US 20230312829A1

a9y United States
12y Patent Application Publication o) Pub. No.: US 2023/0312829 Al

Mettry et al. 43) Pub. Date: Oct. 5, 2023
(54) TRANSPARENT POLYMER AEROGELS (52) U.S. CL

CPC ....... CO08G 73/1067 (2013.01);, COS8J 2379/08

(71) Applicant: Lawrence Livermore National (2013.01); C08J 3724 (2013.01); CO8J 3/11
Security, LLC, Livermore, CA (US) (2013.01)

(72) Inventors: Magi Mettry, Livermore, CA (US); (57) _ ABSTRACT ‘ ,
Tyler Martin Fears, Pleasanton, CA A product includes a polymer acrogel. The aerogel 1s physi-
(US) ’ j cally characterized by having a transparency greater than or

(21)

(22)

(1)

equal to 90% transmission of visible light through a 3 mm
thickness of the aerogel. The aerogel includes at least one
oligomer selected from the group consisting of: a poly-
amide, a polyimide, a polyacrylate, a polyvinyl, and a
Filed: Apr. 1, 2022 polythioether. A method includes dissolving at least one
monomer in at least one solvent to form a mixture and
causing polymerization of the at least one monomer to form
at least one oligomer. The method also includes causing
Int. CIL. crosslinking of the at least one oligomer, mitiating gelation

Appl. No.: 17/711,971

Publication Classification

CO08G 73/10 (2006.01) of a product of the crosslinking and the at least one solvent
C08J 3/11 (2006.01) to form an aerogel precursor; and forming an aerogel from
C08J 3/24 (2006.01) the aerogel precursor.

100

N\

102
Dissolve af least one oligomer in a solvent to form a
mixture
104
Cause condensation of the at least one oligomer
o | 106
Cause crosslinking of a product of the condensation
of the at least one oligomer
- | o 108
Initiate gelation of a product of the crosslinking and
the solvent to form an aerogel precursor
110

Form a polyimide aerogel from the aerogel
precursor




Patent Application Publication  Oct. 5, 2023 Sheet 1 of 7 US 2023/0312829 Al

100

102
Dissolve at least one oligomer in a solvent to form a
mixture
104
Cause condensation of the at least one oligomer
- | 106
Cause crosslinking of a product of the condensation
of the at least one oligomer
. . - 108
initiate gelation of a product of the crosslinking and
the solvent to form an aerogel precursor
110

Form a polyimide aerogel irom the aerogel
precursor

FIG. 1



US 2023/0312829 Al

Oct. 5, 2023 Sheet 2 of 7

Patent Application Publication

A

Ol

.._.__.._.__.._.__.._n.._.__.__.__.._.__.._n....__.._.__.._.__.._n.._.__.__.__t.__.._._..._.__.._n.._.__.._i.._.__.._n.._.__.._n.._.__.._i.._.__.._n.__.__.__n.._.__.._i.._n.._n.._i.._n.._n.._i.._n.._n.._i.._n.._n.._i.__n.._n.._.._.._n.._.__.._i.._.__.._n.__.__.._n.._n.._i.._.__.._n.._.__.._n.._n.._i.._.__.._n.._i.._n.._nni.__nln.._inn.._nn.r.._......._.._...-......._.}.4}.}.}.4}.4}.4}.4}.4.-.41.4.-.4.-.1#4 I.-..-_.-..-..-.l.-. - .-_.-..-..-_.-..-..-..-..-..-..._..-..-..._.._..l.._...._......-......._......-..__..._.._...._.._...._......._.._...._......._......._......._..._..._......._.._...._.....#}.##l.#######&###}.####}.ﬂ
T T P O O I L ar  al e aa w w a a a a a a a a a a
P el e el el el e e a0 LN A e a a a a a aaaa a a a a ot o e sl el ol ol
e o aaaaar ar ) AT T iy e i i i i i iy e e i i e Yy
i i e e e e e O i L T el e e e e e e e e e Nl
e e e e W) N N e e e sl
i i e i A i T aalata alata x L e
R N e o s et el s e N N O T T T T T T T T T Tt T o ol N L
T I R e a a al y y L I L I i P
i i i e e e e O i L T R o i e e L e e o e e e e S S
sl s el e el ) LN N N e sty
l.r a b a2 2 b & .rl.r a2 b 2 h & 2 a2 2 &2 a2 a a s aaa ll.rlll.rll A & & b & b & ll.rl.rl.rl.rl.r.r.rl.rl.rl.rl.rl.rl.r A & & b & b & .r.r.r.r.r.r.rl.r.r.rl.r.r.r.r.r.r.rl.r b b b & .rl.rll A a2 &k & & b.r b & 2 2 2 b b b b b a2 s s a2 s a b s aaa ll.rl.r Y .rl.r .rl.r”.'-H}.H}.”}-Hl.Hl.”l-”l.Hl.”*”*H*”*”*Hl.”*”‘.”‘.”‘-“*”*‘. l-*”*“‘”l.”l-”l.Hl.”l-”l.Hl.”l-”l.Hl.”}-”}.H}.”}-H}.H}.”}-H}.H}.”}-H.'.H}.”}-H}.H*”*H*H*”*H*H*”*H*H*”*H*“
. -
B e e L T T el g S
P a0 A A
i i T T LN R N M e e sl s
ol 4
N N N N T T N N N T T T T T T T T T T T T T I T T T T T T I I D oo oo e e M T e e
. e e e W e e e e e a B Ml M AL A At Al a a Al AL Mt w o aaar a aar a a  ae  e a
a T T T T T T T a a a a a a a a a a  a  Ta T T T e T I R eI R L L A e ey L T el e e e o e e e e g S Sl
A e e e e i e e i 0 N N O N 0 A A, A O 0 A 0 A A 0 A A0 A 0 o o T i T T T T T () N N A s s el
N Y T I T T T T N N o N R T T T T T T T T N T T NI I I NI T NI I I I T I I TR T T T ot ot i Tttt T e L T S i ity
L A A A A O A A O A O LA AL e A A kg p at at a a alatalal alal
X R R R e A A e ot e T R e e TR R R R e e R TR T R e AR R R R I e e e R R o e ot e R R R e e R R R R e N L T L e T U S
BRI R e AR R R R oo o e R R R R e e e e e e g e e e R R R o e R R o e e R R e ae e R e e e I o e S N L T e e e e O e e e e Sy
o O N O O O A 0 0 0 A 0 0 0 0 A A 0 0 A A O, 0, A, 8, 0 0, A, 0, 0, 0 0 0 O, O, A . 0 A0 . i e i i Ui T T T AT T T T iy i i T T T Ty e e T T T Ty
I A AR AR R A e e LR R R R R R e A R R AR o e e e N g Py AT T i e e i e e e e e e
AR R R T A e T T T T T e A A A, A0 A G . 0 0 I I A N N L L A e e L N N A e a a a a aaaaaa
L A A ra A Al A A W A R AL A At sttt et e et el e s A sl ' L R R R M A e e s e o s a s s o ok ol
X R AR A R A A PR R e ot e T T e A A A A A A R A AR KA A A A A A A A A A N A L T e ey e T s
TR P A AR o e e R R e R R e NI I I o A LY I I I e S S N L T e e e e e S S
L A, A A O O U, I O O A A A A, o A o E o n  L a a a aar alal al a a ae a  aM LN N N e e s
TR R P A R R R R e e R R R R e e R A ot A A A A A I T g iy L T I I el R e
o x o o e i e e L T T T T a n a o o g iy i Vg
Lo A O o AL L L Al et et et et s e i i Ty iy e e i e Y ey ey e T T a a T
P O ’ I L e, AT O iy e i i e e e i e ey e
o I I R T T e Ui i i e e e e e e e ey e e e e e e e
A 0 O ’ b AR N A AT iy i T ar e e e e T T Ty
i i x Ll o i i Ty L I A A o R e R
L e L x N R R e e e L e g o o
Lo A O : AP AR P e A Y FE S O F N I Vi T i e e T T T
X R R A A : e oA R AR A e X oA A e e e . T L P I R I Ao ooy o Py o e A P P L L T T T A
e e A A R AR AR A 2 KK X o e R A A AR R T N R e P A o o o o a P X A
i e M e e e e e e e R A e R R R R R R R R R R e - a e w e aae v N R R e e
v dr e i i i i iy e e . u nl-l-v-li: L A O, O Y, O o A 0 S I, A dr e e I ’ A, A, I, A O T T T T
. I A U A N O A o A A A A A A A A A AR R e e A R e R e N X KA AR A A e e A
e el I i a AR e e e R e e e e R o o e e e e L v ey A R A A A A R e e
O O M S A A . O A . . A . G, . 0 0 U, S, . . . L T T T ey x S . 0 . A, I T T T T
o R R R e e T A AR P IR P T TP T A A AR R R R e e R R R R e A e R A o e iy iy A AR A R R R A e e e R R AR R e e e e R R A R R e e e o e e  a a o o o Y
Fo I A 0 T I I 0 0 I, I 0 I o, I i LN P 0 A I I I R N N x L 0l i A A 3 i
N A A A A A xR x A A AN Y FE O, 8 U A, O O R R e LS A, 0 A, I, i
XA R I P R T A e A AR R R e e R et o A A R R R R e e A P R e AR P A e o e A A A AR R e e e R R AR R R e e At o e Y e X L A s O Y Y Ve Y
o A A o R e e e R e R a L, A I
L A N 0 0 N N A A O 0 O A, O O U 0 O O 0 o A A I o
o I I A TR R A A R R e A R R R R R o R R AR R o e e R R R e e e A A e e ol o i v o A
N EE R R EEE R R R R R o o R R T R R R L I I I I o T R A R e i e ' ﬁlullﬁl%-%u.nxnn o
L n L, B L AR o T T x : L B T
o e A I R R e e A A A A P e e 2 R N A AL R R R G A A A e o e
R R ] L g L PN i " T T Lt L a A A A Ao o e e e
EERERE A AR A LA AR AR AR E R E R L o xr A g L L a FE A ol 0 A I A a x a ar
n R g R TR TP R L A D L Pl P ’ w A A A AR e R R R R A e e o Y]
AR R PR FE R R AR RN "o e " e Pl i i i L T Tl o I I A R 3 e
n n " nn E e R R A EE R R L N 0 i i N A al U, A A, i T T
» ] . e ol ™ e i i i i I o A A e R A R e o
lii et e N " A TR e e e AL AT 3 A A A AN N R N N N e e
o A e o o e e e AR R A AR e Y
" R T o I A I
--. A A . o A, i U T
N P A A A e B
; o x A 2w )
; ; ] )
'.MH o
- -
X
iy
o
..._.Hxx » r.u___m _”xx nv_” o
A Hr” ”r.”r.“r.”nununxn”xnnnxnxnxunﬂx”v.
A A A R A A A A A A A AR A
o o o e o e o o o o
F A A, A, . 0 A, A

A

o e
aTaT ry e ete e e

"l
._"._-._u._- -ﬁ._- -
S

e a i
2T e T e e
- a e T a ae u T

]
S

a = a & a
A 2 =2 & 2 =2 b 2k a

LA

- a & & a &
a & m & & m & &2 &8 &2 &2 &2 & & 2 2 a & a2 & 2 s a2k a4k a2k a2k



Patent Application Publication Oct. 5,2023 Sheet 3 of 7 US 2023/0312829 Al

] H!Hxi o
x

W
W M M AN

2

I-HI

W
I.I.I-I

-
o
o
L
-

B
A

X

|
Al
Al

A
- |
]
X
&
]

A
ol
H
&l
-

&
- I
A
-

F
-
e Y ]

e g ]
X

A
&
X X

o
k]

A

- |
X,

A
- |
-
Xl
!H
L,
&
al
-
F
- ]
k]
- I,
FJ

A
-
]
¥
-
-
M_a
|
H
M
]
o
H
]
!l
A
o
IHII
N
o

A
-]

A M MM

FJ
i
h |
FJ

-
F'!‘!F! |

L 3|
|

X
L R EEEREEREENRE]

:I.xi! - I.-

AN A
?d:?d F'H?d ]
L k.
x”v”v

XN K K K

o]

.l
X
)

X
L ]

A A A A A A i
M X W
Mo N M M M N
'EHIIIEIIH
&
-
b i, ]
-
XA
X
W
M

- |

k. ]

o,

o,

F

Saneta
HHIHIIHIHIIH'RHHIHII

N M N N NN A NN ]
ol
-

AL A L

k]

b ]
X
lelii!x?!i!lil'!

-

o

|
I

|

i

AL A A

IHIEHI

HHIIIIIIIIIII'!IIIII
]

I:HIHHHIHIH
o N

A
|
k]
L]

I"I"HHI"I"HII-
A A N_A M
A AN AN
A I-I.HHH-H"H
LA M NN

A A A

e

A A A
J A_A_ M
H:H:I:I:I:ﬂ H:H L/
o A A N N
X, A X, |
M_A Al_p A N AN
M_A_A x o
A A A M
AKX o ]

AN
o N

o

‘IIIKIIIEI-I:

F |

h |

ol

H

|
N

AR AN
e
'Il.i
L)
al

o
w
-
II_‘HIIIII
N M
]
ok N N
lexﬂii!xliﬂxlil
-
a3
_Il'r_!

A A A= o
A
e W
Y
*
N M m_m
e
T

|
- I
H

, 1”!“!’!”:!!!* M

| i)
L
o i i l"
L =
. i i
MM Y EE W
'

e e
I:Il L ]
-
E N
XN N NN
HJ

.

i

.
N




US 2023/0312829 Al

Oct. 5, 2023 Sheet 4 of 7

Patent Application Publication

Ovv
04
Ofv
Oct

0ct
74

(Do)

Ol

GL L6
148
18
GO

88
Co

(%)

Wwu G/ 1e
uolssiwsuel |

80¢
SIN®
667
LV

68t
8¢

(edi)

sninpow
s .BbunoA

96 069

£l 8E9
60 08Y
GO V6L

£t6 619
04919

(B/,w)

ol

80BLNS | 39

¥ Old

%Vl
Y81
%91
%l

Yl

%8
(%)

abequLys

G000 0+0VL0°0
1 .00 0+9980°0
€200 0+98800
9¢00 0+¥.80 0
7100 0+92800

GY00 0F1L620°0
(cWo/b)

Alsua(]
DOJINSBIN

G10
0L0
GO0
€00
¢c00
100
'AINbd ajowl

(auiwiejowl)
IDUNSS0IND

l'



US 2023/0312829 Al

Oct. 5, 2023 Sheet S of 7

Patent Application Publication

Ocv
00v

00t
0ct
001
(Do)

D1

¢6
C6
88
GO
G0

(%)

Wwu G/ 1e
uoISSIWSUEeL |

vl LGCL
ot 181
6G G801
GOL CLY
GC ClE

(ed)

SNNPOW
s BUno A

G Old

097 LLL
GG/ 659
S0 6L

26€°889
(B/-w)

eaie
90BLNS |39

£G00 0+86V1 O
vG00 O+LLvL O
200 0+2e01L 0
9C00 0+PL80 0
6100 0+£990°0

(¢Wio/b)

Alisua(]
Jusieddy

G9¢
LeC
PGl
cel
C6

(Jw/bw)
uoneuaduU0

JowAjod

Ol

AU



US 2023/0312829 Al

Oct. 5, 2023 Sheet 6 of 7

Patent Application Publication

0G 9¥

P-01X6/09 1 F/8°GY
G-01X8ZF8Y3']E
(Mw/amu)

AJIAIONPUOD
jeuway |

Ot
99
L
GO

(%)

Wiy G/ 1e
UOISSILISUBY |

WA
e 009
LE9LC

0L2.lY
(ed)

snnpows
s DUNO A

9 Old

88 269
99'L¥9
06 8ES

GO V6.7
(B/.w)

ol

soeuNsS |39

%VC

%0¢
%6

%l
(%)

abequLys

cvOl 0
8160 0
8880 0

69800
(sW0/B)

AJsua(]
JusJjeddy

2uaNn|0} %0G

QULIN|0} %G ¢

2uanjo] %01
auan|o} %0

juelieA Aluejod

JUSAJOS

el
4!

L1
3



Patent Application Publication Oct. 5,2023 Sheet 7 of 7 US 2023/0312829 Al

| . -_ I, .‘;x__;m-: A |
o

e

L

e
T
)

»

_'

s 1

o o

2 o i
Mo Hm: "
Mo

.
G, B

. y - (i
ﬁ | x..-::_:..
o A, &
« .
.

e

o :l":! b ]

-l |
-
et
e
i
:':E"'xxx_ X ]
-l

F
g

o

] b k
ol oW KN A

e
|l |
] :;E_F.l.
»
- |
22
|

|
- |
E |
- |
|
ol
o

Ill.:. .I-

e

|
o
y

, A
e
e
e e

.H...l-lhl | W I‘Ihl "IHII-HIHHH.H" e
| | i, A |, I
P o

S
a-..:ﬁ.ﬂ::hﬂ:ﬂu:::u:' | EHEHIH-H.H-'H' ]
e

L b

ey

%
x »
ey
e
i I{.I
' :‘-
g ‘.1:: o ‘:‘l""-u A

o
o
o o algs

III.I-l
|

e
B

St

>

I.I.I.I I-l-I-

A d 1A 4 A4 14 1 11 4 1 1 _d_1_4 01 _I_4 _4_ 1 _4_4_I_4 _4_4_4_1_+4_4 _1_1_1_1

*, ‘:r‘ )

i
e x_‘:hi:‘m
ol

?l. |, | .IHH?‘.H!HH!H.'HI IHH:‘.:'
R s
M AN N ANN HHH-:': -I"?!.?lx:lxil.ih

b I!IHI-IIIHI:IH

B ¥ M MR MK
x Fo v

IIIE‘ o

B L b e
L
o .!;g._.xﬁ:-._ﬂ;:_:_-

L |

"y
0
ll.;'

'.Gl!‘!ﬂ o A .H b
ol

g

ey’

e i

I{ E

N,
A
L] ]
3 o

i’rl' i

X &

AL A A AR
2 o
MK

Rl g .-#

v

#

A e
i,
e L A
q_0_F " 8 _N_§N N N _§ 8§ N _§_§_ 8§ _ 71 71 _8_1§ L | L | a8 8 _8_8_ 5 4 §_ N0 _0_148_+#§8../1
iy gl *;g:’-.‘vﬁg:_.-:-:;:gfg:-:' xﬂ;ﬂ:ﬂ‘i:;:ﬂ;d“ﬂ;#:ﬂ:ﬂ:’:ﬁ‘: ."'i-:__::-!:n;n::-!::u::"
i .1-.__.:-.::'::-:":-.":!!:-! o n“.\!: .1-!:1::1*:-:_‘!1-!":u:'::-e::-!r‘:u:_':x_"n”x“xf:-!'i.-:
¢ M .H:!:!IHI G e ‘n._-:?l._::v o, gt W

- L= W,
A
. i ean:‘n"u!:-' AL
o e M
N
ol e,

L :-"1! LA
""': N b a-v e NG b L i
| o r::nz.-:vnf. ‘H:.-"II ol ;c
] ] 'I:H-I' L i o o

‘E.‘":ixizﬁ.hﬁ: P % i;.:u."
» b | ] "-::'.___ J ] L
i [ H%Eu l"ux:l:;i":: = .‘ "u‘ H:.. o e
R e
] [ : .-i' .". =|"'-: ”-k 9 ' / / ; /
R R

v ol W L xill:l..;";:.::‘ _ . "

=T

oSy
-~ } e 1'::.!::. . | :‘.

e At e
2 o | u L Y
AN R
o L] o
X7 i
R
[ g A N

o,
o A

.
a _.:

XA
T
ot
R,
e
.

" J_r:r:-
L ol :
; ::5:{.\'!?:{ T

x
t‘.l-ll#i

i
) k|
Ll W ] -
” .... " -:H*
| -":I' L)
ol il
n":E::'v » M N
il'.?!i_:ﬂ-':”il'

X
e

‘;:ehx:.t‘x; x
"

g .'r *




US 2023/0312829 Al

TRANSPARENT POLYMER AEROGELS

[0001] This invention was made with Government support
under Contract No. DE-AC52-07NA27344 awarded by the
United States Department of Energy. The Government has

certain rights 1n the mvention.

FIELD OF THE INVENTION

[0002] The present invention relates to aerogels, and more
particularly, this invention relates to transparent polymer
aerogels.

BACKGROUND

[0003] Acrogels are a diverse class of bottom-up porous
materials. Aerogels are conventionally characterized by very
high internal surface area, nanostructured porosity, and very
low density (e.g., <10% std) and are usually fabricated via
supercritical drying. Various aerogels exhibit a variety of
unique and desirable material properties. Silica 1s the pro-
totypical aerogel material and has been studied extensively;
however, aerogels have been made from a vast array of
materials, including metal oxides, carbon nanoparticles,
inorganic colloids, and polymers with few limits on com-
position.

SUMMARY

[0004] A product, according to one embodiment, includes
a polymer aerogel. The aerogel 1s physically characterized
by having a transparency greater than or equal to 90%
transmission of visible light through a 3 mm thickness of the
acrogel. The aerogel includes at least one oligomer selected
from the group consisting of: a polyamide, a polyimide, a
polyacrylate, a polyvinyl, and a polythioether.

[0005] A method, according to another embodiment,
includes dissolving at least one monomer 1n at least one
solvent to form a mixture and causing polymerization of the
at least one monomer to form at least one oligomer. The
method also 1includes causing crosslinking of the at least one
oligomer, initiating gelation of a product of the crosslinking
and the at least one solvent to form an aerogel precursor, and
forming an aerogel from the aerogel precursor.

[0006] Other aspects and advantages of the present inven-
tion will become apparent from the following detailed
description, which, when taken in conjunction with the
drawings, illustrate by way of example the principles of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 1s a flowchart of a method, 1n accordance
with one aspect of the present mnvention.

[0008] FIG. 2 1s an 1mage of a transparent aerogel, 1n
accordance with one aspect of the present invention.

[0009] FIG. 3 includes images of exemplary polyimide
acrogels with imnduced hierarchical porosity, in accordance
with one aspect of the present mnvention.

[0010] FIG. 4 1s a table of data of physical and mechanical

properties ol exemplary polymer aerogels, and particularly
exemplary polyimide aecrogels with variations in crosslinker
concentration, 1n accordance with one aspect of the present
invention.

[0011] FIG. 515 a table of data of physical and mechanical
properties ol exemplary polymer aerogels, and particularly

Oct. 5, 2023

exemplary polyimide aerogels with variations i polymer
concentration, 1n accordance with one aspect of the present
invention.

[0012] FIG. 615 a table of data of physical and mechanical
properties ol exemplary polymer aerogels, and particularly
exemplary polyimide aerogels with variations in solvent
composition, 1 accordance with one aspect of the present
ivention.

[0013] FIG. 7 includes transmission electron microscopy
(TEM) 1mages and scanning electron microscopy (SEM)
images of exemplary polyimide aerogels, 1n accordance with
one aspect of the present invention.

DETAILED DESCRIPTION

[0014] The following description 1s made for the purpose
of 1llustrating the general principles of the present invention
and 1s not meant to limit the inventive concepts claimed
herein. Further, particular features described herein can be
used in combination with other described features in each of
the various possible combinations and permutations.
[0015] Unless otherwise specifically defined herein, all
terms are to be given their broadest possible interpretation
including meamngs implied from the specification as well as
meanings understood by those skilled in the art and/or as
defined 1n dictionaries, treatises, etc.

[0016] It must also be noted that, as used 1n the specifi-
cation and the appended claims, the singular forms “a,” “an”
and ““the” include plural referents unless otherwise specified.
[0017] The following description discloses several pre-
terred embodiments of transparent polymer aerogels and/or
related systems and methods.

[0018] In one general embodiment, a product includes a
polymer aerogel. The aerogel 1s physically characterized by
having a transparency greater than or equal to 90% trans-
mission ol visible light through a 3 mm thickness of the
acrogel. The aerogel includes at least one oligomer selected
from the group consisting of: a polyamide, a polyimide, a
polyacrylate, a polyvinyl, and a polythioether.

[0019] In another general embodiment, a method 1includes
dissolving at least one monomer 1n at least one solvent to
form a mixture and causing polymerization of the at least
one monomer to form at least one oligomer. The method also
includes causing crosslinking of the at least one oligomer,
initiating gelation of a product of the crosslinking and the at
least one solvent to form an aerogel precursor; and forming
an aecrogel from the aerogel precursor.

[0020] Acrogels have many practical applications. There
are three major aerogel matenals (e.g., silica, carbon, and
metal oxides), with silica aerogels being the most common
type and most extensively used. This 1s due to the high
optical transparency, low density, and low thermal conduc-
tivity which make silica aerogels suitable to be used for
supercapacitors, water deionizers, sensors for gas detection,
acrospace applications, o1l and gas industry applications,
ctc. However, silica aerogels provide limited ability to tune
the surface chemistry of the matenals and tend to be
extremely brittle.

[0021] ““Transparent” as used throughout the present dis-
closure refers to a maternial having greater than or equal to
80% transmission of 633 nm light through a 3 mm thickness
of the maternial (e.g., the 3 mm path length where the
“thickness™ 1s in the direction parallel to the light passing
through the material unless otherwise specified herein),
unless otherwise noted herein. “Highly transparent,” espe-
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cially with respect to the formed aerogels described herein,
refers to a material having about 90% to 100% transmission

of “human” visible light through a 3 mm thickness of the
material, unless otherwise noted herein. “

I'ranslucent” as
referred to herein refers to a material having about 50% to
about 89% transmission of visible light through a 3 mm
thickness of the material. “Opaque” as referred to herein
may include material having less than or equal to 49%
transmission through a 3 mm thickness of the material.
Translucent and opaque are to be considered “less transpar-
ent” than the general transparency described above. As used
throughout the present disclosure, transparency levels
referred to herein generally refer to light scattering (e.g., as
opposed to absorption) properties, unless otherwise noted
herein.

[0022] Polymeric aecrogels combine the useful properties
of acrogels, e.g., high surface area, low density, etc., with the
unique properties of their polymeric constituents, e.g., high
strength, elasticity, shape memory, chemical reactivity, etc.,
resulting in materials having umique combinations of prop-
erties for complex applications. For example, polystyrene,
polyvinyl alcohol, and polyacrylonitrile may be used in
and/or with polymeric aerogels for absorption of volatile
organic compounds such as dyes and oils. In another
example, polyurea and polybenzoxazine may be used 1n
and/or with polymeric aerogels to create materials having
high mechanical performance for uses such a shielding in
acrospace applications. One downside polymeric aerogels
have compared to their metal oxide counterparts, 1s a low
thermal stability due to the underlying chemistry of the
polymeric backbone. In addition, conventional polymeric
acrogels also tend to be opaque, as the feature sizes (e.g.,
primary particles, secondary particles, pores, etc.) are usu-
ally much larger than their photogenic silica counterparts
and the larger feature sizes scatter light much more strongly.
[0023] Polyimides (PI) are a family of polymers typically
characterized by high thermal stability and deflection tem-
peratures between 400° C. and 520° C., excellent chemical
resistance, low permittivity (e.g., Er between about 3 and 6),
low coefficient of thermal expansion (CTE) between 9x10°
and 6x10°> K™', and high mechanical strength. Porous mate-
rials inherit the properties of the constituent polymer, con-
tributing to PI aerogels use commercially as thermal insu-
lators, catalyst supports, and filtration devices.

[0024] Aromatic polyimide (PI) aerogels have been syn-
thesized by gelation of chemically imidized polyimides in
dilute solutions of <10 wt % using classic reactions such as
pyromellitic dianhydride (PMDA) and 4,4'-methylenediani-
line (MDA) followed by supercritical drying. However,
aromatic PI aerogels often undergo significant shrinkage (up
to 40%) and lack optical clarity. In attempt to improve
thermal stability and minimize shrinking, other PI aerogels
have been synthesized by cross-linking anhydride capped
polymeric acid oligomers through aromatic triamines,
including silsesquioxane (OAPS), 1,3,5-trnaminophenoxy-
benzene (TAB), and 1,3,5-benzenetricarbonyl trichloride
(BTC), to improve thermal stability and minimize shrinking.
However, these monolithic PI aerogels are generally opaque
with pores having an average diameter of >20 nm.

[0025] Judicious modification of the chemical structure of
the PI chain used 1n an aerogel may be used to subtly modify
material properties. For example, a highly aromatic back-
bone results 1n high thermal and mechanical stability due to
strong chemical bonds and the rigid-linear structure. Ali-
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phatic and fluorinated constituents 1mpart lower dielectric
constants, hydrophobic properties, and tlexibility due to the
high degrees of rotational freedom 1in aliphatic linkers.
Bulkier monomers introduce steric eflects which interrupt
conjugation along the molecular chain, reducing color inten-
sity and leading to an increase in optical transparency to
70%. The reduction in color intensity 1s attributed to for-
mation of a charge transier complex between alternating
electron-poor donor (e.g., CF; containing diamine) and
weak electron acceptor (e.g., dianhydride) moieties. How-
ever, the primary barrier to transparency remains optical
scattering from comparatively large feature sizes. Sacrific-
ing continuous conjugation due to the CF, substitution also
results 1n a reduction i stiflness and the overall lower
mechanical modulus of 29-75 MPa.

[0026] Various aspects of the present disclosure produce
transparent PI aerogels by mimimizing pore size and pro-
ducing fiber-ike oligomers to reduce particle size by
exploiting highly strained starting materials with high poly-
mer concentration. For example, at least some aspects of the
present disclosure use highly strained diamines 2,2'-Dim-
cthyl-4,4'-diaminobiphenyl (DMBZ) and 3,3'.4,4'-Benzo-
phenonetetracarboxylic dianhydride (BPDA) for a step
growth condensation followed by crosslinking with mela-
mine and imidization with pyridine and acetic anhydride to
produce highly transparent (e.g., between about 85% to 95%
transmission across the visible spectrum for a 3 mm thick-
ness) PI aerogels. The high transparency of PI aerogels 1s
attributed to exceptionally small feature sizes and the result-
ing fiber like morphology below 10 nm i1n diameter. For
example, the aerogels presented herein ideally comprise
fibrous ligaments (fibers) having an average diameter less
than or equal to 10 nm and pores having an average diameter
less than or equal to 20 nm. The pore size, pore volume, bulk
density, opacity, etc., are controllable by modifying the
monomer concentration and/or solvent composition. The use
of a highly polar solvent and a comparatively high polymer
concentration (e.g., greater than 3 wt %) prevents phase
separation of the polymer prior to gelation, resulting 1n a
percolating network of small unimolecular fibers, thereby
minimizing optical scattering. “Unimolecular” refers to
fibers that are a single molecule wide, rather than being
composed of multiple polymer chains aggregated mto a
“thread,” as 1s typical for other polymer aerogels with
fibrous morphologies. The rigidity of the aromatic oligomers
prevents self-aggregation (e.g., coiling) of individual poly-
mer fibers which can also contribute to phase separation and
an increase 1n particle size.

[0027] At least some aspects disclosed herein modity the
porosity, bulk density and opacity of the acrogels by modi-
tying the solvent composition and solvent concentration by
introducing a nonpolar solvent (e.g., toluene) to induce
solvent phase separation resulting in polymer collapse nto
multimolecular strands, bundles, coils, etc., thereby increas-
ing feature size (e.g., pore size) and inducing optical scat-
tering. Furthermore, the fully conjugated polymer backbone
exhibits excellent mechanical properties, deforming plasti-
cally under high stress to >90% strain, with tunable stiflness
controlled by crosslinker content.

[0028] At least some aspects ol the present disclosure
describe a controllable porosity polyimide aerogel system
resulting in a high surface area (e.g., greater than or equal to
600 m*/g) and high transparency (e.g., greater than 95%
transparent for a greater than or equal to 3 mm thickness).
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Previous polyimide aerogels are only able to achieve 90%
transparency in materials having a thickness of less than 2
mm 1n at least one direction (e.g., conventional aerogels are
limited 1n achieving reaching high transparency by relatively
thin materials compared to those achievable via at least
some of the aspects described herein). Without wishing to be
bound to any theory, it 1s presently believed that the level of
transparency 1s due to the average pore size and/or average
feature sizes achievable by various aspects described herein.
The aerogel minimizes phase separation thereby yielding
submicron features resulting 1n low light scattering and high
optical transparency comparable to Si-aerogel counterparts.
The resulting exemplary aerogels comprise a fully conju-
gated polyimide backbone, resulting in a high modulus (e.g.,
greater than or equal to 1 MPa), and low thermal conduc-
tivities (e.g., less than 38 mW/mK) comparable to commer-
cial fire retardant insulation materials. Chemical changes to
the polymer backbone (e.g., crosslinking, aliphatic vs. aro-
matic oligomers) may aflect material properties such as
stiflness, degradation temperature, chemical reactivity, and
color, while morphological changes (e.g., pore size, liga-
ment size, hierarchical porosity, etc.) may atlect matenal
properties such as stiflness, thermal conductivity, surface
area, optical scattering, etc. Though the chemical structure
of the oligomer (and resulting polymer) has an effect on
phase separation which determines the final morphology of
the aerogel, a judicious choice of reaction conditions (e.g.,
solvent, oligomer units, catalyst concentration, etc.) can be
determined by one skilled in the art to independently tune
the chemical and morphological properties of the final
product, and as a result, the final material properties.

[0029] FIG. 1 shows a method 100 for forming an acrogel,
in accordance with one embodiment. As an option, the
present method 100 may be implemented to construct mate-
rials, structures, devices, such as those shown in the other
FIGS. described herein. Of course, however, this method
100 and others presented herein may be used to form
matenals for a wide vanety of devices and/or purposes,
and/or provide applications which may or may not be related
to the illustrative embodiments listed herein. Further, the
methods presented herein may be carried out 1n any desired
environment. Moreover, more or less operations than those
shown 1n FIG. 1 may be included in method 100, according
to various embodiments. It should also be noted that any of
the aforementioned features may be used in any of the
embodiments described in accordance with the wvarious
methods.

[0030] Method 100 includes operation 102 which includes
dissolving at least one monomer 1n at least one solvent to
form a mixture. In at least some approaches, at least two
different monomers are dissolved in the at least one solvent
to form a mixture. In preferred aspects, the monomer 1s a
diamine, a triamine, a polyamine, a dianydride, a diisocya-
nate, a polyisocyanate, a multifunctional carboxylate, eftc.
For example, a diamine monomer may include, but 1s not
limited to, phenylene diamine, benzidine, tolidine, 4,4'-
methylenediamiline, 4.,4'-oxydianiline, etc. In another
example, an anhydride monomer may include, but 1s not
limited to, pyromellitic dianhydride, benzophenone-3,3'4,
4'-tetracarboxylic dianhydride, 4,4'-oxydiphthalic anhy-
dride, etc. In some approaches, the at least one solvent may
be a polar solvent which may include an amide, an 1mide, an
cther, an ester, a carboxylic acid, an alcohol, an amine,
water, etc. In other approaches, the at least one solvent 1s a
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nonpolar solvent which may include an aromatic hydrocar-
bon, an aliphatic hydrocarbon, a halogenated hydrocarbon,
an cthers an amphiphilic solvent, etc.

[0031] In various approaches, monomer(s) may be dis-
solved 1n a plurality of solvents. The solvent(s) may be
chosen for tuming the feature size (e.g., thereby tuming the
transparency). For example, imn preferred aspects, a poor
(e.g., unfavorable), nonpolar solvent may include octane,
toluene, xylene, etc., and the nonpolar solvent may be added
to induce premature phase separation (e.g., to increase
teature size and decrease transparency). The choice of good
(e.g., Tavorable) and poor solvents to control polymer phase
separation 1s specific to oligomer composition and not
limited to the use of a mixture of polar and nonpolar solvents
as good and poor solvents, respectively. This concept can be
generalized beyond cosolvents to include other excipients,
which are additives which do not play an active role 1n the
polymerization reaction but modily polymer-solvent inter-
action (e.g., phase separation in the mixture). Example
excipients include polystyrene, polyethylene glycol, potas-
sium acetate, potassium perchlorate, etc.

[0032] Operation 104 includes causing polymerization of
the at least one monomer to form at least one oligomer. In
various approaches, the oligomer includes polyamide, poly-
imide, polyacrylate, polyvinyl, polythioether, etc. In pre-
terred aspects, the oligomer 1s a linear aromatic polyamide
composed of diamine and dianhydride subunits (e.g., mono-
mers). In some aspects, operation 104 may include synthesis
of polyamide oligomers via condensation of at least one
diamine monomer with at least one dianhydride monomer.
In preferred aspects using polyamide oligomers, the solvent
1s a good, polar solvent including N-methylpyrrolidone
(NMP), N-vinylpyrrolidone, dimethylsulfoxide, etc. Per-
forming the condensation reaction may include adding an
anhydride to the dissolved diamine in the solvent (e.g., the
polar solvent or the mixture of polar/nonpolar solvents). The
addition of the anhydride initiates a condensation reaction 1n
the mixture, forming an amide and/or imide oligomer. In
preferred aspects, the muxture 1s stirred for an eflective
amount of time to ensure a homogeneous interaction
between the diamine and the anhydride, e.g., about 3 min-
utes 1n one exemplary approach.

[0033] Operation 106 includes causing crosslinking of the
at least one oligomer. Crosslinking the at least one oligomer
1s ellected, in some aspects, by adding a triamine to anhy-
dride end-capped polyamide oligomers. The triamine pro-
vides the end cap that crosslinks the product of the conden-
sation of the at least one oligomer, as would be understood
by one having ordinary skill 1n the art. The triamine may
include, but 1s not limited to, aromatic triamines such as
benzene triamine, melamine, 5-ethylpyrimidine-2.,4,6-tri-
amine, etc., and aliphatic triamines such as diethylenetri-
amine, pentane-1,3,5-triamine, etc. Dendritic and linear
polyamines such as polyethyleneimine (PEI) may also serve
as suitable crosslinkers. In preferred aspects, the mixture 1s
stirred for an eflective amount of time to provide adequate
crosslinking, prior to gelation, e.g., about 7 minutes 1n one
exemplary approach. During the crosslinking, spherical and/
or fibrous aggregates may form as part of a phase separation
process. The size of the beads and/or fibers 1s tunable based
on the composition of the oligomer and/or the solvent (e.g.,
controlling the i1dentity of the oligomer and/or the solvent,
controlling the concentration of the oligomer and/or the
solvent, etc.).
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[0034] Operation 108 includes imitiating gelation of a
product of the crosslinking and the at least one solvent to
form an aerogel precursor. In various aspects, the gelation 1s
mitiated by adding acetic anhydride and a weak base (e.g.,
pyridine) for finishing the condensation of reaction of the
polymer, converting the soluble amide to insoluble 1mide.
The concentration of the acetic anhydride may be modified
to aflect the gelation rate of the material, in a manner which
would be determinable by one having ordinary skill in the
art. For example, the gelation time may be 1 a range
between about 10 minutes to about 7 hours depending on the
concentration of the acetic anhydride, as would become
apparent to one having ordinary skill 1n the art upon reading
the present disclosure. In other approaches, gelation may be
mitiated by light induced polymerization using techniques
known 1n the art. In other approaches, crosslinking may be
suilicient to mduce gelation.

[0035] In varnious approaches, the gelation 1s 1nitiated by
imidization of the product of the crosslinking. The 1midiza-
tion may be iitiated chemically by the addition of the
(excess) anhydride 1n some approaches. In other approaches,
the 1midization 1s 1mitiated by heating the product of the
crosslinking (e.g., by heating the sol, wet gel, dried aerogel,
etc.).

[0036] Operation 110 includes forming an aerogel from
the aerogel precursor. Operation 110 may include processing,
the aerogel via standard aerogel processing procedures
known to one skilled 1n the art, including solvent exchange
to remove unwanted reaction residues and replace the reac-
tion solvent with one suitable for the chosen drying proce-
dure. In various preferred aspects, the formed aerogel 1s a
polyimide aerogel, a polyamide aerogel, a carbon-based
acrogel, etc. Operation 110 may include at least partially
submerging the aerogel precursor 1n at least one NMP bath
to remove any unreacted material. In further aspects, the
acrogel precursor may be at least partially submerged 1n at
least one acetone bath to replace the pore volume with
acetone. In one aspect, baths of solvent mixtures may be
used to minimize pore collapse, as would be determinable by
one having ordinary skill 1n the art. Subsequent supercritical
CO2 drying may be performed from acetone to dry out the
acrogel (e.g., remove substantially all of the remaining
solvent which 1s trapped 1nside of the aerogel precursor), 1n
a manner known 1n the art. NMP and acetone are used here
as example solvents and can be replaced by any appropriate
solvent known to one skilled in the art. Supercritical CO2
drying 1s commonly employed to convert wet gels to aero-
gels, but other drying procedures known to one skilled 1n the
art, e.g., subcritical drying, benchtop drying, etc., can be
used without loss of generalization of this procedure.
[0037] In various aspects, the foregoing operations of
method 100 are performed with oligomer concentrations less
than or equal to 30 wt % of the solvent. In other aspects, the
foregoing operations of method 100 are performed with
oligomer concentrations less than or equal to 25 wt % of the
solvent. In preferred aspects, the solvent i1s present in the
mixture 1n an eflective amount to prevent phase separation
of the mixture during the dissolving and the crosslinking,
and prior to gelation. The eflective amount of solvent may
depend upon the components (e.g., the oligomer(s)) and
processing conditions used 1n a given approach. The eflec-
tive amount of solvent would be readily determinable,
without undue experimentation, by one skilled in the art
once being apprised of the present description.
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[0038] The diflerence 1n the molar ratio of the triamine
may be modified to tune the density and/or the strength of
the backbone of the resulting material, 1n a manner which
would be determinable by one having ordinary skill in the
art. The stiflness of the material (e.g., the strength of the
backbone) increases with a higher concentration of the
crosslinker material (e.g., the triamine). In preferred aspects,
the reaction 1s performed 1n a high concentration (>10 wt %)
of the polymer to the solvent to minimize the fiber collapsing
and/or deflating of the pores and increase transparency.

[0039] According to various aspects, the phase separation
following the crosslinking 1s controllable to tune the result-
ing nanostructure in the aerogel. The formed matenal 1s
physically characterized as having substantially uniform
feature sizes which are less than or equal to 20 nm 1n at least
one direction (e.g., an average diameter). Specifically, the
formed maternial 1s physically characterized as having pore
s1zes which are less than or equal to 20 nm in at least one
direction (e.g., an average diameter). In materials without
well-defined pores, “pore size” 1s understood to refer to
interparticle spacing. The small feature sizes result in the
material being physically characterized as being a homog-
enous, transparent matenial. Specifically, smaller feature
s1zes minimize light scattering which would otherwise lead
to opaque materials. Translucent materials with intermediate
levels of light scattering appear smoky by eye, though
structural color, e.g., from the Tyndall effect, can also result.
Conventional polymer aerogels cannot achieve the afore-
mentioned feature sizes, and the presence of relatively large
features (e.g., between about 100 nm and 10 um) result 1n
significant light scatter and opacity.

[0040] In at least some aspects, the formed material is
physically characterized as having a thermal conductivity in
a range between about 38 and about 46 mW/mK.

[0041] In various aspects, the aerogel may be combined
with other components to create a product. The aerogel,
being a component of a product, according to various
approaches, may have a thickness greater than or equal to 10
microns 1n at least one direction. Forming the aerogel may
include molding the mixture (e.g., the aerogel precursor).
Molding the mixture may include covering the mold com-
prising the aerogel precursor to eliminate and/or signifi-
cantly reduce any solvent evaporation and leaving the mold
for about 24 hours without interruption, 1n one aspect. In
other approaches, forming the aerogel may include 3D
printing techniques, including: extrusion, direct ink writing,
photo active printing, thermal printing, ik jetting, etc., of
the aerogel precursor to form the aerogel. In yet other
approaches, forming the product may include casting the
mixture, e.g., including molding, spin coating, doctor blad-
ing, continuous roll-to-roll, etc.

[0042] In at least some aspects, the acrogel may include a
graded composition and/or have a gradient in transparency
along at least a portion thereof, e.g., via layered deposition
or casting one formulation around a gel of a different
formulation. For example, the product having a transparency
gradient may be relatively more transparent at a first end
region thereod, transitioning gradually or abruptly to a more
translucent mid-region (e.g., relatively less transparent rela-
tive to the first end) if present, and transitioning gradually or
abruptly to a second end region of the aerogel that is
relatively less transparent compared to the mid-region (e.g.,
transitioning to substantially opaque 1n some approaches), or
vice versa. In another approach, a central region of the
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acrogel may have a relatively higher transparency than a
surrounding portion of the aerogel, e.g., as 1 a bullseye
configuration. As should now be apparent, regions of rela-
tively higher and relatively lower transparency (e.g., differ-
ent transparencies) may be arranged 1n any desired fashion.
By analogy, gradients in, e.g., chemical functionality, stifl-
ness, thermal conductivity, etc., can be created.

[0043] In some approaches, different phases of the same
chemical composition may be used to create a gradient 1n
transparency in the formed product. In other approaches, the
final product comprises different transparencies i defined
portions (e.g., regions) and/or layers of the product. A
product having a plurality of, e.g., transparencies may be
formed via 3D printing subsequent mixtures of different
compositions along the product, following the crosslinking
step of the methods described herein. For example, the
solvent composition may change in-line during a 3D print-
ing process. In other approaches, a graded product may be
tformed by casting layers of different compositions (e.g., by
moditying the oligomer and/or solvent concentrations) on
top of one another. For example, an aerogel may comprise
at least two layers (e.g., regions) where a first layer 1s
relatively less transparent, and a second layer 1s relatively
more transparent. An aerogel may comprise any number of
layers, the layers having any variation in transparency. For
example, an acrogel may comprise alternating layers having
more transparency and less transparency. The similarity in
materials 1n such a layered product would result 1n strong,
bonding between the layers, as would be understood by one
having ordinary skill in the art.

[0044] In some approaches, the acrogel 1tself 1s a product.
Moreover, in other approaches, the aerogel may be com-
bined with other components to create many types of
products, such as those described elsewhere herein.

Experimental

[0045] FIG. 2 1s an image of an exemplary transparent
acrogel having dimensions of 2 inchesx3 inches and a
thickness of 1.2 cm.

[0046] FIG. 3 includes images of the microstructure of PI
acrogels made opaque through the partial replacement of the
NMP solvent with high molecular weight polystyrene (PS).
An SEM image of a PI aerogel made with 1 wt % PS 1s
shown 1n portion (a), an SEM 1mage of a PI aerogel made
with 5 wt % PS 1s shown in portion (b), and an SEM 1mage
of a PI aerogel made with 10 wt % PS 1s shown 1n portion
(¢). A reconstructed slice from x-ray computed tomography
of a PI aerogel made with 10 wt % PS 1s shown 1n portion
(d). Exemplary voids are outlined 1n solid white 1n portions
(c) and (d). Due to the fine pore structure, unlike relatively
smaller solvent molecules, the high molecular weight PS
(outlined 1n dotted white 1n portions (¢) and (d)) 1s unable to
pass through the porous void walls during solvent exchange
and supercritical drying and becomes trapped 1n the spheri-
cal voids.

[0047] 2,2'-Dimethyl-4,4'-diaminobiphenyl 98.0%
(DMBZ), and 3,3'.4.4'-Benzophenonetetracarboxylic dian-
hydride 296.0 (BPDA) were purchased from TCI. BPDA
was used immediately once purchased, since discoloration
in the starting material aflects acrogel formation and results
in a darker yellow PI acrogel. Melamine 99% was purchased
from Across Organics. Pyridine, N-methyl-2-pyrrolidone
(NMP) and acetic anhydride were purchased from VWR. All

materials have been used as received.
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[0048] A suite of complementary techniques was used to
analyze the microstructures of the aerogels as a function of
solvent concentration, crosslink density, and acetic anhy-
dride’s role 1n gelation. Local features were captured by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (IEM) to complement the bulk-average
distribution measured by small angle X-ray scattering
(SAXS). Brunaver-Emmett-Teller (BET) surface area analy-
s1s was measured via N, porosimetry. Mechanical properties
were measured via uniaxial compression. Transparency was
measured by UV-Vis transmission. Chemical properties

were monitored by 1H MAS NMR (Nuclear Magnetic
Response).

[0049] The compressive modulus of the aerogels was
tested on monolithic 1x1 ¢cm cubes and 1x1 c¢cm cylinders

using an Instron model 5966. The samples were compressed
dimensionally with a 10 kN load cell at 0.05 1n/min (1.27

mm/min), as per ASTM standard D6935-10. PI aerogels with
1:2 ratios of diameter tend to buckle during compression, so
1:1 ratio of diameter aerogel samples were used for all
compression testing.

[0050] Samples were taken from both compressed and
uncompressed aerogels. The measurements were done on a
400 MHz Neo system using a 4 mm probe and spun at 12
kHz. Both direct and cross polarization were collected with
proton decoupling.

[0051] Scanning electron microscopy (SEM) images were
obtained on a JEOL 7401-F scanning electron microscope at
20 kV accelerating voltage. Samples were split in the middle
and then sputter coated with ~10 nm of carbon or gold films
to reduce charging and mounted on an aluminum stub using
carbon tape.

[0052] Transmission electron microscopy (TEM) images
were obtained on an FEI Titan G2 S/TEM operated at 300
kV accelerating voltage and using a 40 um objective aper-
ture. Sample drift was observed during imaging of the fibers
due to sample charging but was within acceptable ranges.
Drift effects were minimized by using low exposure times
during imaging. Images were taken in a slightly under-
focused condition to enhance contrast at the edges of the
amorphous polymer fibers relative to background, Images
were processed using Digital Micrograph and Fiji/Imagel
soltware.

[0053] For thermogravimetric analysis (TGA), thermal
stability measurements were performed on a TA Instruments
SDT-650 TGA/DSC system. The mass of the sample was

recorded as the temperature was increased from 30° C. to
500° C. at 5° C./min under a flow of UHP N,.

[0054] Transmission measurements were conducted on a
Perkin Elmer Lambda 9350 with integrating sphere. UV-Vis
analysis was conducted on 3 mm thick disks.

[0055] The samples were outgassed at 100° C. for 4 hours
under vacuum before running N,—adsorption porosimetry
with an ASAP 2000 Surface Area/Pore Distribution analyzer

(Micromeritics Instrument Corp.).

[0056] The morphology within each PI aerogel was
resolved using small angle X-ray scattering (SAXS). SAXS
measures the scattered intensity as a function of angle of
measurement, 0, to generate a plot of the intensity, 1, versus
the magnitude of the scattering vector, g, which 1s defined by
the equation:
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[0057] where A is the wavelength of the X-rays, which was
1.54 A (Cu-ko). Each of the 3 mm thick samples were placed
on a sample holder within a Xeuss 3.0 USAXS/SAXS/
WAXS 1nstrument (Xenocs). The samples were measured
under vacuum first using a Bonse-Hart setup to collect the
ultra-small angle X-ray scattering (USAXS), which was
used to reveal any heterogeneities on the length scales
between 0.1 um to 1 pm. The data is slit-smeared (0.1 A™")
and the USAXS data 1s difficult to merge with the high-q
SAXS data; this 1s due to unique scattering features that are
present 1n the vicinity of the slit-length. Two different
camera distances were used to obtain SAXS data using a
Pilatus 3R detector. All SAXS data shown here were reduced
and g-calibrated using the Nika package x and the absolute
intensity calibration was performed by measuring a glassy
carbon sample of known scattering cross-section to obtain
the calibration factor for all data sets.

[0058] Experimental: Fabrication of PI Aero Gels

[0059] Monolithic transparent aerogels were fabricated
with total solid concentrations 1n the range of 132 mg/mlL
(e.g.. 13 wt %). All the aerogels were prepared with a 1:0.8
ratio of BPDA:DMBZ and a minimum of 0.01 equivalent of
melamine. The PI formulation herein 1s reported as 0.8:1.
0:X:7:Y 1 reference to the ratio of DMBZ:BPDA :Mela-
mine:Pyridine: Acetic Anhydride. In a typical gel prepara-
tion, DMBZ was fully dissolved in NMP before the addition
of BPDA and mixed for 1-7 minutes, depending on polymer
concentration—longer mixing fimes were necessary for
higher monomer concentrations. To fully crosslink the
formed oligomer, the triamine crosslinker (melamine) was
then added and mixed for 3 minutes. The mixture was then
chemically imidized by the addition of acetic anhydride
(AA) and a weak base (pyridine), mifiating gelation. This
solution was mixed for 1-5 minutes, depending on gelation
time (the point at which the mixture no longer flows), before
molding to ensure gel homogeneity. Gels with higher density
and/or higher crosslink density were viscous and required
mechanical mixing (THINKY planetary mixer) to prevent
macroscopic mhomogeneities which appear as swirls 1n the
final aerogels.

[0060] After imidization, the gels were molded 1n glass
tubes or silicone rubber sandwiched between glass slides to
minimize solvent evaporation. Multiple molds were used,
depending on the desired shape. Specifically, 1 cmXx1 cm
cylindrical and square glass tubes (AdValue Technology)
were used to produce samples for compression testing and
density measurements, respectively. Discs were produced
for transparency and thermal conductivity measurements by
punching 1 cm diameter holes 1n 3 mm thick silicone rubber.
All syntheses were performed at ambient pressures and
temperatures with atmospheric exposure. Molded gels were
aged for 24 hours to ensure complete gelation.

[0061] Gels were then demolded and underwent a solvent
exchange 1n preparation for supercritical drying. First, PI
gels are submersed and washed two times 1n an NMP bath
for 24 hours to remove unreacted monomers and excess AA.
Subsequently, the gels were transferred to an NMP-acetone
mixture (1:1) to gradually change solvent polarity and avoid
pore collapse, then followed with 4x24 hour exchanges i1n
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acetone to remove residual NMP. Finally, the samples were
dried 1n a supercritical CO2 dryer (EMS 3100) according to
standard procedures. Less than 10% shrinkage was observed
during this drying process as reported later for various gel
formulation.

[0062] Experimental Results

[0063] Vanations 1n melamine concentration, polymer
concentration, solvent composition, and acetic anhydride
mole ratio were 1mvestigated to monitor their mfluence on
bulk density, Young’s modulus, opacity, and gelation time.
The polyimide aerogels were synthesized with a constant
ratio of 1:0.8 BPDA:DMBZ, with a standard 0.03 mole
equiv. melamine, 7 mole equiv. pyridine, 6 mole equiv. AA
with a total monomer concentration of 132 mg/ml NMP. The
fine-featured materials show low light scattering with 93%
transparency including losses from surface reflections. This
also provides a high surface area measured by nitrogen
sorption using the Brunaver-Emmet-Teller (BET=794.05
m</g), higher than their Si aerogels counterparts (BET=595-
749 m~/g). The fully conjugated backbone provided a high
strain ranges from E_=473 kPa with density of 0.087 g/cc.
The aromatic PI backbone also possessed a thermal conduc-
tivity of 38.64 mW/mK comparable to fire retardant 1nsu-
lation materials at 24-25 mW/mK and high thermal decom-
position temperature at 430° C.

[0064] Firstly, individual impacts of modifying crosslink-
ing melamine concentration and overall polymer concentra-
tion on aerogel density were investigated. To chemically
vary the density, systematic study of the variation of cross-
linker shown 1n the table of FIG. 4, shows the increase of the
crosslinker (0.01-0.10 mole equiv.) leads to increase 1n
aerogel density (0.0791 g/cc to 0.0866 g/cc), yielding a
higher Young’s modulus ranging from 281 kPa to 539 kPa.
As expected, mechanical property of PI depended on the
porosity and relative density with increased density corre-
sponding to increased overall modulus. However, increased
crosslinking density did not affect feature size measured by
small angle scattering (SAX) and BET measurements (616
m~/g-638 m~/g) respectively. The change in crosslinker in
the PI aerogel formulation showed a slight increase 1n glass
transition temperature of 420° C.-450° C. with no effect on
transparency or BET surface area with 91%-94% transpar-
ency and 616 m*/g-794 m*/g. This is due to chemical change
in the PI fibers without any physical changes to the submi-
cron morphology of the fiber during gelation which mini-
mizes the change 1n surface area, pore size and transparency.
Solubility of the triamine was limited to 0.10 mole equv.
After 3 hours of stirring higher concentrations of the mela-
mine crosslinker in the oligomer solution, undissolved par-
ticulates were still visible on the bottom of the flask.
Increasing the crosslinker concentration above 0.10 mole
equiv. showed a reduction 1n density and modulus due to the
solubility limitation in the oligomer mixture.

[0065] Changes 1n the polymer concentration affect the
bulk density, Young’s modulus, opacity, and gelation time of
aerogels. A 0.8:1.0:0.3:7:6 formulation with a constant
crosslinker concentration of 0.3 molar equivalents was used.
By varying the polymer concentration from 92 mg/ml to 263
mg/ml, as shown 1n the table of FIG. 5, there was an increase
in measured density from 0.0663 g/cm3 to 0.15 g/cm”. An
increase 1 polymer concentration also increased Young’s
modulus values, from 312 kPa to 1.78 MPa (linear fit 0.94
R#), as well as increasing yield stresses from 12 kPa up to
25 kPa. However, the polymer concentration was observed
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to have minimal effect on aerogel transparency, which held
constant above 90% transparency, and surface area above
660 m*/g. Aerogels with lower polymer concentrations
showed longer gelation times and more homogeneous
porosities compared to the higher concentration formula-
tions. When polymer concentration exceeded 265 mg/ml,
the high viscosity of the mixture resulted 1n poor mixing,
causing fast gelation times of less than 1 minute and yielding
inhomogeneous aerogels. These inhomogeneous aerogels
showed swirls and inconsistent lines within the dried foam
which caused large variations in mechanical properties and
transparency measurements within a sample.

[0066] To momnitor the impact of density variation due to
crosslinker vanation and polymer concentration, a series of
compression tests was performed on 1x1 cm mold PI gels.
The compression results of the transparent aerogels showed
modulus between 280 KPa and 1.25 MPa, and yield
strengths between 5 and 25 kPa. For the exemplary PI
acrogel formulation, the measured density 1s 0.0874+0.0026
g/cc with an elastic modulus of E_=472.70 kPa. The stress-
strain curves of all the PI aerogels show similar deformation
stages, starting with a linear elastic region of less than 0.4%
strain due to the blending of the structural foundations and
the submicron featured ligaments of the structure. The linear
clastic region 1s followed by the plastic region, characterized
by the plateau feature ending 95% strain due to the collapse
of mternal aerogel pores. Due to the high porosity of the PI
acrogels, no bulging or deformation in the X,y dimension
was observed after full compression. Changes in measured
density also affect the yield stress atter 0.02 strain leading to
a higher plastic region with higher crosslinking melamine.
The solubility of the triamine was limited to 0.10 mole
equiv. and led to maximum the modulus at 0.05 mole equiv.

and the modulus decreased once again at 0.1 mole equiv.
melamine.

[0067] In general, when comparing various aerogel den-
sity formulations, Young’s modulus decreased with decreas-
ing density, which 1s associated to decreasing NMP concen-
tration or increasing crosslinker. This relationship 1s
representative ol the logarnithmic time scale Ashby chart
producing a linear fit (R*=0.9132) and power law of 2.13 in
density and modulus for all the collected data. Moreover, the
submicron feature of both fiber and pore reduces light
scattering, consequential yielding an optically transparent
aerogel. Various formulations i 100% NMP of 3 mm PI
acrogel disks showed high transparencies in the visible
region (540 nm-790 nm). However, the gel showed a color
cut-ofl at 490 nm for blue absorbance characteristic to the PI
yellow coloration. The change 1n density would only affect
acrogel mechanical properties while keeping transparency

characteristics within 935-90% range.

[0068] When varying the solvent composition with difler-
ent ratios of polar and nonpolar solvent, the PI chemical
formulation was constant at 0.03 mole equiv. melamine and
132 mg/ml polymer concentration. PIs were formed with
increasing amounts of the “bad,” nonpolar solvent toluene at
0%, 10%, 25%, and 50% volume 1n NMP. PlIs formed with
more than 50% toluene showed immediate phase separation
during formation, with the polymer in the bottom NMP
layer. The table shown 1n FIG. 6 includes the physical and
mechanical properties of Pl aerogels formed with these
different solvent compositions. Increasing the amount of
toluene 1n the solvent resulted 1n increased measured den-
sities of the PI aerogels, up from 0.087 g/cm3 to 0.10 g/cm’.
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PIs formed with less toluene also exhibited extreme
increases 1n opacity. The total transmission ol aerogels
formed 1n 50% toluene, as measured by UV-Vis, was less
than 35% light transmission. There was a linear increase in
transmission with decreasing toluene content and corre-
spondingly more NMP content, up to fully ~95% total
transmission 1 100% NMP PI aerogel formulations. Addi-
tionally, the higher density of aerogels formed with more
nonpolar solvent also changed the mechanical stress-strain
properties of the aerogels as demonstrated by the dramatic
decrease 1 Young’s modulus at 10% toluene versus 0%
toluene, followed by an increase i Young’s modulus with
increasing density and toluene content. While density 1s
cllectively unchanged from pure NMP and 10% toluene
(0.086 g/cm” and 0.088 g/cm”), however, the physical and
mechanical properties showed an immediate decrease in
surface area, transmission, and drastic decrease 1n modulus.
This 1s due to the phase separation accrued in the presence
of toluene that causes larger porosity and variation 1n pore
morphology.

[0069] The combination of the TEM and SEM techniques

highlight the similar fibrous strands but different pore mor-
phology of the homogeneous and heterogeneous solvent
systems. Both formulation with pure NMP and mixture of
50% toluene showed similar fiber morphologies, as shown
in the TEM images in FIG. 7 portion (a) and (b). TEM
imaging showed identical morphologies of the individual
fibers with small dimensions between 8.6x2.6 nm for PI
acrogels made from polar solvents and polar-nonpolar mix-
tures. The distance that spans from one fiber to the next 1s
difficult to resolve 1 a 2D projection however, 1t could be
proximate at a two times smaller dimension than the fiber
diameter. While SEM does not resolve individual fibers
strands, i1t provides insightful information on the pore mor-
phology that was lacking 1n TEM 1mages. SEM 1maging of
the mterior section of Pls at 50x magnification shown FIG.
7 portion (¢) and (d) show a difference in the morphology of
pores from aerogels formed with pure NMP compared to
those formed with 50% toluene. Specifically, the presence of
voids 1s only noticeable in PI aerogels made from the mixed
solvent system as shown in FIG. 7 portion (e) and (1). The
SEM 1mages at lower magnification also show the aggre-
gation, or bundling, of polymer fibers in aerogels fabricated
in mixed solvent systems but not in pure NMP. In the mixed
solvent system, aerogels undergo shrinkage and syneresis
prior to solvent exchange due to the reduced polymer-
solvent athnity. While both systems experienced measurable
shrinkage after solvent exchange and supercritical drying, PI
acrogels fabricated from the less-polar solvent mixture
underwent the most shrinkage (up to 24%). This 1s also
shown 1n the chemical thermal conductivities slight increase
from 38.848+8.28x107> to a maximum of 45.87+1.6079x
107" mW/mK, and constant thermal decomposition of glass
transition temperature at 437° C., indicating that the chemi-
cal structure of the PI backbone 1s not atfected by the solvent
modification.

[0070] The higher aggregation of PI fibrous strand, solvent
phase separation, and PI gel syneresis during gelation in
toluene Pl aerogels are further retlected by the decrease in
internal surface area from 794 m*/g to 592 m*/g.

[0071] In order to extract the size and volume fraction of

the ligaments and pores, a scattering model was {it to all of
the SAXS data in the g-range 0.006 A~*<q<1.5 A~'. Based
on the TEM 1maging, the solid ligaments are prolate 1n shape
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with 5 nm dimensions and aspect ratios typically greater
than five. In addition to the scattering from ligaments and
pores, two diffraction peaks were observed 1n all the data,
having peak positions, q, and q, of 0.640 A and 1.255 A,
respectively; these positions correspond to d-spacings of
9.82 A and 5.01 A, respectively. Each peak was modeled by
a normalized gaussian function, K. q;,6;), which has three
parameters: k;, g. and &.. Neither the peak positions nor their
relative widths (¢, and G,) varied outside of the fit uncer-
tainty from sample to sample and therefore q,, q,, 6, and G,
were held constant at 0.640 A, 1.255 A, 0.1 A and 0.2 A,
respectively. Only the mtensity scaling, k, and k,, of each
peak were it to the data. Therefore, the SAXS model fit to
the data contained scattering from polyimide morphology,
[,,(q), two diffraction peaks (G, and G,), and a flat back-
ground, b

Imodef(Q): F'I(Q)_l_kl G(Ql 551,62)+k3(}(q2,62, Q)_I_bg

[0072] In addition to the 3 fit parameters for the two
(Gaussian peaks and background, the scattering from the
nanoscale aerogel morphology, 1,/(q), was modelled. The
inventors interpret the data as follows: the simplest scatter-
ing model with the fewest fit parameters and lowest ¥~
values assumes the ligaments have a parallelepiped shape
and a distribution of center-to-center distances, d, that rep-
resent the pore size.

[0073] The model 1s given by the equation:

Ipdq@)=vp[1—vp] [pr_ppore]ES (q.d,0,)LP A
A,0)[A%bc]F%(g,A,b,c)AA

[0074] where each ligament 1s defined by A, the smallest
dimension, and the aspect ratios of the second-dimension
and third-dimension b and c, respectively; by convention ¢
>b >1. To account for the polydispersity, a Gaussian function
was used to estimate the volume distribution, P, which 1s
defined by the mean, smallest-dimension, A, and standard
deviation, 6. The square of the form factor, F*, for each
parallelepiped 1s obtained by 1sotropic mtegration and using
Bessel function of the first kind and zero order, J,; this
function 1s also known as the “sinc” function. The structure
factor, S(q,d,o) 1s necessary to fit the broad, low-q peak 1n

the data, which 1s interpreted as distribution of center-to-
center distances. The mean distance, d, and root-mean-
square, G ,, represent the distances between the ligaments 1n
the A and B directions. To a first approximation, the mean
pore dimension, L. is extracted from d, A and b by the
relationship:

2d — A1 + b)
p = 2

L

[0075] where 1t 1s assumed that B and A faces surround the
pore with equal probability. In total, 7 fit parameters asso-
ciated with the bulk nanoscale heterogeneities, I,,(q), and 3
parameters associlated with the sub-nm XRD, and back-
ground were {it using the Imiit package for python. The
parameters obtained from the model fitting are plotted vs the
estimated volume fraction of polyimide within each sample,
V... 1s obtained from the density measurements of each
sample, p,, by the equation:
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[0076] where a value of 1.5 g cm™ is used for the density
of pure polyimide, pp,. In this way, the SAXS results are
compared with bulk density measurements.

[0077] From the SAXS modelling, the synthesis approach
used here resulted 1n ligaments with smallest dimensions=3
nm. The second dimension 1s typically a factor of 2 larger
and well outside of the mimimum/maximum values
observed. The feature 1n the SAXS data that 1s unique to a
parallelepiped is the intensity decay at q >0.1 A™', which
decays steeper than a Porod decay until g=0.2 A~', where a
faint knee-like feature and subsequent Porod decay are
observed. It 1s 1n this region that a simple cylinder form-
factor fails to describe the data. The observation of two
different smaller dimensions may be attributed to either
stacking effects, such as junction points where ligaments
overlap or anisotropic assembly perpendicular to the length
of the PI. Nevertheless, the two dimensions are consistent
with the dimensions observed by TEM (see FIG. 7 portion
(a) and (b)). The change 1n pore morphology also 1s captured
by the feature size of 700 nm measured with USAXS. It 1s
only with 50% toluene that such large features can be
observed 1n the USAXS region. Most information about the
aerogel morphology is contained at q values >0.005 A™".

[0078] While, the pore size does change with density, the
normalized standard deviation, 6/A is constant. Therefore,
there 1s no trend 1n the size of the ligaments perpendicular
to the c-direction (length) or the stacking heterogeneity that
results 1n a size distribution of pores changes with density.

[0079] Increasing polar solvent concentration from 10% to
25% to 50% toluene yielded E_=276 kPa, 600 kPa, 737 kPa,

respectively. Only the sample prepared with 50% toluene
contains a scattering feature at low-q that has dimensions of
=700 nm, assuming a spherical shape. The composition and
volume fraction of these phases cannot be uniquely deter-
mined from the USAXS data. However, the large length
scale 1s consistent with the opacity of this sample, whereas
no such large-scale heterogeneity 1s observed with lower
concentrations of toluene. In all cases, a Guinier region 1s
observed starting at g=0.01 A~'. The relative scale of the
scattered 1ntensity 1n this region decreases with decreasing
density, suggesting that the scattering from the ligaments
dominates this g-range.

[0080] In general, PI aerogels minimize syneresis due to
the high concentration of favorable polar aprotic solve,
subsequently minimizing shrinkage of the wet gel to
0%-10% after gelation. The linear oligomer prior to gelation
favors polar aprotic solvents such as NMP which minimize
intramolecular interaction of the oligomer, preventing phase
separation between the polymer and solvent prior to gela-
tion, at which point the percolating polymer becomes 1mmo-
bile. Phase separation, as a result of 1midization, drives the
formation of the rnigid gel network, but by maximizing
polymer-solvent interactions that phase separation remains
local, resulting 1n a network of single small, well-separated
fibers, rather than larger bundles or non-fibrous aggregates.
By maximizing separation of the fibers 1n the random pore
network, the (volumetric) pore size distribution 1s mini-
mized, consequently minimizing light scattering, resulting
the extremely transparent gels obtained 1n this study. Intro-
ducing a nonpolar solvent such toluene can induce phase
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separation which forms larger pores during gelation and
dramatically aflects the resulting opacity. Two general types
ol phase separation can occur in this system: phase separa-
tion of the polymer from solution (solvent-solvent aflinity
>solvent-polymer aflinity) and phase separation of one sol-
vent from solution (solvent-polymer afhinity >solvent-sol-
vent aflinity). Phase separation of the polymer (prior to
gelation) tends to result 1n the coagulated polymer structures
typical 1n polymeric aerogels, while phase separation of
solvents tends to result in well-defined polymer-ifree voids.
Evidence of both eflects can be seen. The slight increase 1n
ligament size indicates polymer aggregation, though since
the BET surface area does not drastically change, this effect
1s limited under these conditions. As can be seen 1n SEM,
large spheroidal voids form i gels made with toluene,
attributed to phase separation of toluene from the polar
NMP-polymer phase, forming polymer-iree droplets 1n the
gel. The large resulting pores are likely the primary source
of optical scattering (opacity). Furthermore, a fully conju-
gated, highly rnigid polymer network also minimizes the
ability of the polymer to coagulate and form the classical
semi-spherical primary/secondary particles formation seen
in other polymer aerogels.

[0081] To control gelation time, acetic anhydride (AA) 1s
an active parameter in the lower concentration formulations
but not 1n the higher polymer concentration formulation as
that eflect 1s dominated by the polymer concentration.
Higher AA will speed up the final condensation step, trap-
ping the solvent within the pores and minimizing shrinkage.
In the higher concentration PI acrogel (132 mg/ml), increas-
ing acetic anhydrnide above 6 mole equivalents showed no
cllect on gelation time, transparency, or modulus. Higher
concentration gels tend to gel within 30 minutes. However,
at concentrations lower than 6 mole equivalents, PI showed
longer gelation time with same mechanical properties. At
lower polymer concentrations (92 mg/ml), increasing acetic
anhydride sped up the final imidization dramatically, and
hence sped up gelation time from 100 hours at 6 equivalents
to 40 hours at 14 equivalents. SAX data also supports the
inventors’ interpretation of these behaviors, as the increase
ol acetic anhydride forced faster gelation leading to pore
s1ze decrease without changing ligament size. Increasing the
base catalyst, pyridine, had no eflfect on gelation time or the
physical and mechanical properties of the aerogels.

[0082] High density PI aerogels are a result of three
aspects: higher polymer concentration using a strong polar
solvent, higher chemical crosslinker using higher triamine,
and phase separation during gelation due to the addition of
nonpolar cosolvents such as toluene. Each of those param-
cters will affect gel formation and the resulting modulus,
pore morphology, and transparency. With a limitation in
triamine solubility, the crosslinker only aflected chemical
structure of the PI fibers, causing slight increase 1n density
and T,. However, the increase i polymer concentrations
showed similar behaviors with drastically increasing den-
sity, pore morphology and modulus. However, transparency
stayed above 90% due to the small features.

[0083] In the higher nonpolar solvent formulation, PI
acrogels density 1s aflected mainly by syneresis due to the
various concentrations of favorable polar aprotic solvent,
subsequently changing the pore morphology. Introducing
more nonpolar solvent such as toluene imnduces phase sepa-
ration that forms larger pore sizes up to 700 nm voids,
causing higher shrinkage and syneresis during gelation and
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increased light scattering resulting in opacity. Samples with
higher nonpolar solvent concentrations showed increased
shrinkage and led to more opaque PI gels with higher
density. High shrinkage percentage suggests the collapse of
pores with higher aggregation events within the polymeric
system. As a result, the PI aerogels exhibit higher density
with lower porosity and reduced transparency from 93% to

36%. This was validated by SAX and USAX measurements
showing a pore size void only 1n 50% toluene formulation.

[0084] Experimental: Fabrication of Aero Gel Foams
[0085] Procedure A:
[0086] o prepare a transparent polyimide aerogel at 0.49

mM (14 wt %) concentration (FIG. 4, entry 3), first DMBZ
(315 mg, 1.49 mmol) was added to 7 mL of NMP at room
temperature and stirred at 370 rpm for 5 minutes until 1t was
completely dissolved resulting on white to clear solution.
BPDA (600 mg, 1.87 mmol) was then added and stirred for
7 minutes. The reaction mixture turned a light salmon color
upon BPDA addition and transitioned to a clear yellow
within 1 minute. After stirring for 7 minutes, the melamine
(7.9 mg, 0.06 mmol) was added to the DMBZ-BPDA
oligomer solution and stirred for 15 minutes to ensure
homogeneous mixing. Acetic anhydnide (AA) (1 mL) and
pyridine (1 mL) were then added i1n sequence while con-
tinuing to stir to form a deeper intense yellow colored
solution. The resulting cross-linked polyimide solution was
pipetted 1nto various molds after 5 minutes of stirring and
allowed to gel for 24 hours. Gelation time was monitored
and recorded for each reaction.

[0087] Procedure B:

[0088] To prepare a transparent polyimide aerogel at 0.98
mM (27 wt %) concentration (FIG. 5, entry 10), DMBZ
(789.5 mg, 3.72 mmol) was first added to 8.7 mL of NMP
at room temperature and stirred at 2000 rpm for 1 minute
using a mechanical stirrer (THINKY) resulting 1n a white to
clear solution. BPDA (1.5 g, 4.66 mmol) was then added and
mixed for 1.5 minutes. The reaction mixture was a clear
yellow once 1t was removed from the mechanical stirrer. The
melamine (17.6 mg, 0.14 mmol) was subsequently added to
the DMBZ-BPDA oligomer solution and mixed for 1 minute
until homogeneous. Acetic anhydride (AA) (1 mL) and
pyridine (1 mL) were added in sequence while continuing to
stir for 1 minute. The resulting cross-linked polyimide
yellow solution was pipetted 1into various molds and allowed
to gel for 24 hours. Gelation time was monitored and
recorded for each reaction. The preparation of opaque poly-
imide aerogels (FIG. 6, entries 11-13) followed the proce-
dure A except that toluene was mixed with NMP 1n the desire
ratio and used 1n place of pure NMP as the reaction solvent.
The reported solvent volumes above represent the total
volume of both NMP and toluene. Higher concentrations of
toluene (>50%) were attempted, but DMBZ and BPDA were
both insoluble 1n the solvent mixture and no reaction
occurred.

[0089] In Use

[0090] Transparent polymer aerogels may be used for
many optical applications including window insulation,
transparent solar panels, aerospace lightweight insulation,
etc. In other approaches, various polymer aerogels presented
herein may be used 1n fire retardant insulation materials due
to their high thermal 1nsulation and thermal stability.

[0091] In several aspects, the ability to tune the surface
chemistry of the resulting aerogels presented herein has
many broad applications due to the variety of potential
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chemaistries which are physically characteristic of the start-
ing polymers described herein. Applications include thermal
insulation, windows (e.g., which take advantage of the
transparent and thermally insulating physical characteristics
of the resulting materials), catalyst supports (e.g., which take
advantage of the high surface area of the materials and/or the
ability to modily the surface area of the aerogel with an
active chemical moiety), photo catalytic processes (e.g.,
which take advantage of the transparent physical character-
istic and control of surface chemical moieties of the result-
ing materials), sacrificial energy absorption matenals (e.g.,
bullet proof vests, crumple zones in cars, etc.), etc. For
example, silica acrogels and metal oxide aerogels are limited
to the specific chemistries of the silica and/or metal oxide
used to form the acrogels. Furthermore, any available modi-
fication to the chemistry of conventional silica acrogels and
metal oxide aerogels significantly reduces the transparency
of the matenal.

[0092] In at least some aspects, the resulting materials
tformed according to at least some of the aspects described
herein are relatively easy to etch compared to conventional
s1lica aerogels. For example, silica aerogels are very diflicult
to degrade, and hydrofluoric acid (HF) 1s often used for any
ctching applications. HF 1s extremely toxic and difhicult to
use. In sharp contrast, the presented organic aerogel mate-
rials are more readily usable for applications involving
ctching the aerogels with a base or an acid.

[0093] The inventive concepts disclosed herein have been
presented by way of example to illustrate the myriad fea-
tures thereol 1n a plurality of 1llustrative scenarios, embodi-
ments, and/or implementations. It should be appreciated that
the concepts generally disclosed are to be considered as
modular, and may be implemented 1n any combination,
permutation, or synthesis thereof. In addition, any modifi-
cation, alteration, or equivalent of the presently disclosed
features, functions, and concepts that would be appreciated
by a person having ordinary skill in the art upon reading the
instant descriptions should also be considered within the
scope of this disclosure.

[0094] While various embodiments have been described
above, 1t should be understood that they have been presented
by way of example only, and not limitation. Thus, the
breadth and scope of an embodiment of the present inven-
tion should not be limited by any of the above-described
exemplary embodiments, but should be defined only 1n
accordance with the following claims and their equivalents.

What 1s claimed 1s:

1. A product, comprising;:

a polymer aerogel, the acrogel being physically charac-
terized by having a transparency greater than or equal
to 90% transmission of visible light through a 3 mm
thickness of the aerogel, wherein the acrogel comprises
at least one oligomer selected from the group consisting
of: a polyamide, a polyimide, a polyacrylate, a poly-
vinyl, and a polythioether.

2. The product of claim 1, wherein the aerogel includes

fibers, wherein an average diameter of the fibers in the
acrogel 1s less than or equal to 10 nm.

3. The product of claim 1, wherein the aerogel includes
pores, wherein an average diameter of the pores in the
acrogel 1s less than or equal to 20 nm.

4. The product of claim 1, wherein the aerogel 1s char-
acterized as having a surface area greater than 500 m~/g,
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wherein the aerogel i1s characterized as having a density
between about 50 mg/cm” and about 200 mg/cm”.

5. The product of claim 1, wherein the aerogel 1s char-
acterized as having a transparency gradient along at least a
portion thereof.

6. The product of claim 1, wherein the aerogel comprises
at least two regions, wherein a first region of the aerogel has
a first transparency, wherein a second region of the aerogel
has a second transparency which 1s different than the first
transparency.

7. A method, comprising;:

dissolving at least one monomer 1n at least one solvent to

form a mixture;

causing polymerization of the at least one monomer to

form at least one oligomer;

causing crosslinking of the at least one oligomer;

imitiating gelation of a product of the crosslinking and the

at least one solvent to form an aerogel precursor; and
forming an aerogel from the aerogel precursor.

8. The method of claim 7, wherein forming the aerogel
from the aerogel precursor includes critically drying and/or
supercritically drying the aerogel precursor.

9. The method of claim 8, wherein the aerogel 1s physi-
cally characterized by having a transparency greater than or
equal to 90% transmission of visible light through a 3 mm
thickness of the aerogel.

10. The method of claim 7, wherein the oligomer 1s
present 1n the mixture in less than or equal to 30 wt % of the
mixture during the crosslinking.

11. The method of claim 7, wherein the at least one
solvent 1s a polar solvent selected from the group consisting
of: an amide, an 1mide, an ether, an ester, a carboxylic acid,
an alcohol, an amine, and water.

12. The method of claim 7, wherein the at least one
solvent 1s a nonpolar solvent selected from the group con-
sisting of: an aromatic hydrocarbon, an aliphatic hydrocar-
bon, a halogenated hydrocarbon, an ether, and an amphi-
philic solvent.

13. The method of claim 7, comprising adding an excipi-
ent for moditying phase separation of the mixture, wherein
the excipient 1s selected from the group consisting of:
polystyrene, polyethylene glycol, potassium perchlorate,
and potassium acetate.

14. The method of claim 8, wherein the oligomer 1s
selected from the group consisting of: a polyamide, a
polyimide, a polyacrylate, a polyvinyl, and a polythioether.

15. The method of claim 7, wherein the gelation 1s
initiated by imidization of the product of the crosslhinking.

16. The method of claim 15, wherein the imidization 1s
initiated by adding acetic anhydrnide to the product of the
crosslinking.

17. The method of claim 15, wherein the imidization 1s
initiated by heating the product of the crosslinking.

18. The method of claim 7, wherein the aerogel includes
fibers, wherein an average diameter of the fibers i the
acrogel 1s less than or equal to 10 nm, wherein the aerogel
includes pores, wherein an average diameter of the pores 1n
the aerogel 1s less than or equal to 20 nm.

19. The method of claim 7, wherein forming the aerogel
from the aerogel precursor includes 3D printing the aerogel
precursor 1 a manner that creates a transparency gradient
along at least a portion thereof.

20. The method of claim 7, wherein forming the aerogel
from the aerogel precursor includes a technique selected
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from the group consisting of: extrusion, direct ink writing,
photo active printing, thermal printing, 1nk jetting, molding,
spin coating, doctor blading, and continuous roll-to-roll.
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