. All components were used as received without further
purification.
The method of synthesis for the epoxy-reinforced aerogel

monoliths is similar to the process described by Meador et al.75

and is outlined in Scheme 4. Mole fractions of the ingredients
were calculated based on the total moles of Si atoms in the gel
network. The total moles of silicon were used instead of total
moles of silane as each mole of BTMSPA, BTESE, BTMSH, and
BTESO contribute two moles of silicon to the final network,
whereas TEOS and APTES contribute only one. Previous
research indicates that silicon concentration has a strong impact
on all properties of the aerogels.19,63,64,74,75 Hence the silicon
concentration was kept constant in all silane formulations.

However, this means APTES containing aerogels had twice as
many amines compared to aerogels from BTMSPA for a given
mole fraction of total silicon. TEOS content was adjusted to
achieve a total Si concentration of 1.6 mol/L after adding
together the amounts of amine containing silane (APTES or
BTMSPA), and alkyl linked silane (BTESE, BTMSH, or
BTESO). In addition, a water-to-Si mole ratio of 3:1 (4.8 mol/
L of water) was used in all formulations.
A sample procedure for epoxy-reinforced aerogel synthesis is

given below.89 A solution consisting of TEOS, water, nitric acid,
and ethanol was stirred for 1 h and chilled in a dry ice/acetone
bath. The chilled solution was combined with another chilled
solution of APTES and BTESE in ethanol, and stirred vigorously.
The resulting sol was then poured into cylindrical molds and
allowed to gel and age at room temperature over a period of 24 h.
The gels were removed from the mold and dipped in fresh
ethanol at room temperature, left for 24 h, and then washed again
with fresh ethanol to remove water or methanol byproduct. After
soaking for an additional 24 h, the gels were dipped in a solution
of 20% (w/w) bisphenol A propoxylate diglycidyl ether in
ethanol and allowed to soak for 24 h. This allowed time for
diffusion of epoxy molecules into the gel network and to
participate in epoxy-amine reactions. The excess monomer in
solution was subsequently exchanged for fresh ethanol and the
gels in ethanol were heated at 70 �C for 3 days. Afterward, the gel
was rinsed four times in ethanol to remove any unreacted epoxy

Scheme 4. Reaction Scheme for Epoxy-Reinforced Aerogels Incorporating Two Different Amines and Four Types of Flexible
Linking Groups in the Silica Backbone
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and dried in a supercritical CO2 chamber. In the supercritical
drying process, the sample specimens were rinsed five times in
liquid CO2, each rinse taking 1.5 h at a gas flow rate of 4.0 L/min,
with a half-hour soak time in between the rinses. The tempera-
ture of the vessel was then raised from ambient to 65 �C over the
course of about 45 min and the supercritical CO2 was vented out.
After supercritical drying, the samples were outgassed under a
vacuum at 60 �C for 24 h to remove any residual solvent.
Unreinforced aerogel specimens were made using the method
described above with the following exception-the gels were
rinsed four times in ethanol prior to supercritical drying.
First, to gain insight into the effect of the different silanes on

the silica backbone, we examined unreinforced aerogels. The
observedmass of silica and organics in the aerogels is an indicator
of the reactivity of the silane precursors (hydrolysis and con-
densation) and how well they are incorporated into the back-
bone. In view of this, the yield for unreinforced silica aerogels was
determined by dividing the observed mass by the theoretical
mass. The theoretical mass refers to the mass of completely
hydrolyzed and condensed silica aerogels. Note that yields in
excess of 100% reflect incomplete hydrolysis and/or condensa-
tion of silanes incorporated in the silica backbone. On the other
hand, yields of less than 100% indicate loss of silanes. This can
occur if oligomers or cyclic products of the silanes not covalently
bonded to the gel are removed during washing steps or super-
critical drying. The yields of aerogels derived from the two
amines-APTES and BTMSPA-are compared in Figure 3.
Empirical models derived from a larger data set including other
formulations with additional amine concentrations (not dis-
cussed here) are plotted as lines on the graphs. Figure 3a
compares the yields obtained for unreinforced aerogels com-
prised of 35 mol % APTES for 0-45 mol % of each of the bis-
silanes. It is observed in Figure 3a that when BTMSH is used, the
yield is a little above 100% and independent of BTMSH
concentration in the aerogel formulations. This indicates that
for BTMSH, the yield is very close to theoretical for all formula-
tions, meaning that no appreciable silane is lost during formation
of the organic-silica backbone. In contrast, for unreinforced
aerogels made using BTESE, the yield decreased dramatically
to about 80% of the theoretical yield for the highest mole fraction
of bis-silane studied. This mass loss is consistent with observa-
tions by Loy and co-workers85 that cyclic dimers and trimers
readily form with ethyl linked bis-silane. For aerogels made using
BTESO the mass loss was even more severe (∼40% yield at 45
mol % BTESO). This may be due to lower reactivity of the octyl
linked silane to base catalyzed condensation as observed pre-
viously by silicon NMR90 and subsequent loss of oligomers
during processing.
The same comparison of yields obtained for unreinforced

aerogels containing 50 mol % BTMSPA is shown in Figure 3b.
This graph follows the same overall trends observed in Figure 3a,
although the loss of silane in aerogel formulations containing up
to 45 mol % silicon from BTESO is much less than those based
on APTES (55% yield). This difference could be due to the lower
basicity of the sols because BTMSPA contains a secondary amine
and there is a little less amine in the formulation.
Scanning electron micrographs (SEMs) of aerogels from this

study are shown in Figure 4. Unreinforced aerogels made from
50 mol % BTMSPA (4a) and no alkyl linking groups have a finer
pore structure than the corresponding epoxy-reinforced aerogels
with the same silica backbone (4c). The corresponding pair made
with 35 mol % APTES (4b unreinforced, and 4d epoxy-

reinforced) appear almost identical in morphology. Note also
the density of the epoxy-reinforced aerogels increased only 40-
50% over the unreinforced aerogels, whereas surface area de-
creased by about half.

Figure 3. Yield of unreinforced silica aerogels made using (a) 35 mol %
APTES and (b) 50 mol % BTMSPA, graphed as a function of increasing
alkyl bis-silane concentration. The lines represent empirical models
based on a larger data set. Error bars represent one standard deviation
derived from the models.

Figure 4. Scanning electron micrographs of unreinforced aerogels from
(a) 50 mol % BTMSPA and (b) 35 mol % APTES, and epoxy-reinforced
aerogels from (c) 50 mol % BTMSPA, and (d) 35 mol % APTES (no
alkyl-linked bis-silanes).
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Loss of silane precursors during the fabrication influences the
densities of the epoxy-reinforced aerogels, along with other
factors. The variation in bulk density of aerogel specimens as a
function of bis-silane fraction is presented in Figure 5. For
aerogels derived from APTES and ethyl-linked (BTESE) or
octyl-linked (BTESO) silanes, density decreases with increasing
bis-silane concentration as seen in Figure 5a, but remains nearly
constant for hexyl-linked (BTMSH) silanes. This is generally
consistent with the loss of silane derived from the yields of the
same formulations of unreinforced aerogels. However, recall
from Figure 3a that yields for BTESE and BTESO derived
aerogels differed significantly, while densities for these aerogels
in Figure 5a is nearly the same. This is primarily due to
differences in shrinkage between BTESE and BTESO derived
aerogels—BTESO aerogels shrink more during the process,
increasing the density beyond what is expected when
considering yield.
It is surprising that the density of the hexyl-linked (BTMSH)

aerogels decreased slightly with increasing mole percentage of
silicon from the bis-silane. Since yields from Figure 3a did not
change much, it would be expected that density would increase
with increasing BTMSH fraction, due to the additional mass of
the hexyl-linkages. The observed decrease in density is a result of
less shrinkage with increasing BTMSH fraction. Epoxy-rein-
forced aerogels made using BTMSPA as amine do not shrink
as much as APTES aerogels in response to increasing the bis-
silane fraction. Hence, the plot in Figure 5b does show an
increase in density with increasing BTMSH. Differences in
shrinkage also account for the near constant density shown in

the plot in Figure 5b obtained for epoxy-reinforced aerogels
made from a combination of BTMSPA with BTESE or BTESO.
The skeletal density of epoxy-reinforced aerogels derived from

the three bis-silanes and measured by helium pycnometry is
presented in Figure 6. The skeletal density is dependent on the
packing of the various bis-silanes in the primary and secondary
particles. It is seen that the skeletal density decreased slightly with
increasing concentration of BTESE for aerogels derived from
APTES (Figure 6a), whereas a more pronounced decrease with
BTMSH and BTESO concentration was observed. In aerogels
derived from BTMSPA (Figure 6c), increasing concentration of
all three alkyl-linked bis-silane fraction decreased the skeletal
density. These results indicate that the primary and secondary
particles in aerogels with higher bis-silane concentration are

Figure 5. Bulk density of epoxy-reinforced aerogels as a function of
alkyl silane concentration for (a) 35 mol % APTES and (b) 50 mol %
BTMSPA. The lines are empirical models based on a larger data set with
error bars reflecting one standard deviation from the models.

Figure 6. Skeletal density of epoxy-reinforced aerogels as a function of
alkyl silane concentration for (a) 35 mol % APTES, (b) 50 mol %
BTMSPA, and (c) proposed molecular structure of a silica backbone
made from TEOS, APTES, and BTMSH.
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more loosely packed as shown for example in Figure 6c for a silica
backbone made using BTMSH, APTES, and TEOS.
The porosity of the epoxy-reinforced aerogels was calculated

using eq 1, where Fs is the skeletal density determined from
helium pycnometry and Fb is the bulk density. Porosity ranged
from 70 to 85% for all epoxy-reinforced aerogels studied. The
porosity of aerogels synthesized from alkyl-linked silanes and
fromAPTES and BTMSPA is shown in panels a and b in Figure 7,
respectively.

porosity ¼ 1-
Fb
Fs

ð1Þ

Because the skeletal density varies only about 9-10% over the
whole range studied, whereas bulk density doubles over the same
range, the trends for porosity are nearly the mirror image to those
for bulk density. Hence, as shown in Figure 7a, an increase in
BTESE or BTESO fraction in APTES aerogels increased the
porosity. Also, increasing the hexyl-linked BTMSH concentra-
tion had little effect on the porosity of APTES aerogels. These
aerogels exhibited an overall lower porosity than aerogels with
ethyl- or octyl-linkages. For aerogels made using BTMSPA,
porosity remained relatively constant with increasing alkyl-linked
silane concentration for both BTESE and BTESO formulations
(Figure 7b). Increasing concentration of BTMSH in BTMSPA
aerogels slightly reduced the porosity.
A comparison of scanning electron micrographs of epoxy-

reinforced aerogels made using 15 mol % of the alkyl linked
silanes is shown in Figure 8. The BTMSPA-derived samples

(Figure 8, left) are slightly less dense and more porous than the
corresponding APTES samples (Figure 8, right) because of the
lower amine content in the BTMSPA aerogels, leading to less
epoxy cross-linking as previously discussed. Other than this slight
difference in porosity, the aerogels made from ethyl-linked
silanes (Figure 8a,b) are very similar in particle size and
arrangement of the pores. Aerogels made with hexyl-linked
silanes (Figure 8c,d) appear to have the finest arrangement of
particles, whereas the aerogels derived from octyl-linked silanes
have the coarsest particle structure.
Epoxy-reinforced aerogels made using BTMSPA also exhib-

ited higher surface areas as measured by nitrogen sorption data
analyzed using the Brunauer-Emmett-Teller (BET) method.
Graphs of surface area vs alkyl silane concentration are shown in
Figure 9. In general, as seen in Figure 9a, all APTES derived
aerogels showed a decrease in surface area with increasing alkyl-
linked silane. For BTMSPA derived aerogels (Figure 9b), ethyl-
and octyl-linked silanes had no effect on the surface area, whereas
increasing the concentration of hexyl-linked silanes slightly
increased the surface area.
Compressive modulus is directly impacted by bulk density in

aerogels as previously discussed. The values of compressive
modulus for various alkyl-linked bis-silanes are plotted in
Figure 10. In Figure 10a, it is observed that for epoxy-reinforced
aerogels containing APTES, the compressive modulus decreased
from 100 MPa to about 10 MPa with the increase of bis-silane
concentration for both BTESE and BTESO derived aerogels.

Figure 7. Porosity of epoxy-reinforced aerogels as a function of alkyl
silane concentration for (a) 35 mol % APTES and (b) 50 mol %
BTMSPA. The lines are empirical models based on a larger data set with
error bars reflecting one standard deviation from the models.

Figure 8. Scanning electron micrographs of epoxy-reinforced aerogels
from 15 mol % BTESE with (a) 50 mol % BTMSPA and (b) 35 mol %
APTES; from 15 mol % BTMSH with (c) 50 mol % BTMSPA and (d)
35 mol % APTES; and from 15 mol % BTESO with (e) 50 mol %
BTMSPA and( f) 35 mol % APTES.
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This reduction in modulus can be attributed to lower density
observed with increasing alkyl-linked silane content. The mod-
ulus of BTMSH-based aerogels decreased only slightly
(Figure 10a), reflecting the near constant density over the same
range. On the other hand, for BTMSPA derived aerogels, the
compressive modulus was low (∼10-20 MPa), and did not
change with bis-silane concentration (Figure 10b) for any of the
formulations, also in line with the trend observed for bulk
density.
The recovery from compressive strain was studied as a means

of assessing the flexibility of the aerogel specimens. The load on
each epoxy-reinforced aerogel sample was released immediately
after compression to 25% strain and allowed to undergo strain
recovery for a period of 30 min. The 25% compressive strain was
applied at a rate of 1.27 mm/min. The unrecovered strain was
obtained by dividing the difference between the initial length and
the final length of the specimen by the initial length. A lower
value of unrecovered strain indicates better recovery and more
elastic response from the aerogel. An unrecovered strain of 0%
indicates perfectly elastic response. If a specimen broke during
compression, it was assigned an unrecovered strain of 25%, the
maximum compressive strain.
The data in Figure 11a indicate that the epoxy-reinforced

aerogels containing APTES became more elastic with increasing
addition of any bis-silane. The aerogel without any alkyl-linked
silanes suffered brittle failure prior to reaching a 25% strain.91

The use of as little as 15 mol % alkyl-linked bis-silanes with

APTES allowed the specimens to undergo 25% compressive
deformation without failure and to obtain unrecovered strains of
1 to 2%. Interestingly, all aerogel specimens containing BTMSPA
underwent 25% deformation without breakage. The specimens
without bis-silanes showed near perfect recovery, while the
addition of alkyl bridged silanes slightly hindered the recovery
process, and unrecovered strain increased with bis-silane con-
centration to 4-10% (Figure 11b). Hence, elastic recovery is
enhanced more by simply replacing APTES with BTMSPA than
by additional use of other alkyl linked silanes.91 On the other
hand, as previously noted, modulus is reduced more in epoxy-
reinforced aerogels using BTMSPA. Thus, a combination of
higher modulus and a high degree of elastic recovery is obtained
with epoxy-reinforced aerogels using APTES and 15 mol %
BTMSH. However, it should be noted that the surface area is
lower, perhaps leading to higher thermal conductivity for the
same density aerogel. Hence, the properties required for a given
application need to be considered carefully when choosing the
aerogel backbone.
2.2. DMDES Aerogels.We turn now to the impact of adding a

difunctional silane, such as DMDES, instead of the alkyl-linked
silanes discussed above. Difunctional silanes can produce only
two Si-O-Si linkages per molecule compared to four and six
Si-O-Si linkages with TEOS and the bis-silanes, respectively.
This was anticipated to reduce the stiffness of silica networks, in
much the same way that MTMS, with three Si-O-Si linkages is
observed to do in unreinforced aerogels79-81 and polyurea-
reinforced aerogels.82 Sample specimens were made by substi-
tuting up to 45 mol % TEOS with DMDES.

Figure 9. Surface areas of epoxy-reinforced aerogels from BET analysis
as a function of alkyl silane concentration for (a) 35 mol % APTES and
(b) 50mol % BTMSPA. The lines are empirical models based on a larger
data set with error bars representing one standard deviation derived
from the models.

Figure 10. Compressive modulus of epoxy-reinforced aerogels for (a)
35mol %APTES and (b) 50mol % BTMSPA, as a function of increasing
alkyl silane concentration. Error bars represent one standard deviation
from the models.
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It is seen in Figure 12 that mass yield was reduced significantly
with increasing the amount of DMDES in the unreinforced
aerogels. Such a decrease was greater in aerogels containing
APTES than in less basic BTMSPA derived aerogels. This is again
attributed to loss of oligomers and cyclic products not covalently
bonded to the gel structure, during washing and supercritical
fluid extraction steps. The difunctional DMDES contributes
toward linear chain growth and not to the network structure.
In this way, it is possible that the silica particles become
effectively capped with dimethylsiloxy and amine groups before
all silane precursors have reacted.

Graphs of bulk density of epoxy-reinforced aerogels with
DMDES are shown in Figure 13. The density of aerogels
containing APTES decreased with increasing DMDES fraction
which is attributed to mass loss observed with increasing
DMDES fraction as already discussed in Figure 12. In contrast,
the density of aerogels containing BTMSPA increased with an
increase in DMDES fraction. Again, this can be attributed to less
shrinkage and higher mass yields in the BTMSPA aerogels and
the fact that additional methyl groups from DMDES should
contribute to higher density.
Graphs of skeletal densities of epoxy-reinforced aerogels

plotted vs DMDES mole fraction are presented in Figure 14.
BTMSPA-derived aerogels show decrease in skeletal density with
increasing DMDES fraction, but the decrease is even more
pronounced with APTES aerogels. The graphs of porosity of
the epoxy-reinforced aerogels shown in Figure 15 again are the
mirror images of the bulk density plots. In BTMSPA-derived
epoxy-reinforced aerogels, porosity increases and bulk density
decreases with increasing DMDES fraction (Figure 13).
In contrast, epoxy-reinforced aerogels containing APTES are
only slightly lower in porosity with increasing the amounts
of DMDES.
Scanning electron micrographs of epoxy-reinforced aerogels

made using 15 mol % DMDES are shown in Figure 16. The two
micrographs are very similar with slightly larger particle sizes and
larger pores in the BTMSPA derived aerogel sample (Figure 16a)
compared to that of the APTES sample (Figure 16b). As

Figure 11. Unrecovered strain of epoxy-reinforced aerogels for (a) 35
mol % APTES and (b) 50 mol % BTMSPA, as a function of increasing
alkyl silane concentration. Error bars represent one standard deviation
from the models.

Figure 12. Yield of native silica aerogels as function of DMDES
concentration. The lines are empirical models based on a larger data
set with error bars reflecting one standard deviation from the models.

Figure 13. Bulk density of epoxy-reinforced aerogels as function of
DMDES concentration. The lines are empirical models based on a larger
data set with error bars reflecting one standard deviation from the
models.

Figure 14. Skeletal density of epoxy-reinforced aerogels as function of
DMDES concentration. Error bars represent one standard deviation
derived from the models.
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observed with the alkyl-linked silanes, BET surface areas are 100
m2/g higher for epoxy-reinforced aerogels made from BTMSPA
compared to APTES. Also as seen in the plot of surface area vs
DMDES mol fraction in Figure 17, increasing DMDES fraction
leads to lower surface area for both APTES and BTMSPA
derived aerogels.
Figure 18 shows graphs of compressive modulus of the epoxy-

reinforced aerogels plotted with DMDES fraction. Once again
the aerogels containing APTES displayed higher modulus than
those derived from BTMSPA at lower DMDES concentrations.
The modulus decreased substantially from close to 100 MPa in

the absence of DMDES to approximately 10 MPa with incor-
poration of 45 mol % of DMDES. Some reduction in modulus is
expected due to fewer Si-O-Si bonds produced from DMDES,
which reduces the interconnectivity of the silane network and is
also reflected by the 30% reduction in skeletal density for APTES
derived aerogels. The loss of silane with increasing DMDES
concentration also contributed to the lower modulus. On the
other hand, increasing DMDES concentration in epoxy-rein-
forced aerogels derived from BTMSPA led to an increased
modulus, most likely due to higher density observed in this
formulation (Figure 13).
Figure 19 shows how the unrecovered strain changed as a

function of DMDES concentration. Recall that epoxy-reinforced
aerogels derived from APTES without DMDES exhibited brittle
facture before reaching 25% compressive strain. Interestingly, the
presence of 15 mol % or higher DMDES in APTES-derived
aerogels was enough to prevent brittle failure up to 25%
compressive strains and to improve elastic recovery. It is inferred
that the reduction of the number of Si-O-Si bonds in the silica
backbone with only 15 mol % DMDES increased the ability to
deform and to recover from compressive strain. No additional
gain in recovery was observed with 45 mol % DMDES, possibly
because of greater loss of silanes at high concentration as already
discussed. The recovery behavior of aerogels with BTMSPA is
identical to results obtained with alkyl-linked silanes. BTMSPA
alone results in near perfect elastic recovery while increasing
DMDES mole fraction in BTMSPA aerogels contributed to

Figure 15. Porosity of epoxy-reinforced aerogels as function of
DMDES concentration. The lines are empirical models based on a
larger data set with error bars reflecting one standard deviation derived
from the models.

Figure 16. Scanning electron micrographs of epoxy-reinforced aerogels
made using 15% DMDES with (a) 50 mol % BTMSPA, and (b) 35 mol
% APTES.

Figure 17. Surface area of epoxy-reinforced aerogels graphed as a
function of DMDES concentration. The lines are empirical models
based on a larger data set with error bars reflecting one standard
deviation derived from the models.

Figure 18. Compressive modulus of epoxy-reinforced aerogels graphed
as a function of DMDES concentration. The error bars represent one
standard deviation from the models.

Figure 19. Unrecovered strain of epoxy-reinforced aerogels graphed as
a function of DMDES concentration. The error bars represent one
standard deviation from the models.
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slightly larger unrecovered strains of 4-6%. Nevertheless, the
best combination of high modulus with good recovery was
obtained with epoxy-reinforced aerogels with 15% DMDES
and APTES. However, it must be noted that this combination
produces epoxy-reinforced aerogels with lower surface areas.

3. CONCLUDING REMARKS AND FUTURE DIRECTIONS

In conclusion, the mechanical properties and other character-
istics of silica aerogels must be tailored to match the demand of
future applications. This includes not only improving strength by
reinforcement through the addition of polymer as a conformal
coating on the silica nanoskeleton, but also improving their
elasticity and flexibility. Most aerogel articles are expected to
encounter compressive and bending stresses and be subjected to
small strains usually less than 25%. Consequently, the flexibility
of the aerogel networks is crucial in such applications. As
discussed above, the use of organo-silanes of both types, incor-
porated into the silica backbone produced promising results.

Of course, tailoring mechanical properties of aerogels depends
strongly on proper selection of silane precursors and reaction
conditions to achieve complete conversion and incorporation of
those precursors. We investigated three alkyl-linked bis-silanes
and one silane capable of making only two Si-O-Si bonds per
molecule. All of these precursors improve elastic recovery of the
aerogels with as little as 15 mol % included in the silica backbone.
However, additional incorporation reduces the compressive
modulus as was seen in aerogels made with as much as 45 mol
% silicon from DMDES or any of the alkyl-linked bis-silanes.
Formulations made including APTES as an amine site for epoxy
cross-linking and 15 mol % silicon from any of the bis-silanes
provided aerogels with both higher compressive modulus and
recovery from compression. The data indicated that the hexyl-
linked bis-silane (BTMSH) is most effective among the bis-
silanes used in this work. Only BTMSH produced aerogels with
high mass yields, indicating complete hydrolysis and condensa-
tion under the reaction conditions studied. It is possible that fine-
tuning reaction conditions for other alkyl linked bis-silanes or
DMDES will allow for more complete condensation with these
other precursors, leading to similar property enhancement. The
use of BTMSPA, an alkyl-linked bis-silane incorporating a
secondary amine for cross-linking with epoxy, was seen to allow
near complete recovery from compression on its own without
incorporating other alkyl-linked silanes or DMDES. Aerogels
made using BTMSPA instead of APTES also tended to have
higher surface areas

Additional work is still required to make polymer-reinforced
silica aerogel articles in a more streamlined process, in commer-
cial scale and in configurations such as flexible thin sheets so that
they can be easily wrapped around pipes, tanks or other
assemblages needing insulation, or used as flexible insulation
for space suits or inflatable structures. Production of optimum
formulations discussed herein in thin film form is under inves-
tigation. Another area of interest is to study the effectiveness of
cage-shaped silanes available in the form of polyhedral oligomeric
silsesquioxane (POSS). These molecules have recently been
effectively used as cross-linkers in synthesis of flexible and
foldable polyimide aerogels.92 In the context of silica aerogels,
POSS molecules carrying between 2 and 4 silanol groups have
the potential to bridge the junctions between secondary particles
and consequently to reinforce silica networks. A study on this is
currently underway and will be reported soon.
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