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ABSTRACT

Ambient pressure dried (APD) silica aerogel-like monoliths with different underlying silica
structures have been developed through a simple wet chemical approach. The improvement of
the mechanical properties was accomplished by crosslinking the silica surface with tri-
acrylate crosslinker. A solvent exchange carried out by soaking the gels in a low surface
tension solvent allowed to avoid the non-safe and costly supercritical drying process. In this
context, two different sets of aerogel-like monoliths have been produced and their main
properties, namely bulk density, mechanical strength and thermal conductivity, were studied
and modeled using the statistical Central Composite Design (CCD) approach. The empirical
models derived for each property of the aecrogel-like monoliths lead to further evaluation of
the desirability function and optimization of silica acrogel-like properties. The key properties
of the optimized APD monoliths were compared with the supercritical dried aerogels with the
same synthesis conditions. Finally, the suitability of optimized silica aerogel-like and aerogel
monoliths for intended space applications were further investigated by conducting several
standard tests. The improved properties of the obtained APD aerogel-like monoliths render
them attractive for high-technology applications, and, due to the low energy consumption of
the synthesis process, they are competitive with their supercritically dried (SCD) counterparts,

by presenting a best value-for-money compromise.
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1. Introduction

Silica aerogels have been extensively studied due to their unique properties such as high
extent of porosity (> 95%), low density (3-350 mg cm™) and very low thermal conductivity
(0.004-0.03 W m™ K™) . Such extraordinary material properties made them suitable for the
manufacturing of transparent and super insulating double windows > *, as well as for a
number of promising aerospace and aeronautical applications °. The expanded industrial and
commercial use of silica aerogels has been difficult to implement because of their poor
mechanical properties and fragility. Moreover, the need for drying wet gels by supercritical
drying (SCD) during manufacturing makes the preparation process more costly and non-safe,
which limits the broadening of the aerogels applications.

The ambient pressure drying is safer and less expensive than the supercritical drying
process, and has been more actively investigated in recent years 7 * % '°. Evaporation of the
liquid in the pores causes serious shrinkage and cracking due to the high capillary pressure at
the menisci of the solid-liquid-vapor interfaces inside the gel structure during drying. This is
particularly severe when the solvent wets the solid, i.e. when the contact angle of the menisci
is lower than 90°.

The most common approach to overcome the capillary tension is the surface modification
of silica, to produce hydrophobic surfaces by reacting the silica surface hydroxyl groups with
hydrophobic reagents, such as [(CH3) 3-Si-OR] 12 or hexamethyldisilazane 13 14, 15, 16, 17. 18
A different approach involves strengthening the gel to stand the capillary stresses. This can be
achieved by replacing some of siloxane (Si-O-Si) bonds with flexible and non-hydrolysable
organic bonds (Si-R), through the use of organosilanes as co-precursors to produce the
aerogel network ” 15:19.:20.21 1) this context, crosslinking of silica acrogels with appropriate

6,7,8,22,23

organic polymers to prepare hybrid materials was reported as an elegant and

straightforward method. The organic groups on the silica surface allow the aerogel to spring
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back during drying and partially recover its initial wet gel size without resulting in any cracks
within the monolith structure > '® 7. Other worth mentioning approaches to overcome the
induced capillary pressures involves the use of low surface tension hydrocarbon solvents **
#or the introduction of additives to control the drying process > *°. Evaporation of a low
surface tension solvent from the silica network reduces the capillary pressure when compared
to the evaporation of an alcohol .

Enhancing silica network connectivity and/or introducing some flexible organic moieties
would be a solution to overcome the capillary pressure. Recent articles list several mechanical
reinforcing strategies of silica acrogels *******. The polymer reinforced silica aerogels have
good mechanical properties, but still are not strong enough to withstand capillary pressure
when dried under ambient pressure drying condition, especially when the wet gels are dried
from an alcoholic solvent. Therefore, in order to take advantages of the ambient pressure
drying method to produce crack free acrogel-like monoliths with minimum dimensional
shrinkage, we conducted polymer reinforcement approaches along with drying of wet gels
from a low surface tension solvent.

Recently, we have studied the effect of different underlying silica structures on the
physicochemical properties of tri-acrylate crosslinked supercritical CO, (scCO,) dried silica
aerogels * The underlying silica structure was changed by altering the alkyl/aryl linker or
bridge between secondary silica nanoparticles, according to the proposed molecular structures
shown in Figure 1 %°. The alkyl and aryl bridges between the secondary silica particles have
been introduced by 1,6-Bis(trimethoxysilyl)hexane (BTMSH) and 1,4-Bis(triethoxysilyl)-

benzene (BTESB) bis-silane precursors prior to the crosslinking reaction.
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In the aforementioned study, we were able to show fundamental properties differences
between aerogels having alkyl/aryl linking groups within the silica structure, along with a
good improvement in the mechanical strength and thermal insulation performance. The
aerogels made by 10 mol% of silicon derived from BTESB, which have rigid aryl spacers,
show less structural collapsing during SCD. Additionally, a drastic improvement in terms of
extent of porosity/pore volume and surface area and an improvement in the thermal insulation
performance for such aerogels have been achieved.

Motivated by the changing of the silica aerogels properties by altering the underlying silica
structure, we have also investigated safe and cost efficient synthesis of ambient pressure dried
tri-acrylate reinforced silica aerogels. In order to be able to predict and control the density,
mechanical strength and thermal conductivity of ambient pressure dried silica aerogels
containing different underlying silica structures, optimization studies using central composite
rotatable design (CCRD) of response surface methodology (RSM) were conducted.

Therefore, the aim of this study was to investigate the density, mechanical strength and
thermal conductivity of ambient pressure dried tri-acrylate crosslinked aerogels and determine
the effect of the type of silica precursors as well as crosslinker concentration on these
properties. For this, the linear, interaction and quadratic effects of [Si]% derived from
BTMSH, and BTESB and of crosslinker concentration were considered, leading to predictive
models for the optimization of the test parameters. In this way, the levels of the variables
using a response surface methodology (RSM) were determined.

The optimized ambient pressure dried (APD) acrogel properties were also compared with
their scCO, dried counterparts for identical preparation conditions.

Our further attempt in this study was to explore the suitability of optimized aerogel-like
samples for being used in Space applications, by verifying the materials specifications. For

this purpose, thermal cycling and outgassing characteristics of the optimized APD aerogels
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and scCO; dried aerogels were evaluated under the framework of several pre-defined standard

tests.

©CoO~NOUTA,WNPE

2. Experimental

13 2.1 Materials

16 Tetramethylorthosilicate (>99%; TMOS), 3-(trimethoxysilyl)propyl methacrylate (98%;
TMSPM), ammonium hydroxide (NH4OH; 28-30% v/v solution), methanol (MeOH; 99.8%),
21 hexane (>99%), ethanol (EtOH; >99.5%), tris[2-(acryloyloxy)ethyl]isocyanurate (99%), 2,2'-
23 azobis(2- methylpropionitrile) (98%; AIBN), 1,4 - Bis(triethoxysilyl)-benzene (96%; BTESB)
25 and acetone were purchased from Aldrich. 1,6 - Bis(trimethoxysilyl) hexane (98%; BTMSH)

was purchased from Cymit. All reagents were used without further purification.

32 2.2 Methods

35 2.2.1 General

39 Variables used in this study include the bis-silane type (BTMSH, BTESB), the mole

41 fraction of the total silicon derived from BTMSH and BTESB (note that these precursors
contribute with two silicon atoms in every molecule, and the rest of the silicon is derived from
46 TMOS and TMSPM). The amount of silicon derived from BTMSH varied from 0 to 40

48 mol%; in the acrogel derived from BTESB, the amount of silicon from BTESB had values of
50 5 to 10 mol% of the total silicon. The amount of crosslinker (tri-acrylate) was given as mole
52 fraction to TMSPM (R) and varied from 0.5 to 2. The water/total silicon mole ratio () was

kept at a value of 4 for all formulations, which is higher than the stoichiometric value for

7
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hydrolysis and condensation of TMOS (» = 2). Whole reagents used in this work with their

molecular structures and abbreviations are listed in Table 1.

Table 1. List of chemical structures of all used reagents along with their abbreviations.

Chemical structure Name Abbreviation
CH,
H;C_ O"Si,,/ o< CH, Tetramethylorthosilicate TMOS
H;C~
0-CH;
H,C—O, i—0— o .
} /:'Si/\/\/\/SI 0—CHy 156 Bis(trimethoxysilyl) hexane ~ BTMSH
HyC—0™ 0—CH;
H;C—O
(')Et ’OEt
EtO—S;i4©75__i—OEt 1,4 - Bis(triethoxysilyl)-benzene =~ BTESB
OEt OEt
H;C—O, o
- S ({1 -
~ /Sll o 3-(trimethoxysilyl)propyl TMSPM
H;C=0™" methacrylate
H3C/
I |
0, _O o
T \/\NJ\N/\/ \n)
~ O)\N&O ° tris[2- Tri-acrylate
K (acryloyloxy)ethyl]isocyanurate Y
0, _O
I
CH;
H,;C
C=N
— 2,2'-azobis(2-
N— > ..
methylpropionitrile) AIBN
N=C
CH;,
CH;
8
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2.2.2 Preparation of polymer-reinforced ambient pressure dried (APD) silica aerogel-

like monoliths

Apart from the drying step, the mechanically reinforced APD aerogels monoliths of this
study followed the same synthesis procedure as their scCO, dried counterparts, which is
reported elsewhere »°. For reference, a typical procedure is outlined for a formulation with
total silicon concentration of 1.3 mol/L in the sol, a BTMSH Si fraction of 40 mol% and the
tri-acrylate monomer in a 1.25 ratio to TMSPM (Run B_40 R _1.25 of Table 3). A solution of
1.52 mL (10.56 mmol) of TMOS, 1.74 mL (10.56 mmol) of BTMSH, and 1.19 mL (5.2
mmol) of TMSPM was cooled to below 0°C in an ethanol mixed dried-ice bath (Solution 1).
Solution 2 was prepared by adding 12.9 mL of the gelation solvent (methanol), 2.7 g of
Tris[2-(acryloyloxy)ethyl] isocyanurate monomer, water ( = 4), 0.7 mL of NH4OH solution
and 0.27 g of AIBN (formulated to be 10 wt% of the organic monomer). The two solutions
were mixed and poured into two propylene cylindrical molds, with 17.2 mm nominal
diameter. The gels were formed within 5 min to 2 hours depending on the formulation. After
24 hours of aging, the wet gel was demolded and placed in a cylindrical reaction flask,
containing enough ethanol solvent to cover the gel and the same concentration of initiator
used in the gelation step. The sample was refluxed at 70°C, for 6 hours, to promote free
radical polymerization of the organic monomers inside the pores of the wet gel with silica
surface functionalities. After crosslinking, in order to remove the residual water and ethanol,
the samples were washed three times with the gelation solvent, giving 8 hours interval
between each washing step. Afterwards, methanol was slowly exchanged by hexane over a 24
hours period. Finally, the wet gels were carefully placed in the ventilated oven and dried

several days in ambient pressure and temperature conditions.

9
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The experimental procedure leading to the BTESB derived aerogel-like sample was exactly
similar to the procedure described above. The only difference is in the preparation of Solution
1, in which the BTESB precursor with defined silicon mole percentages has been introduced

to the solution instead of the BTMSH precursor.

2.3 Physicochemical analysis

Solid-state ’Si and *C NMR spectra of the aerogels were obtained by an Inova 500
spectrometer using a 4 mm solids probe with cross-polarization and magic angle spinning at
11 kHz. Infrared analysis was conducted with ATR-FTIR spectroscopy (JASCO FTIR-4100).

The bulk density (0,) was determined by measuring the weight and volume of the sample.
Dimensional shrinkage (%) was taken as the difference between the diameters of the aerogel
monolith and of the 20 mL syringe mold (nominally 17.2 mm). He pycnometry (Adccupyc
1330, Micromeritics) was used to measure the real (skeleton) density of the samples.
Combining the information of the skeleton and bulk densities, it was possible to evaluate the

porosity and pore volume of the samples through equation (1) and (2), respectively:

1_1
Porosity (%) = % %100 (1)
v
1 1
Pore volume (cm3® g™') = — — — (2)
Pb Ps

In addition, we used the Nitrogen gas adsorption (Accelerated Surface Area and
Porosimetry ASAP 2000, Micromeritics) for the determination of the specific surface area.
Before the analysis, the sample was outgassed at 60°C in vacuum (10~ bar) during 24 h, to

remove adsorbed species. In the analysis, volumes of the adsorbed nitrogen at five different

10
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relative pressures (0.05 to 0.2) were taken at 77 K, to obtain the specific surface area by the

BET theory. The average pore diameter of samples has been calculated from equation (3):

©CoO~NOUTA,WNPE

(3)

4 (pore volume
10 Average pore diameter (nm) = @ )
11 SBET

14 Scanning electron microscopy (SEM) (JMS-5310, JOEL) was used to observe the materials
microstructure. Due to the low electrical conductivity of the highly porous silica-based

19 samples, an Au film was deposited on their surfaces, using the Physical Vapor Deposition

21 (PVD) technique during 20 s.

23 The thermal conductivity of the reinforced aerogels was measured using a transient method
(Thermal constants analyzer TPS 2500 S, Hot Disk). The sensor is clamped between two

28 identical disc shaped pieces of the sample, which have a diameter of 1 cm and thickness of
30 0.5 cm (conveniently cut from the cylindrical aerogel samples). This analysis was carried out
32 at 20°C and the equipment presents a reproducibility and accuracy over 1% and 5%,

34 respectively.

For the mechanical test, samples were cut to meet a length:diameter ratio of 2:1, and were
39 polished to make sure that top and bottom sides were smooth and parallel. The compression
41 test was conducted following the ASTM standard D695-02a. All tests were done at nominal

43 room conditions with a stroke speed of 1.3 mm/min.

2.4 Vacuum outgassing and thermal cycling screening tests

The thermal characteristics of developed aerogels have been evaluated by conducting two
53 standard screening tests of vacuum outgassing (normative reference: ECSSCIQUSTT1700102C,
55 European Space Agency for the members of ECSS, 2008) and thermal cycling (normative

57 reference: ECSSTIQTISTT1700004, European Space Agency for the members of ECSS, 2008).

11
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The two standard tests of vacuum outgassing and thermal cycling have been conducted in a
vacuum drying oven (Binder; temperature range: 15°C (59°F) - 200°C (392°F); heating rate:
3°C min™'; pressure interval: 1 mbar - 1 atm).

Before conducting the standard tests, for each selected optimized aerogel and aerogel-like
monoliths under study, three specimens (replicas) with minimum weight of 0.1 g were
prepared by proper cutting from initial monoliths. For the outgassing test, after recording the
initial weight of each sample (~0.3 g), the Total Mass Loss (TML) of the material outgassed
during 24 hours, at constant temperature of 125°C and minimum pressure of 1 mbar was
evaluated. The Water Vapor Regained (WVR), which is defined as the mass of water vapor
regained by the sample after a reconditioning step, is measured from the increase in the
sample mass, after the test for TML, when exposed 2 hours to controlled conditions (relative
humidity of 65% at room temperature of 22°C). The total mass of the specimen without
adsorbed water, i.e. the Recovered Mass Loss (RML), is evaluated by the previous two
quantities, according to the following expression:

RML = TML - WVR 4)

The outgassing requirement is RML < 1% in order to consider the material acceptable for
use in Space applications.

After evaluating the values of TML, WVR and RML, the samples chemical properties were
evaluated again by taking ATR FT-IR spectra.

For the thermal cycling test, for each selected sample, three replicas were prepared and
precisely weighted, and then, samples were exposed to three successive thermal cycles from -
78°C to 125°C. To do this, firstly the samples were immersed in liquid nitrogen (-78°C) for
about 1 min and, then, they were allowed to rest at ambient temperature for 30 min. After, the
samples temperature was raised to 125°C in an oven, for 30 min, under vacuum. This

procedure was repeated for each sample after allowing the sample to rest in ambient

12
ACS Paragon Plus Environment

Page 12 of 55



Page 13 of 55

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

conditions for 2 hours. After each cycle, the information related to the sample outgassing and

macroscopic changes in the samples was recorded.

2.5 Central Composite Rotatable Design (CCRD)

Experimental design and analysis was conducted using Design Expert 7.1.3 available from
State-Ease, Inc. (Minneapolis).

Two 2-factor-5-level central composite rotatable designs (CCRD) with two replicas at the
center were used to develop predictive models for some physical and mechanical property
parameters of BTMSH and BTESB derived aerogels. It was deemed reasonable to set two
CCRD for each type of APD-aerogel-like samples (with BTMSH or BTESB) to evaluate
measured properties of crosslinked aerogels as a function of processing parameters. The two
factors’ levels in terms of coded and uncoded (actual) values are shown in Table 2 and Figure
2 for BTMSH and BTESB derived acrogels.

Here in, the important variables under study as well as their levels have been previously
defined by factor screening. Therefore, for each ambient pressure dried aerogel, two
preparation conditions have been systematically varied: silicon concentration derived from
BTMSH or BTESB (X)) and values of R, which are defined as a molar ratio of tri-acrylate to
TMSPM (X3). The variation of these two variables has previously demonstrated to have a
strong effect on both mesoporous underlying structure and the extent of crosslinking .

This design includes a standard of 2k factorial points (coded as 1 notation), 2k points fixed
axially at a distance a from the center (+a), and N, replicate tests at the center (0) — Figure 2. £
is the number of operating variables. Center points, which are located in the midpoint of each
factor range, give information about the existence of curvature. The total number of design
points in CCRD (¥) can be calculated from:

N=2k+2k+Ny ©)

13
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Table 2. Coded and actual levels of variables considered for design for APD BTMSH and

BTESB derived aerogel-like monoliths.

BTMSH derived aerogel-like BTESB derived aerogel-like
Coded material material
Feed Factors X; Variation levels Variation levels
-1.41 -1 0 1 1.41 -1.41 -1 0 1 1.41
Si mol% of Bis-silane X 0 6% 20% 34% 40% 5% 6% 7.5% 9% 10%
R X5 0.5 07 125 1.8 2 0.5 0.7 125 1.8 2

) X (a)
l [—
-r.41 1 0 41 +141
[Bis-silane]| Si%
@ 2’ factorial points () Axial points & Center points

Figure 2. Central composite rotatable design (CCRD) for two experimental factors, X; and X,

variables, respectively Si mol% derived from BTMSH and BTESB, and R ratio.

The estimation of the pure quadratic properties of the model can be carried out by using the
axial points. All these points were calculated as function of the range of interest for each
factor *°.

Rotatability was selected since its properties of the design are desirable. The design is
rotatable if the variance of response is constant for all variables at a given distance from the

design center *'. The CCRD is rotatable if:

a= \2F (6)

14
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The X; and X, variables were orthogonalized (transformed to -1 to 1 range) prior to the
modeling, in order to minimize correlation between terms. The results were statistically
evaluated by the analysis of variance (ANOVA) at the significance level of p=0.1 or 90%
confidence. The software calculates F-test for significance of the model as well as the
significance of each term. Apart from calculating p-values, the adequacy of the model was
also evaluated by the coefficient of determination (R*). The R-squared value of the final
model indicates the amount of variation present around the mean that is explained by the
model. The closer R-squared is to 1, the less variation exists around the model. The standard
deviation of the model is also given. The standard deviation reported is the square root of the
residual mean square, and is taken as an estimate of the standard deviation of the experiment.

Multiple regression analysis was used and the second order polynomial equations as
function of X; were fitted for each variable assessed at each experimental point. The second-

order polynomial equation was:

y=0+ &)+ iﬁi X + Zz:ﬁiiXiz +sz=i+1,8ij XiX; (7)

i<j

Where y is the estimated (predicted) response; £ is the random error, 5, is average value of
the response at the center points of design; 5, 55, f12, 511 and 55, are linear interactions
and quadratic terms, respectively, which were empirically derived from the experimental data.

3. Results and discussion

As previously described *°, the multifunctional acrylate crosslinked silica aerogels were
prepared firstly by reacting a mixture of tetramethylorthosilicate (TMOS), bis-silane
precursors and 3-(trimethoxysilyl) propyl methacrylate (TMSPM), with base catalysis, to

form a silica backbone, following by polymerization on the silica surface as shown in Figure

15
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3. TMSPM was incorporated as a site for tri-acrylate crosslinking in these gels. This approach
of silica surface functionalization was also adopted in the very recent study made by Bertino

et al. **

that opted for such a synthesis strategy for their water/ethanol azeotrope SCD
crosslinked aerogels, further confirming the feasibility of such strategy.

In this study, because the tri-acrylate crosslinker is soluble in methanol (gelation solvent)
and due to the non-ionic free radical polymerization (compared to the ionic nature for the sol-
gel process), we added the crosslinker to the gelation solvent in the initial step of preparation
of the sol. Then, free radical polymerization occurs after the sol-gel process by applying post-
gelation thermal treatment to the wet silica gels. The idea of one pot development of strong
aerogels has been firstly established by Mulik ez al. ** and led to a significant time reduction
in the synthesis and processing of aerogels. In their study, the polymerization was confined
only to the silica surface by promoting so-called surface initiated free radical polymerization
(SIP) technique from the silica surface. Although the aerogels were stronger when compared

to the aerogels that were prepared in our group ***

, the material was denser and the proposed
preparation methodology was tedious which turns their approach less interesting for mass
production.

With all crosslinking methodologies, being able to probe the exact location of the polymer
or the scale of the polymerization reaction in the silica matrix is important, and recently it has
been a challenging matter *>*°. No single characterization was sufficient to address this

complex issue, hence, in this study, the nanostructure is probed chemically at the molecular

level by FT-IR, "*C, and ’Si NMR and at nanoscopic level by SEM and TEM *°.

16
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TMOS + Bridged bis-silane co-precursors + TMSPM

Sol-gel

OxT\O "Cross-linker"

NS

(0]
O,
)L&TOWNJ’\N/\/O hJ\r"
LA 8
R: o
O,
(0}
® AL
O: Silica primary particles O=(N ’\( —\——Oh/
o 0
oo

Figure 3. Proposed crosslinking scheme with TMSPM and tri-acrylate.

3. 1 Chemical characterization

The chemical structures of the aerogels as well as the extent of crosslinking with various
underlying silica structures were characterized by studying the solid-state >C NMR %, solid-

state 2’Si NMR and ATR FT-IR spectra.
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Figure 4. Solid-state *’Si NMR spectra of acrogel-like samples: a) B 40 R_1.25, which is
assigned for the sample containing TMOS 40 mol% + BTMSH 40 mol% + TMSPM 20
mol%, b) Bz 10 R 1.25 which is assigned for the sample with TMOS 70 mol% + BTESB 10

mol% + TMSPM 20 mol%.

The solid ’Si NMR spectra for the aerogel-like samples in which 40 mol% of total silicon
was derived from BTMSH (Figure 4a), and, 10 mol% of total silicon derived from BTESB
(Figure 4b), with the rest of silicon derived from TMOS and TMSPM precursors, are shown
to study the reactivity of each silica precursor. The characteristic peaks that belong to TMOS
are assigned as Q,, being ‘’n’’ indicative of the degree of condensation of silica or extent of
siloxane bond (’Si-O-Si’’) formation. The Ty, Top and Typ, are assigned to the characteristic
peaks for TMSPM, BTMSH and BTESB precursors, respectively, with “’n’’ being the
number of siloxane bonds in each precursor.

The »’Si spectrum for both aerogel-like samples consists of three peaks Qa, Qs and Qo,

being the largest population from Qs sites at -101 ppm, which is indicating that a large
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number of Si-OH sites in TMOS have undergone a condensation reaction. Also, the peak at
Tom (-61 ppm) integrates about half of the area of peak T;y (-69 ppm), indicating that 2/3 of
TMSPM silicon atoms had completely reacted. Referring to Figure 4a and by subtracting Towm
peaks (by considering the equivalent peak areas in Figure 4b), the area of the T»p peak at -58
ppm is to some extent larger than Tsp at -67 ppm. Therefore, it can be concluded that more
than half of BTMSH silicon atoms are not fully reacted. In the spectrum b, the T,p, peak at -
71 ppm is strongly overlapped with the T;y and has slightly larger peak area than Tsg,, at -78
ppm, which indicates an incomplete condensation of BTESB during sol-gel reaction.

ATR FT-IR spectra of the different monoliths show that at R = 2, almost all silica surface
carbon double bonds, at 1628 cm™, are consumed during the crosslinking reaction — Figure
SI la-c. As expected, a peak due to the stretching vibration of C=0 bonds of tri-acrylate at
1690 cm™ has appeared (vd. Figure SI_1b, d). This is evidenced by the increasing area under
the characteristic peak of tri-acrylate on the solid-state >C NMR spectrum and, in the thermo
gravimetric analysis, by a drastic increase in the weight loss due to the crosslinker in the
aerogel composites *°. The average number of monomer units (NV,), along with the mass
percentage of the monomer contribution on the composites, for representative samples of this
study containing different underlying silica at R = 2, were quantified and summarized in
Table 3. In the crosslinked aerogels without bis-silane precursors in the underlying silica, the
extent of crosslinking is relatively higher than for those containing BTMSH and BTESB bis-
silanes. The relative poor crosslinking reaction in the aerogel-like monoliths containing
BTMSH may be due to the less accessibility of the silica surface methacrylate to the
crosslinker, being sterically blocked by hexyl links from BTMSH *’.

To locate the polymerization reaction scale in the silica backbone, besides the chemical
characterizations, a wide array of characterization techniques is also required. Mohite et al. *°

have recently addressed this issue using ring opening polymerization of norbornene on the
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silica surface. In analogy with this study and having the chemical make up of the silica
skeleton in the molecular scale along with visualizing the microscopy results %, it can be
assumed that silica backbone consist of secondary particles having core-shell primary silica-
polymer particles in which empty spaces between these primary particles filled either by air or

loosed polymer of different density.

Table 3. Monomer contribution in the different acrogel-like composites.

Crosslinked Crosslinked Crosslinked
BTMSH 40 mol%, BTESB 10 mol%, without bis-
R=2 R=2 silane, R=2
Average number 1.7 2.5 3.2
of monomer units
(V)
Crosslinker (wt%) 23% 32% 41%
in the aerogel
composites

Hydrophobic behavior of some selected best samples was evaluated by studying their water
contact angle values. As shown in Figure 5, contact angles measured for representative
samples in this study ranged from 100 to 151°. The high contact angle (151+15°) for BTMSH
derived gels indicates that the hexyl groups from BTMSH are present in the silica surface and
contributed to the hydrophobic nature of the crosslinked aerogels. The surface of such a
aerogel sample is exhibiting petal effect 38 sticking the water to the surface even with tilting
upside down the sample, which is a characteristic of surfaces with superhydrophobic nature
(nonwettable). Additionally, the contact angle measured for this sample is higher than for its
scCO; counterpart (€= 102+2°), suggesting the importance of the drying condition on the
hydrophobic properties of this material. A very recent study by Leventis et al. %% indicated that
hydrophobicity is well correlated with morphostructure of aerogel materials. Herein,

macroscopic dimensional shrinkage upon APD may induce different textural properties on the
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monoliths and, therefore, result in alteration of both morphology and surface energy which in
turn may render different hydrophobicity results compared to the acrogels counterparts **. The

contact angle measured here is comparable with those reported in the recent state of the art

37,41 39
).

aerogels (e.g., styrene reinforced aerogels , texture induced polyurea (PUA) aerogels

0=151°+ 15° 6=102° £ 4°
a) B 40 R 125 b)Bz 9 R 1.8
9=100° + 5°

¢)B 0 R 1.25
Figure 5. Water contact angle measurements for the crosslinked aerogel-likes with and

without BTMSH and BTESB precursors.

3.2 Modeling the responses for BTMSH and BTESB derived aerogel-like materials

Properties of different polymer-reinforced silica aerogels have been previously studied and

42,43, 44,45 37, 46,47

modeled by full factorial design and d—optimal design strategies in which,
with later design, the synthesis parameters have been optimized by minimum experimental
trials. Moreover, it is a computer-generated method. The experiments that were carried out

here are according to a Central Composite Rotatable Design (CCRD), which is the most
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popular and versatile optimal design and allows the calculation of linear and quadratic effects
and interactions of factors with the best possible precision at a minimum number of
experiments. In this work, for each aerogel-like samples, 10 experimental runs were prepared.
The bis-silane silicon mol% in terms of BTMSH derived aerogel-like materials was varied
from 0 to 40% of total silicon, while for BTESB derived aerogels, it was varied from 5 to
10% of total silicon. The R values ranged from 0.5 to 2. The samples were characterized in
terms of bulk density, thermal conductivity and maximum strength at break and the results are
summarized in Table 4.

By using the multiple regression analysis, the second order polynomial equations as

function of X; were fitted for each variable assessed at each experimental point.

Table 4. Coded operating variables with measured properties of BTMSH and BTESB derived

aerogel-like monoliths.

Coded level of Experimental responses of BTMSH derived
R variables aerogel-like monoliths
un no. Density Thermal Max.
Xt Xzb (g cm” ) conductivity stress at break
(W/m™' K™ (MPa)
B 20 R 1.25 0 0 0.50 0.079 2.80
B 20 R 1.25 0 0 0.54 0.081 3.20
B 6 R 0.7 -1 -1 0.48 0.071 0.31
B 34 R 0.7 1 -1 0.46 0.057 2.01
B 6 R 1.8 -1 1 0.66 0.101 1.12
B 34 R 1.8 1 1 0.34 0.065 0.59
B 0 R 1.25 -1.14 0 0.78 0.130 1.13
B 40 R 1.25 1.14 0 0.25 0.055 0.79
B 20 R 0.5 0 -1.14 0.52 0.088 1.03
B 20 R 2 0 1.14 0.56 0.073 4.00
Coded level of  Experimental responses of BTESB derived aerogel-
variables likes monoliths
Run no.
Densi Thermal Max.
X:? X ( cm_?; conductivity stress at break
g (W/m' K™ (MPa)
Bz! 7.5 R_1.25 0 0 0.65 0.096 3.61
22
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Bz 7.5 R 1.25
Bz 6 R 0.7
Bz 9 R 0.7
Bz 6 R 1.8
Bz 9 R 1.8

Bz 5 R 1.25

Bz 10 R 1.25

Bz 7.5 R 0.5
Bz 7.5 R 2

-1 -1
1 -1

1
1
-1.14 0
0

0 -1.14

0 1.14

0.70
0.71
0.64
0.73
0.58
0.79
0.68

0.61
1.05

0.127
0.133
0.105
0.103
0.075
0.138
0.096

0.113
0.079

3.60
0.30
0.20
4.20
2.70
0.34
3.30

0.13
3.80

®X;: Si mol % derived from BTMSH or BTESB
®X,: R = [Tri-acryl]/[TMSPM]
°B: BTMSH ‘Bz: BTESB

Summary statistics and significant terms in the models along with the final fitted models of

each response/property for both types of aerogel-like samples are shown in Table 5.

Table 5. Significant terms and statistics summary of response surface models for BTMSH

derived aerogel-like material and BTESB derived aerogel-like material.

BTMSH derived aerogels

Significant terms

R2

Standard error

(RMS)

Fitted model

Density

Maximum stress at break
(power transformed)

Thermal conductivity

X1, XiXo

XX,

X

0.89

0.80

0.82

0.061

2.400

0.009

Density = 0.41+3.12x10”[B]-
0.01[B]R

(Max.stress at break)-2 =
15.6+0.40[B]R

Thermal Conductivity = 0.10-
1.37x10°[B]

BTESB derived aerogels

Significant terms

R2

Standard error

(RMS)

Fitted model

Density

Maximum stress at break
(power transformed)

Thermal conductivity

X

X, X,°

X, X, X%, X7

0.81

0.91

0.99

0.040

1.200

0.001

Density = 0.70+0.15R

(Max.stress at break)>l =21.82-
2
16.94R+6.34R

Thermal Conductivity = 0.32-
0.50[Bz]-0.01R+2.70x10"

2 402
[Bz] -6.50x10™ R
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Response surface plots were generated with the Sigma Plot software (SigmaPlot 12.0) and
drawn by using the function of two factors. Note that the axes in the resulting surface
response plots are sometimes rotated in order to best illustrate the particular surface.
Therefore, with the derived empirical response surface models, significant effects of the
variables on the measured properties were assessed.

Graphs of the response surface models for bulk density, mechanical strength and thermal
conductivity are shown in Figure 6. These are plotted vs. mol% of Si derived from bis-silane
and R ratio. As it is evident from Figure 6a and Table 5, and in agreement with previous
studies, the most influential variable on the density of BTMSH derived aerogels is the
percentage of BTMSH as well as the synergetic effect of the percentage of BTMSH and R.
This is due to the insertion of additional mass of BTMSH and crosslinker on the aerogel-like
samples. However, in terms of BTESB derived aerogels, due to the low incorporation of
BTESB precursor, there is a less significant effect of bis-silane concentration on the measured
density — Figure 6d and Table 5. The main influential factor in this case is R, and density
increased positively by increasing the tri-acrylate crosslinker concentration. In addition, for
the same preparation conditions, the bulk densities for these aerogel-like samples exceed the
values for BTMSH derived counterparts. This is due to the substantial increase in the extent
of crosslinking/number of repeating units incorporated per TMSPM unit as measured by solid
3C NMR and TGA for BTESB derived aerogels (Table 3). The actual effect of tri-acrylate
concentration on the density of these aerogels is a challenge, since these samples suffered a
high level of shrinkage during the course of drying.

The BTMSH derived aerogels displayed the less structural collapsing, with an average
dimensional shrinkage of 20% upon ambient pressure drying, while BTESB derived aerogels
showed an average shrinkage value as high as 30%. This effect is particularly visible at low

crosslinker concentrations. Therefore, the increase in density for the BTESB derived aerogels

24
ACS Paragon Plus Environment



Page 25 of 55

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

is somehow related to the extent of dimensional shrinkage, as well. Due to the flexible nature
of hexyl groups in the BTMSH derived monoliths, these samples recovered most part of their
initial wet gel sizes after the ambient pressure drying process.

The graphs of the response surface models for mechanical strength for both aerogel-like
samples is shown in Figure 6b, e. As indicated, the most dominant factor in the mechanical
strength of BTMSH based aerogel-like sample is the synergetic effect of BTMSH percentage
with crosslinker concentration (Figure 6b, Table 5). In fact, the model indicates that with an
increasing molar percentage of BTMSH, the compression strength increases when crosslinker
concentration is high, but the inverse occurs when the crosslinker concentration is low. In
terms of BTESB derived aerogels, first and second order effects of crosslinker concentration

have significant effects on the mechanical strength — Figure 6e, Table 5.
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Figure 6. Response surface models of a) density, b) mechanical strength and c¢) thermal

conductivity of BTMSH derived APD-aerogel-like monoliths versus the mol% of silicon from
BTMSH and R, response surface models of d) density, e) mechanical strength and f) thermal

conductivity of BTESB derived APD-aerogel-like monoliths versus the mol% of silicon from

BTESB and R.

The BTESB derived aerogels are stiffer (Young’s modulus (£) ~ 0.05-1.8 MPa) when
compared to the BTMSH derived aerogels (£ ~ 0.01-0.43 MPa), due to the presence of rigid
aryl spacer in their structures - Figure SI 2a, b. Moreover, high extent of shrinkage in the
APD process intensified this property.

As expected, thermal conductivity is mostly influenced by the percentage of the BTMSH
(Figure 6¢), in agreement with results from another reported work . Upon increasing

BTMSH molar percentage, the silica network has undergone less structural shrinkage, which
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led to large spacing between silica secondary particles, and therefore thermal insulation
performance of acrogel-like monoliths has subsequently improved. Response surface graph of
thermal conductivity for BTESB derived aerogels (Figure 6f) indicates that, both the
underlying silica structure and R have contribution to the thermal conductivity values of this
type of aerogel-like samples. The effect of BTESB concentration can be better observed
specially at R = 2, where the thermal conductivity decreases with the increasing of BTESB
derived Si mol% from 5 to 10 mol%. This is probably due to the increase in the porosity
values due to the rigid aryl spacer. Higher porosity favors low thermal conductivity, despite
the drastic increase in the density upon drying for these aerogels.

The N, adsorption isotherms along with the pore volume, mean pore sizes and extent of
porosity of some selected aerogel-like samples having the same crosslinker concentration but
different underlying silica structures are shown in Figure 7 and Table SI 1, respectively. The
N, adsorption volumes, the pore sizes and the porosity are extremely influenced by the degree
of crosslinking as well as by the inorganic silica nanostructure. As indicated in Figure 7, in
the crosslinked aerogels, the N, adsorption volumes decreased due to the closing of the
network pores upon crosslinking by polymer. The reinforced BTESB aerogel-like samples,
like their scCO; dried aerogels, despite the higher extent of polymerization on their surfaces
(higher than the reinforced BTMSH aerogels), exhibited relatively high adsorption volumes
and, consequently, high specific surface areas. Such aerogels possess also relatively high
extent of porosity (Table SI 1) and, length scales of the pores (40 nm) are smaller than the
mean free path of air molecules at standard temperature and pressure (= 80 nm). Therefore,
improvement in the thermal insulation performance of this type of monoliths is expected, due

to a decrease in the gaseous component of thermal conductivity.
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Figure 7. Comparative N, sorption isotherms of selected crosslinked APD-aerogel-like

monoliths.

3.3 Optimization of the properties of ambient pressure dried BTMSH and BTESB

derived aerogel-like samples

Optimization is an essential tool in the development of silica aerogels for the efficient
adjustment of different important synthesis parameters to yield highly acceptable material
properties. Optimization and adjustment of the mechanical properties of silica acrogels is a
challenge due to the trade off between mechanical strength and bulk density and, therefore,
thermal conductivity **. So, optimization of silica aerogels properties during mechanical
reinforcement, preserving their initial important properties, must be carried out.

Here in, during the optimization of synthesis parameters of APD-aerogel-likes, several
response properties describe the quality characteristics of the obtained samples. Some of these

properties need to be maximized, while others need to be minimized. To optimize the process
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with two or more output responses, it is helpful to use the concept of desirability function **.
The desirability function is one of the most widely used methods for optimization of multiple
response processes in science and engineering *°. Desirability varies from zero to one for
specific responses. A value of one represents the ideal case (fully desired response), while
zero indicates that one or more responses fall outside the desirable limits (completely
undesired response).

The main goal of this research was to find the best preparation conditions for the
development of APD-aerogel-like samples with material properties near to their scCO, dried
aerogel counterparts. In this context, the desirability allows to find the optimal bis-silanes
type and their percentage along with optimal crosslinker concentration.

The desirability function for both aerogel-like types was adopted for the following criteria:
maximum value for the compression strength and minimum values for density and thermal
conductivity. In terms of density and thermal conductivity, the weight of responses are set at 5
which is determining the level of importance of these two responses in order to be close as
possible to the minimum. In terms of maximum strength, the weight of response is set at 3 in
order to be close as possible to the maximum.

By applying the desirability function method, the optimum preparation conditions are
demonstrated in Figure 8a, b and Table 6 and were found to be the following: for APD-
BTMSH derived aerogels, the BTMSH Si mol% was 40 % and the R value was 1.56; for
APD-BTESB derived aerogels, the BTESB Si mol% was 9.27 % and the R value was 1.8.
From the response surface graph of desirability for BTMSH aerogel-like monoliths, the
optimum density was determined as 0.26 g cm™, with maximum compression strength of 0.63
MPa and thermal conductivity of 0.054 W m™ K. On the other hand, optimum density value
for APD-BTESB derived acrogels was determined as 0.70 g cm™, with higher maximum

compression strength ranging of 2.4 MPa and thermal conductivity of 0.079 W m™ K.
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Desirability
Desirability

Figure 8. a) Desirability versus Si mol% of BTMSH and R for BTMSH derived aerogel-like
monoliths, b) Desirability versus Si mol% of BTESB and R for BTESB derived aerogel-like

monoliths.

Table 6. Optimal design points for BTMSH and BTESB derived aerogel-like monoliths with

their predicted response values.

Densit Thermal Max. stress
Bis-silane mol% R ( cm_g}; conductivity at break Desirability
& Wm' K (MPa)
BTMSH: 40 mol% 1.56 0.269 0.054 0.631 0.976
BTESB: 9.27 mol% 1.8 0.760 0.079 2.380 0.80

After the determination of APD-aerogel-like samples with optimized properties, our next
attempt was to compare their important properties with the scCO, dried aerogel counterparts
under the same preparation conditions. For both experimental approaches, we selected the
design points that are near in terms of the preparation conditions to the defined optimized
APD-aerogel-like monoliths, according to the formulations indicated in Table 6. The selected
optimized samples have been synthesized by subjecting the wet gels to extra post-gelation
washing with hexane so that all methanol and residual water could be removed. Then, several
important properties, including physical and mechanical properties, of both types of samples
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were compared with those from their scCO, dried counterparts - Table 7. It is interesting to
note that, by increasing the number of the post-gelation treatment cycles of monoliths with
hexane, the material properties of the sample have been improved over their previous values

at Table 4.

Table 7. Comparison of important physical and mechanical properties of optimized APD-

acrogel-like monoliths and scCO, dried aerogels under the same synthesis conditions.

Sample

Average Thermal Max.
stress at

conductivity
I break
(Wm™ K") (MPa)

Density  Shrinkage BET Pore pore

(g cm'3) (Diam.%) (m2 g'l) (Zill?n??) diameter
) (m)

23 SCD-B_40 R _1.25 0.22 11 82.2 35 170 0.060 0.523
24 APD-B 40 R 1.25 0.24 14 53.1 3.47 261 0.055 0.786
25 SCD-Bz 9 R 1.8 0.29 12 208.9 3.94 75 0.052 1.146

26 APD-Bz 9 R 1.8 0.52 26 155.1 1.81 47.4 0.075 2.658

As indicated, BTMSH derived aerogel-like samples are stronger than their SCD
counterparts with only marginal differences between density and thermal conductivity of both
samples. Sample photos shown in Figure 9a reveal that there are no major structural or
physical differences in both aerogel and aerogel-like samples derived from BTMSH, and,
both are strong and have enough structural integrity. However, compared to the SCD
aerogels, aerogel-like samples, due to the relatively higher shrinkage upon drying from
hexane, have exhibited less spring back or recovery of the gel initial size after drying. The
higher shrinkage caused to some extent the losing of porosity and surface area in the APD
aerogels. Analyzing the stress strain curves (Figure 9c), they revealed that the scCO, dried
BTMSH aerogel possesses slightly high elastic properties, confirmed by its higher strain
values, up to approximately 45% of the strain, when compared to the APD-aerogel-like

monoliths that compressed up to 36% of the strain.
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In terms of BTESB derived samples, a 50% increase in the density along with significant
increase in the mechanical strength is shown for the aerogel-like samples when compared to
their scCO, dried counterparts. As mentioned before, BTESB derived APD-aerogel-like
monoliths have suffered higher dimensional shrinkage when compared to the BTMSH
derived samples. Therefore, a significant increase in density is noticed for the BTESB
acrogel-like samples (Figure 9b). It worth noting that, despite of higher R values for the
optimized BTESB samples, their surface area is still high. This confirms their relatively high

pore volume and extent of porosity even after large shrinkage with drying — Table 7.

SCD-B_40_R_1.25 * APD-B 40 R_1.25 SCD-Bz 9 R 1.8 APD-Bz 9 R 1.8

3.0
251 !
P e APD-B_40 R_1.25

=20 | —— SCD-B_40 R _1.25
E i — APD-Bz 9 R 1.8
Sis |l SCD-Bz 9 R 1.8
g i
% 1.0

0.5 1

0.0 - : - - -

0 10 20 30 40 50
Strain (%)
¢)

Figure 9. a) Optimized APD-BTMSH derived aerogel-like samples and their scCO, dried
counterparts and, b) optimized APD-BTESB derived aerogel-like samples versus their scCO,

dried counterparts, c) stress-strain curves for monoliths in a) and b).
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Scanning electron microscopy micrographs of both optimized APD samples and their
scCO, dried aerogel counterparts are shown in Figure 10, under the same preparation
conditions. The SEM micrographs of both types of samples revealed conformal polymer
coating on the silica that forms the skeletal framework of the aerogel. The optimized APD
crosslinked BTMSH derived aerogels retain a microstructure, which is to some extent
identical to that of aerogels dried under supercritical conditions. On the other hand, the
optimized crosslinked APD-BTESB derived aerogel monolith shows clear signs of collapse
(i.e. a virtual disappearance of mesoporosity and irregularities in the silica particles
morphology). This result is in agreement with the high extent of shrinkage and relatively low
surface area and porosity when compared to the scCO, dried aerogel, already discussed
before.

Overall, these results suggest that the properties of crosslinked aerogels dried from hexane
under ambient pressure are not very different from the properties of those dried

supercritically.

33
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 34 of 55

scCO; dried aerogels (a,c) > (APD-aerogel-like samples (b,g)

BTMSH 40% R=1.25 (a,b

r

BTESB 9%, R=1.8 (c,d)
Figure 10. SEM images of optimized APD and scCO, dried aerogels.

3.4 Evaluation of sample properties for Space applications

The properties of acrogel and aerogel-like materials should fulfill the requirements for
service in the environments to which they will be exposed. The aerogels in this study are
being developed for Space applications; therefore, the material properties should comply with
the thermal characteristics of the Space environment. There are several standard tests to
evaluate the material specification with the purpose of Space use *. These standards apply to
materials used for structural, semi-structural, electronic, electrical as well as both manned and
unmanned Space craft applications. The standards should consider some constrains that are
specific to Space, i.e. vacuum and radiation. These constrains are applied in order to ensure
that the material satisfies the requirements during mission. Vacuum outgassing >’ and thermal
cycling > are two important examples of those important standard tests to qualify materials

for Space use.
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Vacuum outgassing test is applied to evaluate outgassing characteristics of the proposed
materials under high vacuum, when they are developed for use in the fabrication of spacecraft
and their associated equipment. The summary of results for the samples subjected to
outgassing is presented in Table 8, revealing that, for optimized APD-aerogel-like samples
and their scCO, dried aerogels, the RML values are far less than 1%, which indicates the
compatibility of samples with simulated thermal and vacuum characteristics of the Space
environment. The chemical structure inspection by ATR FT-IR also confirms that there are no
structural degradation/dissociation of the chemical bonds of the aerogels after 24 hours of
outgassing at 7= 125°C — Figure SI 3a, b.

The thermogravimetric analysis indicated that both BTMSH and BTESB derived aerogels
are almost thermally stable, since there is no significant mass loss until 7'= 125°C, except for

the mass loss of water adsorbed on the aerogel network - Figure SI 4.

Table 8. Vacuum outgassing data for optimized APD-aerogel-like samples and scCO, dried

aerogel samples.

Sample TML RML WVR
% % %

SCD-B 40 R_1.25  0.920+0.080  0.290+0.002  0.640+0.002

APD-B 40 R 1.25 1.280+0.070  0.460+0.070  0.820+0.001

SCD-Bz 9 R_1.8  1.080+0.002  0.230+0.003  0.850+0.010

APD-Bz 9 R 1.8 1.50040.001  0.460+0.002  1.040+0.007

Thermal cycling is the other standard test, in which material is subjected to a certain
number of thermal cycles under vacuum. The purpose of this test is to evaluate the capability
of the material to withstand thermal stresses in the intended Space environment. For this,
temperature oscillates within a defined temperature range in order to anticipate or evaluate the
material resistance to some deleterious, namely outgassing, fracture or cracking due to sudden

dimensional changes and so forth. Here in, the optimized APD and scCO, dried aerogel
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samples were subjected to three successive thermal cycles by applying temperature in the

range of -78 to 125°C in each cycle, under vacuum. Subsequently, the tested samples were

inspected by visual examination, outgassing recording. Summary of the outgassing behavior

of the samples during three referred cycles is shown in Table 9. These results reveal that

samples are stable even after three thermal cycles.

Table 9. Thermal cycling data for optimized APD and scCO, dried aerogels.

Sample

1* thermal cycle

SCF-B 40 R_1.25
APD B 40 R 1.25
SCF-Bz 9 R 1.8
APD-Bz 9 R 1.8

SCF-B 40 R 1.25
APD B 40 R 125
SCF-Bz 9 R 1.8
APD-Bz 9 R 1.8

SCF-B 40 R 1.25
APD B 40 R 125
SCF-Bz 9 R 1.8
APD-Bz 9 R 1.8

TML, (%) RML, (%) WVR, (%)
1.090 + 0.006 0.580 + 0.003 0.510 £0.004
0.960 + 0.005 0.620 £ 0.003 0.340 £ 0.002
1.130+ 0.006 0.560 £+ 0.002 0.580 £ 0.004
0.910 £+ 0.002 0.780 £+ 0.002 0.130 £ 0.001

2" thermal cycle

TML, (%) RML, (%) WVR, (%)
0.860 £0.130 0.290 £ 0.010 0.530 +0.020
0.880+0.130 0.200 £+ 0.050 0.660 £+ 0.050

1.030 £0.30 0.470 £ 0.030 0.560 £0.120
1.000 = 0.13 0.410 +0.030 0.590 + 0.200
3 thermal cycle

TML; (%) RML; (%) WVR; (%)
1.430 £ 0.270 0.030 = 0.007 1.400 + 0.007
0.950 = 0.050 0.310 £ 0.041 0.640 £+ 0.035
0.840 £0.100 0.040 £+ 0.040 0.800 £0.140
1.270 £ 0.200 0.540 £ 0.010 0.730+0.210

4. Conclusion

In summary, ambient pressure dried silica aerogels with different underlying silica

structures have been synthesized. The polymer crosslinked silica aerogel monoliths developed

here can be dried under ambient pressure from hexane with no need for risky supercritical

fluid extraction. Herein, the key properties of APD-aerogel-like materials, including bulk

density, thermal conductivity and mechanical properties, were studied and modeled by using a

36

ACS Paragon Plus Environment

Page 36 of 55



Page 37 of 55

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

statistical design of experiments. The empirical models derived for each type of aerogel-like
samples allowed us to define the optimized preparation conditions by means of a desirability
function that included all the referred key properties. Comparing the optimized APD aerogels’
properties with those of their scCO; dried counterparts, we proved the similarity in the some
properties with ~2x increase in the mechanical strength, which confirmed the adequacy of the
proposed synthesis and drying method. Also, the crosslinked aerogels of this study are more
than 400x stronger than the underlying plain silica framework, and thus they have been able
to withstand the surface tension forces during ambient pressure drying. Such drastic increase
in mechanical strength was accompanied by less than two time increase in the bulk density for
BTMSH based aerogel-like samples over their nonreinforced counterparts. Additionally, the
optimized aerogel-like and aerogel samples of this study have been inspected in terms of their
material characteristics for use at intended Space applications. It has been shown that the
material characteristics of the developed acrogels are suitable for the simulated Space
environment condition. This appears to be the first report on aerogels addressing successfully
the aerogels’ material specification for Space environments.

Finally, monolithic materials developed here have a broad practical impact. In fact, due to
their hydrophobicity, higher mechanical strength and the need of simple ambient pressure
drying, they can replace their supercritical counterparts in some applications, enabling large-

scale production.
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