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1. Preparation and characterization of prepolymers from natural oil based polyols

Five silane terminated prepolymers, namely Empa 1990, Empa 2033, Empa D-140, Empa
D-265 and Empa D-290, were synthesized by using Natural Oil based Polyols (NOPs)
namely Radianol 1990 (Oleon), Pripol™ 2033 (Croda), Polycin® D-140, Polycin® D-265
and Polycin® D-290 (Vertellus®) respectively. Following is the general experimental

procedure:

Start with a calculated amount of the respective polyol in a beaker at room

temperature.

» Add catalyst (Fomrez® UL-28) dropwise under continuous stirring.

* In a next step, add the calculated amount of 3-(triethoxysilyl) propyl isocyanate
(Sigma-Aldrich) dropwise via a separation funnel under continuous stirring.

» Temperature is monitored during the reaction to determine the exotherm.

* No solvent is used during the reaction.

After the prepolymers were synthesized, they were characterized by solution *H NMR. For
all prepolymers from the various NOPs, the reaction is complete as evidenced by the
disappearance of e band and the appearance of f* and e’ bands (Figure S1). The peak
intensity ratio f’, b’ and e’ is very close to 2-6-2 protons for all samples, indicating there is

exactly one urethane bond per silane group as expected.
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Figure S1. *H NMR of five silane terminated prepolymers namely Empa 1990, Empa 2033,
Empa D-140, Empa D-265 and Empa D-290 synthesized by using Natural Oil based Polyols

(NOPs).



2. Thermal conductivity setup

Figure S2. Custom built guarded hot plate device for thermal conductivity measurement[1].

3. Particle release by the mechanical impact setup
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Figure S3. Experimental setup for the particle release from aerogels by the mechanical

impact.



4. Digital photos

—

Figure S4. Digital photos of pure reference silica and EP-M 95 hybrid aerogels for different

concentrations (prepolymer (X):SiOy).



Figure S5. Digital photos of pure reference silica and NOP based hybrid aerogels for X=0.3
(prepolymer (X):SiO,).

Figure S6. Digital photos of pure reference silica and Empa 2033 hybrid aerogels for

different concentrations (prepolymer (X):SiOy).
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Figure S7. Digital photos of (a) STP-E 15 and (b) STP-E 35 hybrid aerogels for different

concentrations (prepolymer (X):SiOy).



5. Density and thermal conductivity
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Figure S8. Thermal conductivity as a function of density of hybrid aerogels using different

prepolymers.



6. NMR Spectroscopy

a OQ c e
2 Ty STy Nco ™S
s o) ~
s e
10
0.6 |
-9
X=0.3 |
pure silica
e il
150 100 50 0 [ppm]
Ethoxy (CH,) Ethoxy (CH;)
3 = ;E
— 10 "l i
b) ——— 0.6 ‘|
— X=0.3 |
— puresilica  TMS
l — A\ _ S o L
Ethoxy (CH,) Ethoxy (CHs) [~
10 5 0 5 [ppm]

Figure S9. (a) *H-"3C cross polarization (CP) and (b) Quantitative *H solid—state MAS NMR

spectra of EP-M 95 hybrid aerogels for increasing concentrations.
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7. FTIR Spectroscopy
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Figure S10. ATR-FTIR spectra of pure reference silica and EP-M 95 hybrid aerogels for

increasing concentrations.

ATR-FTIR spectra of EP-M 95 hybrid aerogels display changes with increasing
concentrations when compared to pure reference silica aerogel, with an increase in the broad
bands near 2960 cm™ related to the C-H stretching vibration and the increasing intensity of
C-N, N-H stretching bands near 1520 cm™ and C=0 bands near 1700 cm™ respectively[2,3]
(Figure S10). The increasing intensities of these bands confirm the systematic incorporation

of the prepolymer into the aerogel matrix.
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The higher variability in the prepolymer peak intensities for the X=1.0 sample, compared to
those with lower prepolymer concentrations, is indicative of an inhomogeneity in the
prepolymer distribution (Figure S11).
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Figure S11. (@) ATR-FTIR spectra; Maximum peak intensities at (b) 1520 cm™ and (c) 1700
cm™ of EP-M 95 hybrid aerogels for increasing concentrations. The numbers indicate the

standard deviation from 21 measurements.
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8. Elemental analysis

Table S1: Elemental analysis of pure reference silica and hybrid aerogels.

Carbon Hydrogen Nitrogen
Sample
(%) (%) (%)

Pure reference silica (X=0.0) 1383x1.0 3.40+x05 0.05+0.04
EP-M 95 (X=0.3) 1881+10 4.02+05 1.09+0.04
EP-M 95 (X=0.6) 2231+1.0 435+05 1.76 £0.04
EP-M 95 (X=1.0) 26.17+£1.0 4.75+05 242+0.04
STP-E 15 (X=0.3) 1486+10 335+05 0.12+0.04
STP-E 35 (X=0.3) 1476 £1.0 3.34+£05 0.14+£0.04
Empa 2033 (X=0.3) 1826 +1.0 385%+05 0.35+0.04

The uncertainties correspond to one standard deviation from 3 repeat measurements.
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9. Scanning and transmission electron microscopy analysis
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Figure S12. SEM images of EP-M 95 hybrid aerogel for X=1.0 concentration.

Figure S13. TEM images of EP-M 95 hybrid aerogel for X=1.0 concentration.

There are inhomogenity in the microstructure for EP-M 95 hybrid aerogel at X=1.0
concentration as depicted in the SEM and TEM images due to the presence of silica rich and

polymer rich domains (Figs. S12 and S13).
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10. Nitrogen adsorption-desorption characterization
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Figure S14. Nitrogen sorption isotherms of pure reference silica aerogel and EP-M 95,
Empa 2033, STP-E 15 hybrid aerogels for X=0.3 concentration.
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11. Uniaxial compression test
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Figure S15. Compressive stress-strain curves of pure reference silica and hybrid aerogels

from different prepolymers for X=0.3 concentration; ® for X=0.25 (X:SiO,).
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Figure S16. Compressive stress-strain curves of Empa 2033 hybrid aerogels for increasing

concentrations.
16



Emudulus (M Pa)

O (MPa)

3.5

3.04

25+

2.04

1.54

1.0

0.5

0.0

oy, (MPa)

0.25-

0.204

0.154

0.104

0.05 -

b)

0.0

06 0.8 1.0

Pre-polymer(X):SiO,

02 0.4

2.0
1.8
1.6
1.4+
1.24
1.04
0.8
0.6+
0.4
0.2
0.0

<)

T pmax (MPa)

0.0

02 0.4 056 08 10

Pre-polymer(X):SiO,

0.00

0.0

T T T T
04 06 08 10

Pre-polymer(X):SiO,

T
02

204

15

104

d)

0
0.0

04 06 o8 10

Pre-polymer(X):SiO,

02

Figure S17. (a) Compressive modulus (E), (b) Compressive strength at 10% strain (o10), (C)

Compressive strength at 50% strain (o50) and (d) Final compressive strength (omax) 0f EP-M

95 hybrid aerogels for increasing concentrations.
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Figure S18. (a) Compressive modulus (E), (b) Compressive strength at 10% strain (o10), (C)

Compressive strength at 50% strain (cs0) and (d) Final compressive strength (omax) 0f Empa

2033 hybrid aerogels for increasing concentrations.
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Figure S19. Log (Emoquius) VS Log (bulk density) for different aerogel like materials[4-16].

Table S2: Slopes of Log (Emoduius) VS Log (bulk density) for different aerogel like
materials[4-16]

Samples Slope
Aeropectin 2.38
Aerocellulose 2.88
NFC foams 1.90
Cellulose-silica hybrids 3.24
PU aerogels 3.62
PU-silica hybrids 3.70
Pectin-silica hybrids 3.85
Pure reference silica 3.91

EP-M 95-silica hybrids 3.17
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12. Particle release results
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Figure S20. Particle release at 100 rpm for (a) SMPS (10-500 nm), (b) APS (0.54-19.8 um)
and at 300 rpm for (c) SMPS (10-500 nm), (d) APS (0.54-19.8 um) of EP-M 95 hybrid

aerogels for different concentrations.
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Figure S21. Average particle concentration of EP-M 95 hybrid aerogels measured for 1
hour at different concentrations for SMPS (10-500 nm) and APS (0.54-19.8 pm)

respectively.
19



When compared to pure reference silica aerogel, the average particle concentration went
down significantly for the EP-M 95 hybrid aerogels with increasing concentrations.
Mechanically strong hybrid aerogels reduced the particle release (SMPS (10-500 nm), APS
(0.54-19.8 um)) observed for both mild (100 rpm) and extreme mechanical impact
conditions (300 rpm) (Figs. S20a-d and S21). The increase in the particle release for the
hybrid aerogels at 1.0 concentration can be related to the inhomogeneity in the
microstructure due to the silica rich and polymer rich domains as observed in the SEM,
TEM and water contact angle analysis (Figs. S12, S13 and S27) and the variations in the

surface inhomogeneity as indicated by the ATR-FTIR analysis (Figure S11).
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13. Differential thermogravimetric analysis
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Figure S22. TGA curves (in 80% v/v oxygen and 20% v/v nitrogen) of pure reference silica

aerogel (X=0.0) and EP-M 95 hybrid aerogels for different concentrations.

Figure S22 shows the thermogravimetric analysis (TGA) of pure reference silica aerogel
(X=0.0) and EP-M 95 hybrid aerogels for different concentrations in the temperature range
of 30-900°C in air at a heating rate of 5°C/min. For all samples, there is minimal weight loss
of about 1% up to 200°C. Pure reference silica aerogel starts to decompose at 274°C due to
the loss of trimethylsilyl (TMS) groups present on the silica aerogel backbone as reported in
the literature[17,18]. They show the lowest weight loss of 11.8% compared to the EP-M 95
hybrid aerogels. On the other hand, the hybrid aerogels (with increasing concentrations) start
to decompose between 245-262°C with a weight loss between 22 to 36%. Hence, an

operating temperature above 240°C is not recommended for the EP-M 95 hybrid aerogels.
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14. Humidity uptake

1.8
1.6
1.4
) |
Y
o
- 1.2 1
S ] = X=0.0
1.0 1
a.' ] —o—0.1
¥ 08- e
g | —v—0.3
0.6 - ——04
| ——0.5
0.4 - —v—0.6
1 —e— 0.7
0.2 —+—0.8
1 —<+—1.0
0.0 T T T T T T T T T T T T T

20 30 40 50 60 70 80 90
Relative humidity (%)
Figure S23. Humidity uptake of pure reference silica and EP-M 95 hybrid aerogels as a

function of relative humidity for different concentrations.
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Figure S24. Humidity uptake of Natural Oil based Polyol (NOP) based hybrid aerogels as a
function of relative humidity for X=0.3 concentration.
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Figure S25. Humidity uptake of pure reference silica and STP-E 15 hybrid aerogels as a
function of relative humidity for different concentrations.
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Figure S26. Humidity uptake of pure reference silica and STP-E 35 hybrid aerogels as a

function of relative humidity for different concentrations.
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15. Water contact angle
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Figure S27. Water contact angles of EP-M 95 hybrid aerogels for increasing concentrations.
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Figure S29. Water contact angles of STP-E 15 hybrid aerogels for increasing
concentrations.
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Figure S30. Water contact angles of STP-E 35 hybrid aerogels for increasing
concentrations.
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16. Summary of different properties of hybrid aerogels

Table S3: Summary of different properties of hybrid aerogels.

Sample Prepolymer pbulka) pskeletalb) SBETC) Vpore, BJH Vpored) Dpore, BJH Dporee) A0 Emod G10 G50 Omax Strain at 6y« avg. WCA ShI;II:T(Z;E
(X):Si0,  (glem®)  (glem®  (m%g)  (ecmfg)  (cm®lg) (nm) (hm)  (mw-mtK?Y  (MPa) (MPa) (MPa) (MPa) (%) ©) (%)
Reference silica 0.0 0.087 1.56 850 35 10.9 126 51.1 16.5 0.90 0.071 - 0.3 42 138 8
EP-M 95 0.1 0.100 - - - - - - 15.4 0.68 0.059  0.406 2.4 80 146 10
EP-M 95 0.2 0.107 - - - - - - 15.1 0.59 0.052  0.425 5.2 80 148 10
EP-M 95 0.25 0.104 - - - - - - 15.3 0.61 0.053 0396 4.1 80 - 10
EP-M 95 0.3 0.106 1.43 791 35 8.7 13.7 44.2 14.7 0.78 0.059  0.478 6.4 80 147 10
EP-M 95 0.4 0.119 - - - - - - 14.8 0.91 0.072  0.593 8.4 80 148 12
EP-M 95 0.5 0.125 - - - - - - 15.0 - - - - - 141 14
EP-M 95 0.6 0.139 1.34 673 36 6.4 176 38.3 15.0 1.55 0.100 0867 122 80 146 14
EP-M 95 0.7 0.145 - - - - - - 15.2 2.00 0132  1.000 147 80 136 14
EP-M 95 0.8 0.154 - - - - - - 15.8 2.77 0202 1547 192 80 140 16
EP-M 95 1.0 0.179 1.32 650 38 48 205 29.7 16.8 3.37 0251 1916 205 80 122 18
STP-E 15 0.1 0.089 - - - - - - 17.1 - - - - - 139 8
STP-E 15 0.2 0.100 - - - - - - 17.2 - - - - - 130 10
STP-E 15 0.25 0.126 - - - - - - 17.0 0.80 0.063 0387 49 80 - 10
STP-E 15 0.3 0.117 - 666 38 - 16.6 - 17.3 - 100 12
STP-E 15 0.4 0.149 - - - - - - 17.8 - - - - - 115 18
STP-E 15 0.5 0.213 - - - - - - 20.9 - - - - - 122 24
STP-E 35 0.1 0.094 - - - - - - 16.4 - - - - - 132 8
STP-E 35 0.2 0.102 - - - - - - 16.8 - - - - - 135 10
STP-E 35 0.25 0.116 - - - - - - 16.6 0.87 0.073  0.486 6.2 80 - 10
STP-E 35 0.3 0.119 - - - - - - 17.4 - - - - - 113 12
STP-E 35 0.4 0.144 - - - - - - 17.8 - - - - - 119 16
Empa 2033 0.1 0.102 - - - - - - 16.5 - - - - - - 10
Empa 2033 0.2 0.103 - - - - - - 15.8 - - - - - - 10
Empa 2033 0.3 0.094 - 717 38 - 14.7 - 16.6 0.97 0.071  0.503 6.3 80 133 12
Empa 2033 0.4 0.115 - - - - - - 16.0 0.95 0.076  0.578 7.6 80 - 14
Empa 2033 0.6 0.113 - - - - - - 16.5 1.38 0.092 0744 98 80 - 14
Empa 2033 0.8 0.135 - - - - - - 175 1.21 0.102 0804 95 80 - 16
Empa 2033 1.0 0.143 - - - - - - 18.0 - - - - - - 16
Empa 1990 0.3 0.097 - - - - - - 17.0 0.88 0072 0502 44 80 144 12
Empa D-140 0.3 0.088 - - - - - - 16.9 0.70 0.054 0375 46 80 137 10
Empa D-265 0.3 0.091 - - - - - - 17.0 0.92 0.066 0495 4.2 80 138 10
Empa D-290 0.3 0.098 - - - - - - 16.3 0.73 0.058  0.457 3.6 80 143 10

fI)Estimated uncertainties: ¥ Bulk density, 5% relative; ” Skeletal density, 5% relative; @ Sger, around 10 m/g; @ Vpore = (1/ppuik = 1/Psketetar), 10% relative; @ Dpore = (4Vpore/Sger), 10% relative;
Thermal conductivity, 2% relative.
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