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ABSTRACT The elastic properties and/or flexibility of polymer reinforced silica aerogels having methyltrimethoxysilane (MTMS) and
bis(trimethoxysilylpropyl)amine (BTMSPA) making up the silica structure are examined. The dipropylamine spacer from BTMSPA is
used both to provide a flexible linking group in the silica structure, and as a reactive site via its secondary amine for reaction with a
tri-isocyanate, Desmodur N3300A. The tri-isocyanate provides an extended degree of branching or reinforcement, resulting in increased
compressive strength of the aerogel monoliths while the overall flexibility arising from the underlying silica structure is maintained.
The compressive moduli of the reinforced aerogel monoliths in this study range from 0.001 to 158 MPa. Interestingly, formulations
across this entire range of modulus recover nearly all of their length after two compressions to 25 % strain. Differences in pore structure
of the aerogels due to processing conditions and solvent are also discussed.
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INTRODUCTION
ilica aerogels with their low density and thermal
conductivity are potential candidates for various ther-
mal, optical, and acoustic applications for aerospace,
including multipurpose structures for vehicles, space suits
and habitats (1). However, the use of aerogel monoliths has
been restricted because of their inherent fragility, hygro-
scopic nature, and poor mechanical properties. It has been
demonstrated that a conformal coating of polymer over the
skeletal nanostructure of the silica gel can be formed by
reacting di-isocyanate with silanol groups on the surface (2).
This improves the strength by as much as 2 orders of
magnitude while only doubling the density over those of
native or nonreinforced aerogels. In addition, the mesopo-
rosity of these polymer reinforced aerogels and hence their
superior insulation properties, among other things, is main-
tained. Incorporating a functional group such as amine,
vinyl, or free-radical initiator into a silica-based aerogel
improves the reactivity toward isocyanates (3, 4) and ex-
pands the types of organic monomers that can be used as
reinforcement to include epoxides (5), cyanoacrylates (6),
or styrene (7).
Although polymer reinforced aerogels exhibit a great
improvement in strength over native silica aerogels, for
many applications it is desirable to have a more flexible or
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elastic material. For example, insulation for extravehicular
activity (EVA) suits should also be durable and flexible to
accommodate as much freedom of movement for the
astronaut as possible (8). A flexible form of polymer rein-
forced aerogel would also be desirable for wrapping around
structures that need to be insulated, such as cryotanks or
cryogenic transfer lines (9). Yet another use for flexible
durable aerogels could be as part of an inflatable decelerator
used to slow spacecraft for planetary entry, descent and
landing (EDL) (10). 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 much
heavier and will require more drag for landing. Hence, new
designs with much larger diameters (30—60 m) will be
required (11). Inflatable decelerators would stow in a small
space and deploy into a large area lightweight heat shield to
survive reentry (12). Minimizing weight and thickness of the
system as well as providing suitable insulation are important
considerations.

Though some measure of flexibility is obtained in the
polymer reinforced aerogels through a decrease in density
(4), it has been shown that more flexibility is obtained in
nonreinforced aerogels by altering the silica backbone in
some significant way. For example, Kramer et al. (13)
demonstrated that including up to 20 % (w/w) poly(dimeth-
ylsiloxane) in tetraethylorthosilicate (TEOS)-based aerogels
resulted in rubbery behavior with up to 30% recoverable
compressive strain. More recently, Rao et al. (14) have
shown that utilizing methyltrimethoxysilane (MTMS) as the
silica precursor and a two-step synthesis imparts extraordi-
nary flexibility to the aerogels. The MTMS-derived aerogels
are more flexible largely because of the resulting lower cross-
link density of the silica (three alkoxy groups that can react
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versus four in the more rigid tetra-alkoxysilane derived
aerogels). Kanamori et al. (15), using a surfactant to control
the pore size and a slightly different process, showed that
MTMS-derived gels can be made which demonstrate revers-
ible deformation on compression. In fact, some formulations
were able to be dried ambiently, which exerts similar forces
on the gels. Initially, the gels shrink about 65% but spring
back to nearly their original size, resulting in almost identical
density and pore structure as those dried supercritically.

Though the MTMS derived aerogels are very flexible and
elastic, it does not take much force to compress them. For
example, Rao (14) reports a Young’s modulus of only 0.03
to 0.06 MPa for the flexible MTMS derived aerogels ranging
in density from 0.04 to 0.1 g/cm3. Kanamori (15) does not
report Young’s modulus, but stress—strain curves indicate
that stresses of less than 1 MPa are sufficient to compress
samples with bulk densities around 0.2 glcm? to 25 % strain.
Other highly porous materials show similar elastic behavior
after compression depending on density and backbone
structure, including epoxy reinforced clay cryogels (16),
starch-polystyrene foams (17), and cross-linked (18) or
carbon-nanotube-reinforced (19) ethylene-vinyl acetate
foams.

We recently demonstrated improved compressive strength
combined with elastic recovery after compression for silica
aerogels reinforced with styrene (20), epoxy (21), or di-
isocyanate (22) by replacing a large fraction of TMOS or
TEOS with bis(trimethoxysilyl)hexane (BTMSH). The hexyl
group from BTMSH provides a flexible link in the underlying
silica giving similar elastic properties as seen in MTMS-
derived aerogels. Polymer reinforcement is provided as
previously described by incorporating reactive groups in the
silica backbone and reacting with monomer. In this way,
polymer reinforced aerogels were made with compressive
modulus as high as 10 MPa (100 times that of the MTMS
gels), which still recovered almost completely from com-
pression to 25 % strain.

In this study, we wish to examine the effect of incorpo-
rating organic linking groups into the underlying silica
structure and use of polymer reinforcement on MTMS-
derived aerogels to preserve their unique spring back be-
havior while increasing the compressive strength. To this
end, silica gels are prepared using MTMS and bis(trimethox-
ysilylpropyl)amine (BTMSPA) precursors in a one-step syn-
thesis as shown in Scheme 1, using acetonitrile or acetone
as the solvent. The secondary amine from the BTMSPA
serves as the base to catalyze condensation of the silanes.
It also provides a site for reaction with tri-isocyanate to form
a polyurea conformal coating on the silica structure. A
statistical experimental design is employed to examine the
effect of total concentration of silicon in the gels derived
from both BTMSPA and MTMS (noting that BTMSPA con-
tributes two moles of silicon for every mole of silane), mol
% of Si derived from BTMSPA, solvent used for the entire
process of making the aerogels (acetone or acetonitrile),
water/total silicon mol ratio (1), and the number of washes
(to remove excess water and methanol byproduct from the
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hydrogels) before reacting with a tri-isocyanate on the
mechanical and physical properties of the aerogels. Proper-
ties of the polymer reinforced aerogels are also compared
to their nonreinforced counterparts.

EXPERIMENTAL SECTION

General. Methyltrimethoxysilane (MTMS) and bis(trimethoxy-
silylpropyl)amine (BTMSPA) were purchased from Gelest, Inc.
Acetonitrile and acetone were obtained from Aldrich Chemical
Co.. Liquid carbon dioxide was purchased from Air Gas Great
Lake. Desmodur N3300A was provided by Bayer Corporation.
All reagents were used without further purification.

Preparation of Silica Monoliths. Variables examined in aero-
gel preparation are the concentration of total silicon (derived from
MTMS and BTMSPA combined) in the total solution (M), mole
fraction of silicon derived fromm BTMSPA (mol %), solvent used for
the entire fabrication process (acetonitrile or acetone), water/total
silicon ratio (r), and the number of washes before the polymeri-
zation reaction with N3300A, or cross-linking reaction, as shown
in Table 1. The silica gels were prepared using a one-step
synthesis with BTMSPA acting as the base catalyst as well as a
site for cross-linking with tri-isocyanate.

In a typical example, run 7 from Table I was made using 1.65
mol/L of total silane, with 20 mol % silicon from MTMS and 80
mol % silicon from BTMSPA (noting that BTMSPA contributes
two moles of silicon for every mole of silane). A solution of 4.70
mL (33 mmol) of MTMS and 21.70 mL (66 mmol) of BTMSPA
in 58.75 mL of acetonitrile was cooled to below 0 °C using a
dry ice acetone bath. An amount of 14.85 mL (825 mmol) of
H,O was then added to the silane solution (r = 5), followed by
thorough mixing before being poured into 20 mL plastic syringe
molds. Gelation occurred within 15 min. The wet gels were aged
for 24 h before being extracted into fresh acetonitrile and
allowed to rest for another 24 h. The gels were then soaked in
a 30% (w/w) solution of N3300A in acetonitrile for 24 h,
followed by solvent exchange to fresh acetonitrile before being
heated to 70 °C for 6 h. The polymer reinforced gels were
washed in fresh acetonitrile four times at 24 h intervals before
being dried using supercritical carbon dioxide (CO,) extraction.

The corresponding nonreinforced aerogels listed in Table 2
were prepared the same way, except that soaking in tri-
isocyanate and heat treatment steps were eliminated. In addi-
tion, the same procedure was used when acetonitrile was
replaced with acetone as the fabrication solvent.

Instrumental. The skeletal density (ps) was measured using
an Accupyc 1340 helium pycnometer. Nitrogen sorption mea-
surements using Brunauer—Emmett—Teller (BET) method were
performed on a Micromeritics ASAP2020 chemisorption sys-
tem. All samples were outgassed at 80 °C for 12 h under a
vacuum before analysis. Samples for microscopy were coated
with gold/palladium and viewed using a Hitachi S-4700-11 field
emission scanning electron microscope. Supercritical CO; fluid
extraction was performed using an Applied Separations 1-Spe-
ed SFE-2 manual system. Mechanical tests were done on an
Instron 4505 eletromechanical machine using Testworks 4
software and a 10000 Newton load cell at 0.25 in./min. Solid
13C and 2?7Si NMR spectra were obtained on a Bruker Avance-
300 spectrometer with a 4-mm solids probe using cross-
polarization and magic angle spinning at 11 kHz. The '>*C NMR
spectra were externally referenced to the carbonyl of glycine,
which appears at 176.01 ppm, and the 2°Si NMR spectra were
externally referenced to the Si of 3-trimethoxysilylpropionic
acid, which is at 0 ppm.

Characterization. The bulk density (pp) was determined by
measuring the weight and volume of the sample. Dimensional
change, or shrinkage (%), is taken as the difference between
the diameters of the aerogel monolith and of the 20 mL syringe
mold (nominally 20 mm). The skeletal density from helium
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Scheme 1. Proposed Molecular Structure of Aerogels from MTMS and BTMSPA and Reinforced with
Tri-isocyanate Desmodur N3300
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1py, — 11
porosity % = o P 100 (1)
Lp,

The test was stopped, the crosshead was instantly moved back
to zero, and the procedure was repeated once more and
released. The specimen was then left to sit for 30 min at room

Inc. Using a d-optimal design to minimize the number of
experiments, a total of 40 distinct batches of the aerogel
monoliths, including 5 repeats of one formulation (2, 12, 14,
15, and 18) were prepared by varying the total silicon concen-
tration (0.75—1.65 mol/L), the fraction of silicon derived from
BTMPSA (40 — 80 Si mol %), the water/silicon ratio (r =2 — 5),
the solvent (acetone or acetonitrile), and the number of washes

temperature. At that time, the final thickness was measured and a _3)_ Pefore the cross-linking reac‘tion Silic01f1 concentration
the unrecovered strain (%) was determined as the amount of and silicon mole percent were used instead of silane concentra-
strain still present in the sample relative to the sample’s initial tion because every mole of BTMSPA contributes 2 mol of silicon,
length. The modulus was taken as the initial slope from the whereas 1 mol of MTMS contributes only 1 mol of silicon.
stress—strain curve of the first compression. Preparation conditions and measured properties of all of the
Statistical Analysis. Experimental design and analysis was polymer reinforced aerogels are listed in Table 1, whereas the
conducted using Design Expert 7.1.3 available from Stat-Ease, nonreinforced (native) aerogels are listed in Table 2. The run
Table 1. Preparation Conditions and Measured Properties for Polymer Reinforced Aerogels
BET max.
total NCO: bulk surface stress unrecovered
Si  MTMS BTMSPA water: no. of NH density porosity shrinkage area modulus at break toughness strain
run (M) (mol %) (mol %) silane washes solvent ratio (g/lcm® (%) (%) (m?/g)  (MPa) (MPa) (KJ/md) (%)
1 0.75 60 40 2.0 1 acetonitrile 0.03 0.058 95.9 4.0 “ 0.00 2.76 x 1073 0.4 1.6
2 1.20 40 60 3.5 2 acetonitrile 0.71 0.163  87.9 2.0 230.5 2.60 3.8 582 1.0
3 1.20 40 60 3.5 3 acetonitrile 0.71 0.160 88.5 2.0 237.6 2.69 4.1 631 1.1
4 1.65 20 80 5.0 3 acetonitrile 1.02 0.369  72.1 10.2 260.0 72.36 36.7 6488 2.1
5 0.75 20 80 5.0 3 acetonitrile 0.58 0.101 92.6 3.1 139.1 0.60 0.3 47 0.7
6 1.65 60 40 2.0 1 acetonitrile 0.72 0.187  85.8 1.2 292.3 2.94 4.3 662 3.2
7 1.65 20 80 5.0 1 acetonitrile 1.22 0.385  70.6 9.6 233.5 84.25 39.7 6944 3.0
8 1.20 40 60 5.0 2 acetonitrile 0.82 0.167  87.8 2.1 204.9 3.51 3.4 524 1.1
9 1.20 40 60 3.5 1 acetonitrile 0.94 0.163  90.2 2.1 203.9 3.12 2.6 437 0.7
10 1.20 40 60 2.0 2 acetonitrile 0.95 0.157  89.6 1.7 234.1 2.26 3.7 556 0.5
11 0.75 40 60 3.5 2 acetonitrile 0.05 0.072  95.4 2.0 18.1 0.02 0.0 5.1 1.1
12 1.20 40 60 3.5 2 acetonitrile 0.94 0.164 87.8 1.6 233.6 2.48 3.1 477 1.8
13 1.20 20 80 3.5 2 acetonitrile 1.01 0.216  84.2 4.9 248.1 10.55 12.3 1893 1.1
14 1.20 40 60 3.5 2 acetonitrile 0.77 0.157  88.5 1.8 231.6 2.74 2.9 448 1.3
15 1.20 40 60 3.5 2 acetonitrile 0.88 0.159  88.1 1.5 224.6 2.68 3.4 2085 0.7
16 0.75 20 80 2.0 1 acetonitrile 0.39 0.102  92.7 2.4 93.2 0.32 0.9 115 0.7
17 1.20 40 60 3.5 2 acetonitrile 0.69 0.160  88.5 2.2 229.1 2.38 2.8 383 0.7
18 1.20 40 60 3.5 2 acetonitrile 0.89 0.219  83.6 1.6 217.9 2.77 4.6 687 1.3
19 0.75 60 40 5.0 3 acetonitrile 0.01 0.053  96.9 2.8 @ 0.01 9.7 x 107? 2.2 0.0
20 1.65 20 80 2.0 1 acetonitrile 1.03 0.356  72.9 8.9 266.1 49.98 41.9 6988 2.2
21 0.75 60 40 5.0 1 acetonitrile 0.01 0.049 97.0 1.9 7.4 0.01 1.0x 107? 1.9 0.0
22 0.75 20 80 5.0 1 acetonitrile 0.50 0.105 92.6 2.3 126.2 0.50 0.4 71 0.6
23 1.65 60 40 5.0 3 acetonitrile 0.74 0.185 86.3 1.3 275.6 2.65 2.8 426 2.6
24 0.75 20 80 2.0 3 acetonitrile 0.46 0.100 92.5 1.8 102.9 0.31 1.0 105 2.0
25 1.20 60 40 3.5 2 acetonitrile 0.45 0.111 92.2 0.4 158.7 0.29 0.5 64 1.1
26 1.65 60 40 5.0 1 acetonitrile 1.02 0.185  86.7 1.2 246.8 2.48 3.2 488 3.5
27 1.65 20 80 2.0 3 acetonitrile 1.04 0.353  73.2 8.3 288.7 51.91 44.8 6405 2.1
28 1.65 60 40 2.0 3 acetonitrile 0.87 0.189  85.8 0.9 301.5 3.11 4.6 692 1.9
29 0.75 60 40 2.0 3 acetonitrile 0.17 0.056  96.4 3.8 @ 0.00 4.8 x 107° 0.8 3.8
30 1.65 40 60 3.5 2 acetonitrile 1.05 0.275  79.1 4.8 242.2 17.65 23.2 3641 1.2
31 0.75 60 40 2.0 1 acetone 0.44 0.066 955 5.3 76.9 0.01 0.06 15 0.79
32 1.65 20 80 5.0 1 acetone 1.60 0.482 69.2 11.7 215.1 157.59 71.00 13082 0.56
33 0.75 40 60 3.5 2 acetone 0.75 0.109 93.0 4.7 256.8 0.22 1.65 218 0.44
34 1.20 40 60 3.5 2 acetone 1.13 0.184 87.2 4.6 283.7 3.60 8.54 1117 0.36
35 1.20 40 60 3.5 2 acetone 1.13 0.189 86.8 5.6 297.0 3.44 6.86 1091 0.79
36 0.75 20 80 2.0 1 acetone 1.17 0.138 90.2 5.4 275.8 1.00 1.01 351 0.33
37 0.75 60 40 5.0 1 acetone 0.26 0.066 96.0 4.0 119.6 0.02 0.07 10 1.20
38 0.75 20 80 2.0 3 acetone 0.99 0.130 90.8 5.2 253.3 0.76 3.04 363 0.74
39 1.65 60 40 5.0 1 acetone 2.14 0327 756 6.4 210.7 29.24 20.03 347 0.92
40 0.75 60 40 2.0 3 acetone 0.62 0.073 9538 5.2 147.3 0.03 0.2 36 0.36
“ Samples collapsed under vacuum. No data were collected.
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Table 2. Preparation Conditions and Measured Properties for Nonreinforced Aerogels

BET max.
total MTMS BTMSPA bulk surface stress unrecovered
Si (mol (mol water: density porosity shrinkage  area  modulus at break toughness strain
run (M) %) %) silane solvent (glem?) (%) (%) (m?/g) (MPa) (MPa) (KJ/m°) (%)
1 0.75 60 40 2.0 acetonitrile  0.055 96.3 5.1 “ @ “ “ @
2 1.20 40 60 3.5 acetonitrile  0.126 90.9 4.0 b 1.94 0.93 153 0.5
3 1.20 40 60 3.5 acetonitrile  0.124 91.9 3.2 394.9 1.93 0.75 115 1.1
4 1.65 20 80 5.0 acetonitrile  0.242 82.0 11.7 531.2 48.78 5.61 775 NA
5 0.75 20 80 5.0 acetonitrile  0.085 93.8 4.0 215.2 0.48 0.25 39 2.3
6 1.65 60 40 2.0 acetonitrile  0.147 89.0 3.0 b 2.87 0.46 50 NA
7 1.65 20 80 5.0 acetonitrile  0.234 82.6 10.1 521.0 38.05 5.39 745 0.9
8 1.20 40 60 5.0 acetonitrile  0.124 90.8 2.2 521.0 1.78 0.82 132 0.08
9 1.20 40 60 3.5 acetonitrile  0.124 90.7 4.0 531.2 1.44 0.96 160 0.44
10 1.20 40 60 2.0 acetonitrile  0.131 90.2 5.1 385.1 2.13 0.95 152 0.2
11 0.75 40 60 3.5 acetonitrile  0.067 95.1 0.6 215.4 @ “ “ @
12 1.20 40 60 3.5 acetonitrile  0.125 90.7 3.2 387.7 2.11 0.35 40 NA
13 1.20 20 80 3.5 acetonitrile  0.153 88.0 6.1 477.3 7.18 2.44 422 0.8
14 1.20 40 60 3.5 acetonitrile  0.127 90.6 4.3 371.1 2.11 0.54 76 1.2
15 1.20 40 60 3.5 acetonitrile  0.128 90.6 3.7 393.8 2.34 0.87 148 1.5
16 0.75 20 80 2.0 acetonitrile  0.087 94.0 53 134.7 0.11 0.13 21 0.85
17 1.20 40 60 3.5 acetonitrile  0.124 90.7 3.5 b 2.13 1.06 175 1.1
18 1.20 40 60 3.5 acetonitrile  0.130 69.7 4.4 392.6 2.21 0.90 144 0.2
19 0.75 60 40 5.0 acetonitrile  0.052 96.7 5.3 “ “ “ “ “
20 1.65 20 80 2.0 acetonitrile  0.256 81.0 13.3 499.8 45.66 2.33 322 NA
21 0.75 60 40 5.0 acetonitrile  0.054 96.4 4.5 “ @ “ “ @
22 0.75 20 80 5.0 acetonitrile  0.086 94.1 3.9 b 0.45 0.26 43 1.0
23 1.65 60 40 5.0 acetonitrile  0.159 88.5 3.3 b 1.92 1.13 173 0.52
24 0.75 20 80 2.0 acetonitrile  0.093 93.1 5.1 122.2 0.31 0.48 73 0.1
25 1.20 60 40 3.5 acetonitrile  0.104 92.1 2.3 b 0.31 0.19 28 0.4
26 1.65 60 40 5.0 acetonitrile  0.155 88.4 3.8 412.5 2.14 0.99 148 0.6
27 1.65 20 80 2.0 acetonitrile  0.265 80.4 13.2 b 39.38 7.08 1171 1.4
28 1.65 60 40 2.0 acetonitrile  0.168 74.5 4.5 402.7 2.67 4.48 725 0.6
29 0.75 60 40 2.0 acetonitrile  0.055 96.3 5.1 “ “ “ “ ¢
30 1.65 40 60 3.5 acetonitrile  0.214 84.6 7.9 b 12.08 6.53 1126 1.3
31 0.75 60 40 2.0 acetone 0.061 96.45 9.2 179.9 0.02 0.10 9 0.00
32 1.65 20 80 5.0 acetone 0.287 80.34 14.7 589.6 41.23 12.72 2270 4.08
33 0.75 40 60 3.5 acetone 0.093 94.15 7.7 374.8 0.20 0.22 36 0.00
34 1.20 40 60 3.5 acetone 0.133 91.37 6.8 507.7 1.89 0.51 106 2.27
35 1.20 40 60 3.5 acetone 0.145 90.44 9.0 523.6 2.19 1.58 161 3.30
36 0.75 20 80 2.0 acetone 0.113 92.13 11.0 390.2 0.51 0.9 144 2.99
37 0.75 60 40 5.0 acetone 0.060 96.63 7.9 145.8 @ “ @ @
38 0.75 20 80 2.0 acetone 0.107 93.19 10.6 386.3 0.46 0.86 133 6.48
39 1.65 60 40 5.0 acetone 0.182 88.10 7.5 563.0 3.84 2.08 344 1.65
40 0.75 60 40 2.0 acetone 0.060 96.75 7.3 289.6 “ “ “ ¢
“ Aerogels were not tested because of their softness and/or fragility. ” No samples available for testing.

number represents a particular formulation made at once in a RESULTS AND DISCUSSION
single batch. The order of preparation of individual formulations Preparation conditions and resulting properties of MTMS
is randqn;[to reduce the correlation of systematic errors with and BTMSPA aerogels, made in either acetonitrile or acetone
an}ls;/;r?rlorifables I and 2 were modeled using multiple linear are listed in Table 1 (polyurethane/urea reinforced aerogels)
least-squares regression analysis, considering a model including and Table 2 (nonreinforced aerogels). BTMSPA, a silane
all first-order effects of the four variables, as well as all two-way precursor containing a secondary amine, serves as a base
interactions. All of the variables were orthogonalized (trans- catalyst for gelation as well as a reactive site for polymeri-
formed to a —1 to +1 scale) prior to modeling to minimize zation with the tri-isocyanate, Desmodur N3300A, shown
correlation among terms. Terms not statistically s1gn1ﬁ§ant in Scheme 1. The water/total silicon mole ratio, r, used in
(<90 % confidence) were dropped from the model one at a time L . . .
by the backward stepwise modeling technique. Graphs of these the initial hydrolysis and condensation of silane precursors
empirically derived models are shown in Figures 3, 4, 6, 8, 9, is calculated based on the number of moles of water over
and 10. the total moles of silicon (taking into account that BTMSPA
1434 IPEHAPPLIED MATERIALS VOL. 2 « NO. 5 1430-1443 2010 Nguyen et al. www.acsami.org
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Scheme 2.
Excess Water

N
—Si NH + O=C=N—R—N=C=0
s/ ¢ )
N=C=0

o
N I I
——ﬁ—jr_\N—C NH—R—NH—C{NH
/ K |
R—N=C=0
"
l Cross-linking
o 0
\S' N g NH—R—NH g NH
g _ CR—NH—
/ g § | 0
R—NH—C

"
§

contributes two moles of silicon per mole). According to
Brinker and Scherer (23), an r of two is considered stoichio-
metric for hydrolysis and condensation. However, an excess
of water is usually needed for complete reaction. In this
study, we varied r from 2 to 5. In addition, the number of
washes in clean solvent after gelation and before reacting
with polymer was varied from 1 to 3. Washing removes
water and alcoholic byproduct of condensation. As previ-
ously described, when isocyanates are used as the polymer
reinforcement, the amount of water left in the gels after
condensation also can affect the number of repeat units in
the polymer cross-links (3). As shown in Scheme 2, excess
water reacts with the isocyanate to generate an amine which
can react with other isocyanates to extend the polymer chain
before reacting with amines attached to the silicon surface.
Too little water can result in incomplete hydrolysis of the
starting silanes, whereas too much water can lead to too
much polymer being incorporated into the aerogels. Hence,
a balance between the amount of water needed for gelation
and the amount of water remaining in the gels for chain
extension is desirable.

Solid ?°Si and '>C NMRs. Solid >°Si NMR spectra of
selected reinforced aerogel samples, prepared in acetonitrile,
are shown in Figure 1 along with samples prepared from
BTMSPA and MTMS alone. It is evident from comparing
Figure 1d (MTMS derived sample) and Figure 1¢ (BTMSPA
derived sample) that the Si peaks completely overlap at —66
ppm (T5 peak) and —58 ppm (T, peak). Spectra of polymer
reinforced aerogels produced from 1.65 M total silicon with
40 mol % coming from BTMSPA are shown in Figure la
(using r = 5) and Figure 1b (using r = 2). The r value has
very little effect on the gel formation as there is very little
difference in the two spectra. Both have a large T5 peak and
a smaller T, side peak, indicating that extent of condensation
is about the same at different r for samples made using 3
washes. The same is true when comparing samples made
using one wash.
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Mechanism for Cross-Linking with Tri-Isocyanate, Including Chain Extension Reaction Due to
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Solid 'C NMR spectra of selected reinforced aerogel
samples from the study are shown in Figure 2. The spectra
all contain one peak at —3.7 ppm assigned to the methyl
group from MTMS, and three methylene peaks at 10.9, 23.2,
and 49.9 ppm from BTMSPA. Additional peaks in the spectra
come from the methylenes (28 and 41.8 ppm) and carbonyls
(148.3 and 157.7 ppm) of the tri-isocyanate cross-linker.
Integration of the BTMSPA methylenes (peak A at 10.9 ppm)
closest to the Si with the tri-isocyanate methylenes (peak B
at 41.8 ppm) closest to the nitrogen can give an indication
of the degree of polymer cross-linking (n value from Scheme
2) depending on preparation conditions. In the absence of
chain extension reactions, the cross-linked structure would
be as shown in Scheme 1, where one molecule of tri-
isocyanate has reacted with three different amines on the
gel backbone. This would give a ratio of peak B to peak A of
1. A ratio of less than 1 would indicate that some of the
amine has not reacted. A ratio of more than 1 would indicate
some degree of chain extension. The highest ratio of isocy-
anate to amine measured for aerogels prepared in acetoni-
trile, was 1.2 as shown in Figure 2a for a spectrum of the
monolith from sample 7 made using the highest level of total
silicon (1.65 mol/L), 80 mol % BTMSPA, an r = 5 and only
one wash. The corresponding aerogel made in acetone
(sample 32), shown in Figure 2b, shows more incorporation
of isocyanate with a ratio of 1.6. As the total silicon concen-
tration and mol % of BTMSPA are decreased to 0.75 mol/L,
isocyanate to amine ratio decreases as shown in spectra in
Figure 2c for acetonitrile derived monolith (sample 21) and
2d for acetone derived monolith (sample 37). In fact, for
sample 21, no tri-isocyanate is incorporated, whereas 37 has
a peak B:A ratio of 0.26, indicating that only a fourth of the
amines are reacted.

Use of acetone as a solvent instead of acetonitrile in-
creases the reaction with amine with isocyanate across the
whole study, as shown in the empirical model for the extent
of cross-linking based on the ratio of peak B:A integration
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FIGURE 1. Solid #°Si NMR spectra of samples from formulations listed
in Table 1 as (a) 23 with r = 5 and (b) 28 with r = 2, and aerogels
formulated from (c) BTMSPA alone and (d) MTMS alone. All samples
shown were prepared in acetonitrile.

(standard error = 0.11, R? = 0.90) shown in Figure 3.
Increasing total Si and fraction of BTMSPA derived Si also
significantly increases the amount of cross-linking. An iso-
cyanate:amine ratio of at least 1 (balanced stoichiometry as
shown in Scheme 1) is produced in acetonitrile when 1.65
mol/L total Si and BTMSPA-derived Si of at least 60 mol %
are used or with 80 mol % BTMSPA-derived Si and at least
1.2 mol/L total Si. For acetone-derived monoliths under these
same conditions, chain extension, as shown in Scheme 2,
becomes a factor.

A clue to why there is very little incorporation of tri-
isocyanate at lower total Si and low BTMSPA fraction,
especially in acetonitrile processed aerogels, comes from
examining the BET surface area measured for the aerogel
monoliths. The empirical model for BET surface area is
shown in Figure 4a for nonreinforced aerogels (standard
error = 48.9%, R> = 0.89). From the graph, it is clear that
surface area decreases with decreasing total Si and decreas-
ing BTMSPA fraction, especially in acetonitrile. As BTMSPA
fraction is decreased, MTMS fraction increases, leading to
more nonpolar methyl groups present on the silica surface.
Interaction of the methyl groups with the more polar aceto-
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FIGURE 2. Solid '*C NMR spectra of samples from formulations listed
in Table 1. Sample spectra of aerogels made in (a) acetonitrile and
(b) acetone were fabricated using 1.65 mol/L total Si with 80 mol %
BTMSPA derived Si, whereas those in (c) acetonitrile and (d) acetone
were fabricated from 0.75 mol/L total Si with 40 mol % BTMSPA
derived Si. Peaks labeled as A (methylene from tri-isocyanate) and
B (methylene from BTMSPA) were integrated to give tri-isocyanate
to amine ratio modeled in Figure 3.

—— Acetonitrile
— Acetone

FIGURE 3. Empirical model of tri-isocyanate to amine ratio (integra-
tion of peak B to peak A, Figure 2) measured from integration of '>C
NMR spectra graphed vs BTMSPA fraction and total Si.

nitrile causes a collapse of the skeletal backbone of the gel.
Acetone-prepared nonreinforced aerogels also decrease in
surface area with decreasing total Si and BTMSPA fraction,
but the effect is much smaller, most likely because acetone
is less polar. Lower surface areas in the gels before cross-
linking would mean less surface amine is available for
reaction with isocyanate. The empirical model of BET sur-
face area for those monoliths treated with cross-linker
(standard error = 15.8 %, R? = 0.97) is shown in Figure 4b.
In addition to the reduction in surface area due to decreasing
total Si and BTMSPA fraction seen in the nonreinforced
aerogels, the surface area also decreases with increasing
amount of polymer reinforcement. This is as would be
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FIGURE 4. Empirical models of BET surface areas graphed vs total Si and BTMSPA fraction for (a) nonreinforced aerogels and (b) aerogels

reinforced with tri-isocyanate.

1.65 mol/l total Si,
80 mol % BTMSPA

(Table 2)

Reinforced aerogels from Nonreinforced aerogels
acetonitrile (Table 1)

Reinforced aerogels
from acetone (Table 1)

g) 32: 0.482 g/em’, 69% porous; 215 m*g  h) 39: 0.327 g/em’, 76 % porous; 211 m?/g

1.65 mol/l total Si,
40 mol % BTMSPA

0.75 mol/l total Si,
40 mol % BTMSPA

VA0130-21 5.9mm x4.50k SE(M) 8/4/2009

i) 37: 0.066 g/em’, 96 % porous, 120 m*/g

FIGURE 5. SEM images of select nonreinforced samples (a—c) from Table 2, compared to corresponding reinforced aerogels from Table 1
prepared using acetonitrile as solvent (d—f), and using acetone as solvent (g—i).

expected because of an increase in the amount of solid in
the aerogels compared to nonreinforced aerogels. Also,
small pores interior to the secondary particles may be
blocked from nitrogen sorption because of polymer cross-
linking, which would also reduce BET surface area.
Scanning electron micrographs (SEM) of select samples
from the study shown in Figure 5 illustrate the differing
morphologies arising from different processing conditions.
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Nonreinforced aerogels shown in Figure 5a—c illustrate the
increase in particle size and decrease in surface area as total
Si and BTMSPA fraction is reduced (noting that sample 37
from Table 2 shown in Figure 5c is at a different scale). For
aerogels prepared in acetonitrile using 1.65 mol/L total Si,
polymer cross-linking does not change the appearance of the
gel structure as seen by comparing SEMs shown in images
a and b in Figure 5 to those shown in images d and e in
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Figures 5, respectively, although the surface area is about
halved in the reinforced samples. In contrast, particle sizes
appear to be larger for the comparable polymer reinforced
aerogel made in acetone using the highest total Si and
highest BTMSPA (Figure 5g). This sample has the most
amine content and the highest surface area before cross-
linking. Hence, all of the amines are readily available for
reaction with tri-isocyanate. For the polymer reinforced
aerogel made in acetone using 1.65 mol/L total Si and 40
mol % BTMSPA (Figure 5h), the particle sizes again appear
comparable to the acetonitrile-prepared sample shown in
Figure 5e, although the density is much higher and the
amount of isocyanate reacted per amine is about doubled
over the acetonitrile prepared sample. It should also be noted
that the monolith shown in Figure 5g has more polymer
incorporated than that shown in Figure 5h. Though the
sample shown in Figure 5h (run 39 from Table 1) has a larger
ratio of isocyanate to amine (peak B:A), there is twice the
amount of amine in the sample shown in Figure 5g (run 32
from Table 1). Reinforced aerogels prepared in acetone using
0.75 mol/L total Si (Figure 5i) are also similar in appearance
to the comparable nonreinforced aerogels (Figure 5¢). In
fact, these samples are not that different in density, porosity
or surface area, because there is very little polymer incor-
porated in the cross-linked sample (only about 20% of the
amines are reacted.) The comparable acetonitrile prepared
sample, shown in Figure 5f, in contrast, has very large
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d) Nonreinforced

FIGURE 6. Empirical models graphed vs mol % of BTMPSA and total Si concentration of density (a, b) and porosity (c, d), comparing
nonreinforced samples and polymer reinforced samples prepared using acetone or acetonitrile.

particle sizes which are smoother in appearance, again
demonstrating that the fine pore structure of the aerogel is
lost under these conditions. Indeed, as previously discussed
and evidenced by NMR, in this sample, almost no tri-
isocyanate is incorporated.

Density, Porosity, and Dimensional Change. The
empirical models derived for density of the polymer reinforced
monoliths (standard error = 0.11, R> = 0.90) in Figure 6a, is
compared to that of the nonreinforced aerogels (standard
error = 0.35, R> = 0.99) in Figure 6b. For both nonreinforced
and polymer reinforced aerogels, increasing total Si concen-
tration and mol fraction of BTMSPA increases density both
by adding more silica to the structure and more organic
linking groups to the backbone. Increasing BTMSPA fraction
increases density more for reinforced aerogels, especially
at higher total Si because of an increase in amine sites
available for tri-isocyanate reaction. However, because there
is little polymer incorporated in formulations with the lowest
total silicon and BTMSPA mol fraction as seen by NMR,
similar densities are obtained for nonreinforced and rein-
forced samples under those conditions. Increasing Si to
water ratio and decreasing the number of washes (not
shown in the plots) also causes a small though significant
increase in density.

The empirical models for porosity for reinforced aerogels
(standard error = 0.72%, r> = 0.99) and nonreinforced
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FIGURE 7. Typical stress—strain curves of a polymer reinforced
aerogel (solid black line, p = 0.385 g/cm®) compared to a nonrein-
forced aerogel (red dashed line, p = 0.234 g/cm?), both prepared in
acetonitrile.

aerogels (standard error = 0.55 %, r> = 0.99), are shown in
panels ¢ and d in Figure 6, respectively. As is typically the
case, porosity follows the opposite trends as density (noting
that the x and y planes are rotated compared to panels a
and b in Figure 6). Thus, increasing total Si concentration
decreases porosity for both reinforced and nonreinforced
aerogels. Increasing BTMSPA mol fraction tends to decrease
porosity, though this effect is larger for the polymer rein-
forced aerogels. This is because increasing available amine
sites from BTMSPA increases the amount of tri-isocyanate
incorporation.

Of course, the density and porosity are also influenced
by the dimensional change or shrinkage (%) of a monolith
over the course of processing the aerogels. In this study,
shrinkages were small, ranging from 0.4 to 12% for the
polymer reinforced aerogels and 0.6 to 14 % for the nonre-
inforced aerogels. BTMSPA fraction has the largest effect on
shrinkage, which increases by up to 9% over the whole
range for nonreinforced aerogels and up to about 6% for
reinforced aerogels. The polymer reinforced aerogels tended
to shrink 2—3 % less than the nonreinforced aerogels espe-
cially at higher total Si concentration. The aerogels prepared
in acetonitrile tended to shrink 1 —2 % less than those made
in acetone. Overall, increasing total Si concentration has a
minor impact on shrinkage for both nonreinforced and
reinforced aerogels (~2 % over the whole range).

Mechanical Properties. As an example, stress—strain
curves from compression tests for reinforced and nonrein-
forced aerogels from formulation 7 from Tables 1 and 2
made using 1.65 total Si (80 mol % Si from BTMSPA) are
shown in Figure 7. Elastic modulus from each compression
test is calculated from the initial slope of the stress strain
curves. As seen in the example curves, typically the modulus
is slightly higher for the polymer reinforced samples while
stress at break is much increased. Shown in Figure 8 are the
empirical models for modulus graphed vs total Si concentra-
tion and mol fraction of BTMSPA for both nonreinforced
aerogels (standard error = 0.19, r* = 0.99+) and polymer
reinforced aerogels (standard error = 0.09, > = 0.99+)
made in acetone (Figure 8a) and acetonitrile (Figure 8b).
Modulus increases with an increase in total silicon concen-
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tration and mol % of BTMSPA for both nonreinforced and
reinforced aerogels. This is expected because, in a broad
sense, modulus typically scales with density in aerogels.
Aerogels prepared in acetone solvent also had higher modu-
lus than those made in acetonitrile, because acetone-
prepared aerogels contain more polymer and shrink slightly
more than those prepared in acetonitrile. Note also that
nonreinforced aerogels prepared in acetone had slightly
higher modulus than those prepared in acetonitrile, possibly
also due to slightly greater shrinkage contributing to an
increase in density. Water ratio (not shown) also has a slight
effect on modulus, increasing with an increasing amount of
water for both acetone- and acetonitrile-prepared aerogels.
As previously noted, increasing amount of water affects both
the underlying silica gel structure (more complete hydrolysis)
as well as the polymer cross-linking (chain extension). No
significant effect on the number of washes before cross-
linking was seen over and above random error.

Empirical models for maximum strength at break are
shown in Figure 9 for nonreinforced aerogels (standard error
= 0.58, r* = 0.94) and polymer reinforced aerogels (stan-
dard error = 0.35, r* = 0.99), using acetone as solvent
(Figure 9a) and acetonitrile as solvent (Figure 9b) (24). As
with modulus, in general, as the total Si concentration and
BTMSPA mol fraction increases, the maximum stress in-
creases. In addition, polymer reinforced aerogels are as
much as an order of magnitude higher in maximum strength
at break than their nonreinforced counterparts, indicating
that the cross-linker indeed enhances the mechanical prop-
erties. Unlike modulus, no significant effect of water ratio
was seen on the maximum stress, over and above random
error. This suggests strength at break is not as sensitive to
the degree of chain extension or condensation of silica gel
structure. Because failure occurs during densification, it is
the amount of material present that governs this property.
The maximum strength at break for monoliths prepared in
acetone at lower BTMSPA fraction is higher compared to
those prepared in acetonitrile, because of the larger amount
of polymer incorporated in the acetone aerogels.

An alternative approach to characterizing the overall
strength in these aerogels is to examine toughness. The
toughness of a material is the amount of energy required to
deform a volume of material to its breaking point, and hence
its units are J/m>. Toughness analysis was performed as it
was noted that polymer reinforced aerogels displayed not
only higher stress at break than their native counterparts,
but about 20 % more strain at break on average. Toughness
is calculated by taking the area under the stress—strain
curve. Integration of the trend-line equation matching the
stress—strain data, and having an R-squared value greater
than 0.99, was performed for each stress—strain measure-
ment. As an example, in the curves shown in Figure 7, strain
at break is nearly double for the polymer reinforced aerogels.
Note that this analysis is typically performed for experiments
in tension loading, and direct comparisons to other systems
outside this study should be made with caution.
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FIGURE 10. Empirical model of toughness graphed vs BTMSPA fraction and total Si of reinforced aerogels compared to nonreinforced aerogels
made in (a) acetone and (b) acetonitrile.

Empirical models for toughness for nonreinforced (stan-

dard error = 0.69, r*» = 0.92) and reinforced aerogels
(standard error = 0.35, r* = 0.99) are shown in Figure 10
graphed vs total Si concentration and mol fraction BTMSPA
for acetone prepared samples (Figure 10a) and for acetoni-
trile prepared samples (Figure 10b) (20). Polymer reinforced
samples made using 80 mol % Si derived from BTMSPA
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show up to an order of magnitude increase in toughness over
nonreinforced samples of the same composition. This im-
provement is of course attributable to the reinforcement
effect of the polymer conformal coating. The overall trends
for toughness are the same as those for strength at break,

because of the shape of the compression curves. As the
aerogels are compressed, they eventually undergo a densi-
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fication as porosity is lost (25). When this occurs, a notice-
able upturn in the stress—strain curve appears, as seen in
the polymer reinforced sample in Figure 7. Ultimate failure
normally occurs for the reinforced aerogels in this regime,
and the values for stress of the aerogel under densification
are significantly higher than that of the initial deformation.
Hence, toughness follows the same trends as strength at
break with as much as an order of magnitude increase over
the nonreinforced aerogels. In addition, polymer reinforced
aerogels prepared in acetone at low total Si concentration
are higher in toughness than those prepared in acetonitrile,
again because of the greater amount of polymer cross-
linking in the acetone-derived aerogels. At high total Si
concentration there is not as much difference in toughness
between reinforced aerogels made in acetone or acetonitrile.

Graphs of the power law dependencies between the
density, and compressive modulus, maximum stress at
break and toughness for all formulations in the study
(including acetonitrile and acetone runs) are shown in Figure
11. Power law relationships between modulus and density
for silica aerogels (no organic groups) (26) are typically
reported with an exponent of 3—3.7 depending on synthesis
route and have been shown to depend most on the con-
nectivity between particles (27). It has also been reported
that the exponent for the power law dependency between
the density and modulus for silica aerogels reinforced with
isocyanates is higher (3.99 for base-catalyzed, reinforced
aerogels), possibly because the lower-density, conformal
coating of the polymer reinforces the structure more ef-
ficiently by increasing the neck regions between particles
(2). As shown in Figure 11a, there is not much difference
between the exponent b[1] for both reinforced and nonre-
inforced aerogels in this study (4.5 and 4.7, respectively),
suggesting that the backbone in this case has more influence
on modulus than the polymer cross-linking when organic
linking groups are present. This is also similar to that
reported for the power law relationship between modulus
and density for polystyrene reinforced aerogels containing
hexyl linking groups (b[1] = 5.1) (20). In that case, the hexyl
links contribute similarly to the connectivity in the silica
backbone as the dipropylamine linking groups do from
BTSMPA in this study. Not surprisingly, maximum stress at
break (Figure 11b) and toughness (Figure 11¢) do show a
greater influence on the power law dependence from poly-
mer reinforcement. In both of these cases, the exponentb[1]
increases from approximately 3 in the nonreinforced aero-
gels to greater than 4 for reinforced aerogels.

As previously noted (14, 15), flexibility and good recovery
after compression are features of MTMS-derived aerogels.
As a way of quantifying these properties for the aerogels
from this study, the monoliths were taken through two
consecutive compression cycles to 25 % strain and allowed
to recover for 30 min. The difference in the length of the
samples before and after both tests is considered to be the
amount of unrecovered strain and is listed in Tables 1
(polymer reinforced aerogels) and 2 (nonreinforced aero-
gels). The lower the unrecovered strain, the more elastic is
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FIGURE 12. Typical stress—strain curves for a repeat compression
tests on various polymer reinforced samples with different total
silicon concentration and BTMSPA levels of monoliths prepared in
acetonitrile.

the aerogel monolith. To illustrate, stress—strain curves for
repeat compression tests to 25 % strain of different polymer
reinforced aerogels are compared in Figure 12. The pairs of
lines in the graphs represent two subsequent stress—strain
curves, labeled Test 1 and Test 2, from four different
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FIGURE 13. Graph of unrecovered strain vs modulus for all aerogels in study, showing polymer reinforced and nonreinforced aerogels made

in (a) acetone and (b) acetonitrile.

formulations. For example, the curve labeled Test 1 in the
graph on the left represents the first compression of sample
7 from Table 1 made from 1.6 mol/L total Si and 80 mol %
Si from BTMSPA. The curve labeled Test 2 is the second
compression. After both compressions and the recovery
time, the sample length was reduced by 3% (i.e., there is
about 3% unrecovered strain in the sample). In contrast,
repeat compression cycles from formulation 13 (Table 1),
labeled in the graph to the right, made using 1.2 mol/L total
Si and 80 mol % BTMSPA derived Si shows about 1.1 %
unrecovered strain after both tests. Other pairs of curves in
the graphs represent other formulations with lower modulus
and similar recovery.

Note in Tables 1 and 2 that most of the nonreinforced
and reinforced aerogels made using MTMS and BTMSPA
exhibit low unrecovered strain (samples spring back from
compression), consistent with good elasticity. Although typi-
cally there is a trade-off between modulus and recovery after
compression, in this study the trade off is very small, with
even the highest modulus reinforced aerogels exhibiting only
up to 3.8 % unrecovered strain for those made in acetonitrile
and up to 1.2% for those made in acetonitrile. Figure 13
shows graphs of modulus vs unrecovered strain for acetone
(Figure 13a) and acetonitrile (Figure 13b) derived aerogels.
Although there is a slight increase in unrecovered strain as
modulus increases for the nonreinforced aerogels and for
the polymer reinforced aerogels made in acetonitrile, the
polymer reinforced aerogels made in acetone show 0—1 %
unrecovered strain across the whole range of modulus.
Because the acetone-derived samples also have higher
incorporation of tri-isocyanate, this indicates that hexyl
linkages from the tri-isocyanate contribute to the flexibility
of the overall network.

CONCLUSIONS
The combination of MTMS and BTMSPA used in the silica

backbone provides enhanced elastic properties to tri-isocy-
anate reinforced silica aerogels. The dipropylamine spacers
from BTMSPA contribute flexible linking groups in the silica
structure, as well as reactive sites via their secondary amines
for reaction with a triisocyanate, Desmodur N3300A. The
trifunctional isocyanate provides an extended degree of
branching or cross-linking, resulting in up to an order of
magnitude increase in compressive strength of the aerogel
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monoliths while the overall flexibility arising from the
underlying silica structure is maintained. The compressive
moduli of the reinforced aerogel monoliths in this study
range from 0.001 to 84 MPa for those prepared in acetoni-
trile and 0.01 to 158 MPa for their counterparts made in
acetone. All formulations across this entire range of modulus
recover nearly all of their length after two compressions to
25% strain. This result represents an order of magnitude
improvement in modulus for aerogels which recover com-
pletely after compression, compared to previous polymer
reinforced aerogels studied. Higher total silicon concentra-
tion and mole fraction of Si derived from BTMSPA result in
larger amounts of tri-isocyanate incorporation and enhanced
compressive strength and toughness. In addition, the stron-
gest monoliths still have surface areas greater than 200 m?/g
measured by BET and densities less than 0.5 g/cm?, only a
50% increase in density over the nonreinforced aerogels of
the same formulation. In contrast, at low total silicon
concentration and low mol % of BTMSPA-derived Si, little
or hardly any reaction occurred with tri-isocyanate, resulting
in modest or no improvement in mechanical properties.
These formulations also produced monoliths with lower
surface area and larger pore sizes. In general, the use of
acetone as a solvent in preparation of aerogels results in
higher BET surface areas and better mechanical properties
compared to those made in acetonitrile. These results may
be enabling for aerospace applications such as EDL systems
and EVA suits, which demand a combination of superior
insulation durability and flexibility.
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