723,857 B1

2

Jul. 28, 2020

01); COS8J 2205/026

CO8G 73/1067

CO8J 2201/026

3

T 1
_1
A4 _7F

NTS

e, CO8G 73/101

t Highly Soluble and

Macromolecules (2005),

A

de Cross-Links:

1

2

15

less

de aerogel 1s

11111

lamine.

e
E

CO8J 2379/08 (2013.01)

ited
Based on Twisted Biphenyl

3

1zation o

US 10
01)
Search
CORJ 9/28
des
14aMmMinc
L5
lude a cardo-d

2

*

e A NN N
Lnlm x  a  a aa
e e T T o e T e

IIH! LECNE RN L N
by ; a2 a s

; *

. A *
e s o

'uT “.__.r.r.r....r... ””HHI".."PHH"N”H”-:-“I n I" T,
aa T e B B

Al e e R R

A b N LA

TP N v x

H.H+-. l- o

P A L L ' o e ’ ’ . X e e

- lll ol ] i | .r.T....l.....}..r.;..r.T........-.........l.-.i}.
e 3 - N A, o e e ar u.
.l

Ll i e
" PN N AN
A N ML

e e T

US010723857B1

220170502 (2013

ion

(2013

CO8J 2205/026

file for complete search history.

References C

PATENT DOCUM

S

8/2015 Meador

OTHER PUBLICATTIONS

111

d Character

1S 4dn

*
*

fluorene D

(Year

2005)

de Aerogels with Am

11m1

ABSTRACT

15C

losed poly

1ncC

el T .

w e e e e

PR N

&
A e e

» ERON )
M N AN

L,
>

b ol o

L]

\'-Iil'*l'*iii

X
o n ol N )
™

U
. The d

6 Claims, 18 Drawing Sheets

o
AAXAMAN
BOAE R

Xy

Rt
A M RN M N L

‘rb
i

ield of Classificat

CPC

See application

109

9

,088 B2 *

b

, “Synthes

*

al

de aerogel and method of making the aerogel

1111

14aIMine

o

N N N ™

45) Date of Patent

(10) Patent No
de aerogel that does not

um et

susceptible to temperature induced shrinkage than a poly-

American Chemical Society Applied Matereial & Interfaces, 2015,
disclosed. The polymer backbone of the aecrogel includes a

Low Cost Alternativefor Mechanically Strong Polymer Aerogels,
1240-1249, 7.

Oxygen Permeable new Poly

Primary Examiner — Kara B Boyle

(74) Attorney, Agent, or Firm — Robert H. Earp, 11l
Helen M. Galus

* cited by examiner

2,0 2
-
EREg
N0 g
-
5 23
D
8 3=
.lgn
.m_wm
mWw
VRS

(38) F
(56)

K

D

33

(57)

A poly
cardo-d
1mi

S

3

lle,

|

L]
L]
] Ll L
LW W A i ar &
L .rl.....l.ll..-_l.tl.....l.....l..rl.l........ ....l.....l..-_ R
dp b b g b & A b b b dr b v

L ._1.-..__. L] & .__.._-1.._..1.._......._..-.1..-.4....1..._.

L .

..__.__1| .r.....-.l..-......-...-.‘.-.. L]

»
o

FY

+
E

>
)
MM

LR e

[
r
'r:'r Jr*l"l"i."i

LN NS e

l“-
x
N
o
=

a

r ....r.v.r.r.-.l.-_....r.._..r
.

X dodroa e e e e e d

PR N
L e bk ko d o

ol & A ar d i k.

o = el e A

.r-.T.T.'..T.T.'..'.}.}.

; ! ! ;! i M P

L) L

e A i ; ; ! ; x

N e e
B e e ¥
R N
.._..._..._..._..an-.._._-_

e e T ; oy iy a . Ul AN
LR o 2k x o aa! ; o a o o L M

a &
- L L L L

. " ; 5 Mt - AR
.%"t.rkt#ilﬂufxliii o o B
»

.__._1..1 l..r
-.r...n.rn...-.r..........”............”.r.._
.

a kR kNN

PN P
. _-_.......r.........................r..........“.......... ........__..
PRl ettty P,

the
iona

DC (US)

,/

OH (US)
1

3

ria

Strongsv

2

1Ca a%

trator of

is
and Space

ini

DC (US)

2

the term of't

2

H o A A ]
A I-I-I"Hu

H”HHHHHH"'

-
& a
£ X X .

F ]
A N N

i ap e e e e i

mngton

i : i . . ; e i e N T
o ! ¢ rodrd ol M b oa o
ol g . [ S S A i
! 1 ! . F . r -..1......_......._.......1.._ .r...........v.r.._....

M N

N

Ely

1CS

11mMer

)
)
)

4
-

4
-

4
-

L 1

, Washington
the Adm
, Wash

of Amer

Meador

iano,

A A A & A & A A A & A A L A A A L & 2 2 & X & & A& 1 & L

m oA Joodp b i
. W, Tt a et ; /

- ......._........._...._..4.4._..“... b , i ; . k ko , g L .
et d B .

r
[ ]
"

X
&

L W
i

represented by

and Space

1011

ended or adjusted under 35

(2006.0
(2006.0
(2006.0

e e ey

I N N N
L N

as
trator of the Nat

[ | AI’
is

S

ics
istration

1n

P. Vigg

I Aeronaut

10114

trat

111%

t to any discla

CcC

C08J 9/28 (2013.01); CO8G 73/1067

i »
e
e

et S MU S S N
2t RN N W

ENPRE el N )

AL A A n i A 1 A A A & i A i A A A L L

t al
Represented by

U.

Rocco

Mary Ann B
OH (US)
United States
Nat

Subi

P R RN o R
L LN Wy
P I N )
[ T S S S iy
e e
tn.r._..._ .-.v.-. orodr * FaE e

12 United States Patent

goiano e

1

v

(54) POLYIMIDE AEROGELS WITH REDUCED

SHRINKAGE FROM ISOTHERMAL AGING

Admin

(71) Applicant

Aeronaut

Adm

Inventors

(72)

(73) Assignee

Adm

( *) Notice

patent 1s ext

U.S.C. 154(b) by O days.

(21)  Appl. No.: 15/486,732

Apr. 13, 2017

(22) Filed

Related U.S. Application Data
(60) Provisional application No. 62/323,126, filed on Apr.

15, 2016.

(51) Int. CL

C08J 9/00

CO08G 73/10
CO08J 9/28

(52) U.S. CL

P

(2013.01); CO8J 2201/026 (2013.01); COS8J



.HHHHHHH

HHHHHHHI

US 10,723,857 B1

-
FY
H"H
oAl A M N A
A_M
A
Ilﬂ
Al

xﬂ”ﬂ“ﬂ”ﬂ

nnge
n'n"ﬂxn"nxnxxxxxn"
H:I:H:IHI"H"HHH"H
AN

A A

A AN A

M_M_A

A A A A

M_N_ A

A A A A

oA A A

laﬂnlll

.l
Al
..:HIHHHHHHHHH
A
Al
Al
Al
A
A

rrnrnrv.rxrnrv.r oo

H
kK FEFEFEFEFEFEFEFEFFEFEFEFEEFEFEFEPF

K s HFPPHHHHHHFH
Fo ol HPU.FPFFPHHHH o

oA EXEXERERERX
Pﬂﬂﬂﬂ#ﬂﬂﬂlﬂ!ﬂﬂﬂﬂlﬂﬂ
XE X ERERX XX

Sheet 1 of 18

H.HHH H.HH.HFFFHHHP

rr””x“x”n”x”a“xﬂx”x
.x.r.x.x.x.x.rr.x.v_ L J
¥ vrv_rv_vr.u_.v_rv_vr.y.xrxrx”x”x”x“x”x”xnxmx”xa
AN AR AN
A A A A A A
A e NN
L ; A, A A

* ”MHn“”HHH”uHxﬂxﬂuﬂxnnxnr.xv.nxnxuxnxa
e i
R .:.x”r.”x”r.”!”r”x”xﬂx”xﬂxmx“x”xﬂnﬂx
A A A A R MMM A A A M A

E o i
FJHJHPHJHFHFHF

Jul. 28, 2020

] .H o
ar e e B u__ u.. ] HHHFHPHFPPHFEFHHHHH

v......x.xn.x“nn.xxx.

Ny
Al
Al
|
A
|
:Il
|
EEEE R

L]

§ N
Iﬂ?ﬂ x
H"il o
A
A

A
A
Al
A
I;‘
A
A

"il

|

A

L]

x”x”x“x“a”x”x”ﬁ i
N Hﬂﬂxﬂﬂﬂxﬂﬂﬂﬂﬂﬂﬂx

H!HHHHHH

H . Hﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂ

HH.HHHHHH

Gl
k.
X
W
E
-
X
E
2
X

"H
Al
o

Al
A
HH
E |
Al
Al

PFHHHFH
FHHHHHHH

Ao
Al
Al
E |
Al
Al
A
Al

...._xxnx.xnxa

A
Al

HFHHHHH

H!HEHHF

HH!HHHHHHHHHHHHHHHH

U.S. Patent

etatet
x “g”g”g“gug”ﬁﬁxﬁ
E A o
L HHHRHHHHHHHHFHHHH.! oy i

F!

'E

A Fr. .FUHPU.FPFFPU.FHHHFHFHFU. Hr.ﬂ E N N

g
p

H
i
x
o
x

A,
P a TP PR xxxnxxxnxxxr.r ....xxnxrxrfnxnn”x” H

! AL A A A

o

.,, n._,.u_,.fx”u”g” e .”x”,.”u”g”x”u”ﬁx”ﬁﬁp
E A o u_ oA UHHF.HFH.PU.FPFFPUFU E UHPHFHUHPHHHHHHHHHU

; A
rr.:.Hr.”xwr.Hn”H”:.Hﬂﬂﬁﬂﬂﬂpﬂ!ﬂ!ﬂ!ﬂﬂﬂﬂﬂﬂﬂﬂﬂ
¥ A o A, A, A, A A, A A A
o e e e e e
e A A A
F A A i
N N NN N N NN
i A A
o K Ko M K R
F A A

o A A A A A
A
A A A A i
E A A A
A A A
A TP PR T P P T M
P o e
rjxjxxxv.rxxxxxxnxxanar

o o o o o e o e o e
o o vxxvxxn”x””x”n”x”x”n”x”n"n"a”
N
nxrrrxnrxurxnxnxxxxnnr

”H”H”H”H”H”i.”H”H”H”H”H”H”H”H”ﬂ”ﬂ”ﬂ”ﬂ”ﬁ”ﬂ”ﬂ”ﬂ.
A
A A A N
A N N
A A N N

ol A N
A A N i
N A N N
A A A N A M A N R M X MR
g A i
A K A R WK X AR AN NN AR WX
AN A A A A A A A A A W W X
A A A N A T
; I I I I I
A A AR AR A A e A e A A A e A A e A e e

g A A A A A A N N i
a m e a  a w  w A A e  w a

P, o P P o B P DD B B DD B DR B BB KW KK
o A A A

A A xnxnu__xrnxxrnxxxnnxxnnxxaxnnnnnxnanana

)

2
-5

;:
g
£
g
o
£
Fo
i
£
P,
.
A
p

]
Y
FY
FY
Y
FY
FY
Y
FY
FY

xHu“xHxHuHnHnHHHHHHHHHHH#HIHHH:H._":":
o A xxx i e
oy P g
A I I R
o A XX XX EXER XXX RER
A rrx. - rr.v”rrnrxxaxnxan e R i
. x X xR R
» L
r

xR AERERXREEZX X
A

Dl

r-.'-::
e
:::-:
e
i
xx:
AL
)
x
)
"

FY
;il
p
Ml
]
Ml

e
;||l
EY
;||l
M
A
M

A
‘e
‘e
H
F
]

:av
P,
‘2

?"x?"
P,
‘2
2
P,
M
F
M
F
A
M
M
F
M
M
A
F
M
F
A
F
A
A
A
A
A

)
H
F
Al
H
Al
M
Ml
Al
Al
Ml
Al

A A

I-I

-
.
-
x
-
-
-
-
x
Al
-
-
Al

-
M
e
)
A
P,
M
A
A
M
A
F
M
A
M

=
-
X
-
-
Hxll'
-
-
E |
A
A
X
Al
A
A
A
A
A
Al
A
A
A
A
E |
Al
A
A
A
E |
I
H

2
)
Al
Al
Al
Al
Al
Al
Al
A
Al
Al
Al
Al
Al

H:H:
2N
XK
2
i
KX
XX
2 e
i |
XN
i
XM
i
XA
i |
i |
i
i
i
XAl
i |
i |
i)
A
i, |
i
i
i, |
i
i)
i
A
i
AN
i
XM
oA
i |
|
AN
i
i)
i
nA
i |
i |
A
i |
LA
|
n

|

.
Al
Al
.
-
H
-
Al
Al
.
Al
Al
Al
Al
Al
Al
Al
A
Al
Al
-
Al
Al
Al
A
Al
Al
Al

HF!JHHHH.HH.HH.HHHH.HHHHHH N NN HHHHHHPHHHHIlHIHlﬂlﬂlﬂlﬂﬂlﬂﬂlﬂﬂﬂlﬂlﬂlﬂlﬂ
H K, H HJHFHHHJHFHH.HFHPHFHHH AN H m_N Hﬂlﬂﬂﬂlﬂlﬂﬂllﬂlﬂl EREXLERRERERERENRERHN

X_;
X
X
F
W
H
FY
Y
W
F
Y
H
F
M
Ml
]
A
H
Al
Al
A
]
A
H
]
Al
A
A
A
A
Al
A
Ml
Al
A
Ml
Al
A
A
]
A
H

d
F
¢
i
2
Al
Al
Al
)
Al
Al
)
Al
Al
Al
Al
Al
Al
A
|
Al
|
|
|

e

LR A M M M NN M N N M N M E NN NNENEREEREREYENEERENERERENREYEREN

AR N M N AN ENKEEMNEXEREEEENNEEREREEREEITEREEERSERENE
.ivPr.vHIHH.HHHHHHHHHHHHHHHHHHHHHIHHHIIIHIIIHIIIIIIII
y PCOM AN MM N NN M EXERERERENNEEEEEEREERELEREEESXREESYNRERER
MM A MM MM N MR N EMEERENNNEREEREREREEERESEREEERSENENRLR

A A A NENEENENEEAELELEL LA LEERELEREREREREREERERNK

PEN M M M MO M M oMM M N M NP N RN NENKEXERERENERERINERRSERERRSERERTH

M KM NN EENALEEREEXEXEEEEEEREEREERESEESXEREERZESXERRE

Ao Mo A RN K K NN N KRN KX NEEELTRERELTREREXEEEREENLRERERESR

C AL M N M N NN NN R NMENEEEEEEEEEEEEEREREERESEESXNREERERE

JEAE 6 e M M MM N OE M NN MENENNEEEEREEREREERREXRERERRRERER®RHS

M A A KK KK XTI LIAELARRELAREAESSLAAREERTE.IRE
HHHHHHHHHHHHHHHHH.HHHHHHHIHHHHHHHHHHHHHHHHlHHHHIlIHHlHlHﬂlﬂlﬂlﬂﬂlﬂﬂﬂlﬂlﬂlﬂlﬂlﬂl

A HHHHﬂﬂxlﬂﬂﬂﬁxﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂlﬂ RAXTREXLERERERERNLIRERERELXEERERENLRERN

;-’

]

Al

F

H

|

F

H

Al

F

Al

Al

F

o
Al

F
Al

Al
Ml

|
Al

Al
Al

Al
A

'?l

E
E

L

1

ol ; i L ; ; X TR T e R e
u_ .u.ru.vu_. X Hr”x”rHx“r.HrHv.”u..”.xHr.”x”r.”v"”x”xHx“xHx”x”x”x”x”aﬂxﬂxnxﬂxﬂa“aﬂxﬂana nr e :na“a " anaﬂaﬂa"aﬂanana“:"a" . "
x”!xnunxrxrurxrvu_.uu_.u_.xxxuy.xxxnuxxxxxunxPxxHxxHﬂﬂ#ﬂﬂﬂ:ﬂlﬂ:ﬂﬂﬂlﬂ:ﬂ:ﬂﬂ:ﬂ L i  au
L

1

r

L

E

E

n

Fol
A
A
A
Ml
A

Lo
!'l'
|
o
A
|

; " x
rr.nxv.rrxrrrxrvrrrx.rx.rrxrxxxxnxxxnxrxnxxxxxnxnnanaanxnnnaananaannnanana e al"a"n"n"a"a"a"a"na

A
1)

.

Al

o
]

unu..

)

u..u..u..u..u..FHHHHHHu..HHHHHHHHHHHIHIHHIIHHIHIIHHHHHHHHIHll
PP e AR A M M NP M M M A M N NN NN R ERRERR®RRERERRER-RHS XN’
r.u. MM M N AN NN N K EMNERENEEEEEEREEREEEEREREER "X HHIIIII
Fr.HFHHHr.HHHHHHHHHHHHHHHHHHHIIIII!IIIIIIIIIIIIIIIIII
PO AL A A A A R M M M M MM ENEREREXEXEXEEREXEREERERRE e E R EE KR N
(P A M MM MK M N M M KK NEEREEERRESXRERERESERERERRERHR
iy A KN KX AL REESREERERER
P M A M A MM NN N JE M AN EEXERERERXEXEREXRERERERREREHR
A L HHHHu..!HHHHHFHHIHHHIHHHIIIIIIIIIIH
HHHPHFHHHHHr.HFHHHHHHHHHHHIHIHIIIHIIIIII
AN M N M A RN ERER ER NN EEXEXEREEEREENREREXE R
o o k. HHHHHHHunHHHHHHHHHHHHHHHHHHHHHHHHIHIHﬂﬂﬂllﬂlﬂlllllﬂlllﬂlllll I
o

B u.. HHHHH . HHHHHHHHHHHHHHHHHHHHunHHHHHHHHHHHHHIIIHHHHHIIHHHHHIHIIIHIHII"I

E]
rrrrur:r'n:rn:

L
FHF

u..
F

o
i
|
H
Al

F A,
Y
FY

'il"?d

o
5
i)
]
]
b
xr'-".'-r.'-.'-
*,
EY)
;||l

-
k.
E
p

u..

>,
]
-

g

a::r
o,
-5

>
F
)

o
x
)

x?"

)

Ml

A

?ﬂ

H
.xx il' i
M
H
x
M
H
F
%
)
Al
xﬂ
H
]
M
H
F
-
H
]
Al
H
]
-
H
Al
Al
Ml
Al
A
A
Al
A
A
Al
A
A
A
A
|
A

)
Al
;.:
kY
L,
Al
Al
Al

Al
H
FY
E
FY
FY
FY
Y
H
F
M
H
F
M
H
FY
Al
Ml
]
Al
Ml
F
Al
Ml
Al
Al
Ml
Al
A
Ml
Al
Al
Ml
Al
A
M
||
||
|

o,
-
L,
o,
F
L,
)
‘2
?l'.
k]
F
L,
|
F
H
o,
F
L,
|
F
Al
|
Al
Al
|
F
Al
Al
F
Al
Al
Al
Al
A
Al
H
A
Al
A
A
A
A
A

H”HHH”HHH”H“H“!HH”u_.”HHHHHHH"l”HHH”HHlHl”H”H“HHH“H“I“H“I“I"I"H"I"II

i K N M MM KK KEENEREXENEIRELLEYEEREERERERERERELRE

. MM N NEXEREXEXENEEEEREEITEERESEXREXEEEERRERERNE

o o oM KN ENKERXENERERENXEERRERERERERERERENERERERERR
A AEXEXEEEEIXEEEILAELEELLEL IR EERSTERRERERE |
P M e pE AR MM N N N MR N ERNEX RN ERERRERMS IERHRHENRRH®N
oK M NN KN EREREMEEEEEEEEREEEEREEESEEITEEFEFEFEFEESERFR
] HHHHHHHHHHHHHHHHHHHHHHHHHIHHHHHIHHHHlIlHHHHIlHlHlIlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂ llllll

.HHHHHHHHHHHHHHHHHHHHHHHIHIIHIIIIIIIIIIIIIIIIIIII
Tl Hu..FP?HHFHH!HHH’.HHHPFHH?FHH MM HHHHHHHHHHHHHHHHHHlHIHlIHﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂ Hlﬂlﬂlllllllﬂl R
LIE W A N N NN N M M NN MM NN XEXEXEXELEEXIEXEERERREEREEEEFEREERNREREEEFEFEERERESER
Mo M M N A A KM K K M KR KRR MR EEEAERELEIEIIEREELIEEEREEEREEERERERERRE R HI
o N EAXEXEXREXEXEREEREXLRESEREEREEREERIESRS®RENRER.HE
MM M N M NN MM NN M NN NNEREREERNNEMEEENEEEEERERENEEEREERERERERERERRERRSERNREHR

A EAXLEXELXEINEAEAREELIAEEREENEREREERERERESERETR
P A AL A AL A N A M A M A A A M M MR N M N RN ER XN RERERRXERENRERREERRERH®

E A i S A AAEXXEXEEXEEEEEIEEREETEREESXTEEEREREERTRERF
PR A AN RN MM MM M KA N NN K KM KKK XNKEEEEAEELLERERE IR REERERENEER " EER
HFRFFHHEHHEHHEHHEH XXX XX EXREEXEXEREXERERREEREEERNEEFEFErEEFEEREERERN
P M M MM M N M M MMM KN MK NN N NMNEEREEEESEERELEREREREEIEREEREEREREEEEREERERERERERRENR
A A i AT XTI LITEIREIRIEALIRELAERENEIRERERESTRERN
LM M AL M e P A AR A N M N A M N JE RN RN EN XXX ERRERSXRR®RERR®ER®RIHERHSRFE/R
FEA M N N NN M N NN NN NN KR EXEXXERREEXREERREEEEFEEFEEEFERFEFERNF F
.HHHHu..HHHHHHHHHHHHHHHHHHE?HHHHHHHHHH N IHHHHHHHHHHlIIHlHHIlllﬂﬂlﬂﬂﬂﬂlﬂlﬂﬂlﬂllﬂlﬂl IHIH

)
-]
Al
E |
E |

A
Al

Ly
-

F"F'?l
= |
|
A A
N NN
M e A A
_a_ A
Al

Ly
Al
|
-
Al
Al
Al

. e e
- AN NN ENNNNMEENENNEEEREENELEENEEEE YRR AR T R E R R A FE Y R A FEEE R ||
i i : Lo W A N N N XN KN NN KN KENE N RHHHHHHHHHHHHHIHIHHHHHIIIHIlIHIlHHHIIlIlIIIlIlIlllﬂlllﬂlﬂllﬂlllllﬂllﬂl

)
,H,.”u”,..”,.Hu“,.H,..”u”x”x“u“x“ﬁu“x”ﬁuw“ﬁﬁ
g A i
xrxrxrxrxuxr T u_”xxxrxnxxxuxnxrxrxxxrxuxrxnx T R e e R e

FFPFEH MM MM NN KR NNEXEXEXEEEXEREEREREXERESEERRERXRERRESYNREREXNRERER R
L3 un u.. ?FPUHHHFHHEH!HH! .-- HH!HHHHH!HHH!H!HHHHHHHunHHHHHHHHHHHHHHHHHHHHHHlHlIlHIHllHHIHHHlHlHlllHlHlﬂlﬂlﬂﬂﬂﬂﬂlﬂlﬂlﬂlﬂlﬂlﬂlﬂ ll II
l.rl..-.. F N P PE PE A A M M N NN NN E XN REEXEXENRENRRENRERRERIEIF-SR®RERRRERRERHS SRR R
i E A LA M M N M N N KN EREREREEREYEXREEEEEREEEEEEREEEEFERESERESERERF l!
S B N A M KN KKK M NN NKENEEEREEETARELEREREREREERESLERERERERRER EXEREREREREREERETRNR Il!
l.l E o ol e oM N M N NN ERENEXEEREXERXEERERXXEEEEREEREXERER XX ERERREERERFRTRE
& KKK KEEXEENXEEREEREERELEEREEREEREEEREELEREEEEEEFEEEAEERERRERENRE R B ]
-.:. A KA NN HHHHHHHIHHHHHHHHIIHHIIIHIIIHIIHIIIIIIIIIIIHII |
o L A A M oA A P N A A MM N N NN AN AKX R KRR NERNEXRERERXRER®RRER®RE®RERH®EH® M ]
A A e HHHH.HHHHHHHHHFHHHHHIHHHHHHHHIHHHIIIIIIIIIIII
|| * i A X XX XEREXXAEELILTRERERELIELIEEREEEELLIEEERRERERERERERRE R R
i B A AE N EXEXXENEEXXERERESERELRESEREEYXREEYYEFEREEERREREF E
a b o L X EXEXEXEREENXEEEEREREREREREREERIRESEREREREEREREERERERERERFE R B
LI ] KX AATEIXLELEIREITREIERREEREESITELIIREAIEERSERELER Hl!ﬂlll |
| M) N M X A X X FERXERIIERIRERRRIERRIERHSH®RES®RRRERERRETRE EJE R E RN ]
X & JE M X X M X E N AAEXXEXERREEXEEIREEEEELSTEEEREEFEEREEREERN EERERETRENFF |
vor N EEXEXXEEREEREILIIREEREEEREEEREEEREEEREEERERREEERERERRERER | ]
+ o E [ N X NN XX ERXEXEREXEEXEREREXEERXEREEXEERNREESESERE E KX E |
. . N KK N M K XXX RENXXNXEZEXEREREEEEEREETREREREREREEFERERERERERERRERRE R R ER E
i A IHHHHHHHHHHHHIHlIIIIIHIIIIHIIIIIIIIIIIHI ERE K
J oM A M MM o N M XA JE N N E R R ER KRR R ERERRERERRERRESRNTRRERER®E L]
* A A N KR NN HHHHHHIHHHHHHHHIHHHIHHHIIIHIIIHHHIII E
r & A A A A X XEREXELEEEILIAEAREEREREEREELITEEEREEEREREERERENERR ]
= A o e i AN EE XXX XXX EXNERERXRERERRSERHS H®EHR SRR |
a0 B X EXEZXENEREEIREREREREREREEREEERNREREREERERERENEREREERR ]
L E R X XX XK X HHHHHHHHHHHHHHHHHHIHHHHHHHIIHIIHHIHHI |
| M M A A N E X KX X AR E R ENERRERERIERSR®RRER®RRSEHRH® HR "
Hll E HIHHHHHHHHHHIHIHHIHHIHIHHIII VI
- EEEREAXELIRERENELIEEREREEREREEREERERERERERTRK E
M X 1 X EXEXEXEXXEERXEXEREEREEEREEITEXEEREEEEERERRER
M N NN M AEEMNREEXELEEXREREREREEEEEREREEREREEEREEREREERERRES E
i AATRELELIXXIIREELIARERLARELLIEIELIREREEEEEREEEELER
L ] MM N X R R RERIESXRSTXERNERHE.SZH E
X ERE X XEXEXEEEREIERRESEXEXEREREYEXERESXRER
N - K AXTRERELIREREEREELITREIREEEEREEERERERERERER ]
o KA o XXX XEEXERRERESXXEEXEXERERERERETRTH E
M KA R AR REXREREREREREERRERESERERERERERERRERERREFRHR R lll
A KN . s HHHHHHHHIIIHIHHHHHIHIIIIIIIIIHI |
F i i X, X X JE AN X R R NEX XX RN ENERRENERIRRR K
MR KM NN KR - HHHHHHHIHHHHHIHIIHHHIIHIIIIIII l!
MR KA KK N x EETREREXERELIEIREREAREEIEERNREEEREEREREREREER Ill
MR NN A L XXX XEXEREXEXEXEREXEEXEREEEIEXREEFEEREEREERERERNF
A NN M NN . M E XM XERENXENXEREREREEIERESEEEREEEREREREREREERRERTR B
AR N KKK N HHHHHHHHHHHHHHHHHHHHHHHHIHHHIHHIHHHHIIHHIHHI
T M A M MMM N NN M N AR R ER R R X ERREERSRERIERS®RRERRERERTHIEIR®RTH E
X E XN XEXERSEX HHHHHIHIHHHIIIHHIIHIIIIIHIIIIIIIHIHII
I AAXXELTREEREREALXIEREEEEREREREEEAREEEREEREENERERERERERERR ]
RN N NN TR KN XXX XEXEXEXEIEREREREERNREEFEIEEREEREEERREENRERERE R |
E N X EXEMXERERERNXEXIEREEEREREEERERERERERERERERERREEX NN ll
N B HHHHHHHHHHIHHHIHHIHHIHIIHHIHHIHHIH
E N N AR R JE R R X NEXERENRIENR®ERERRENRERIEIHSHRRRRSERERHE.'R E
RN MM EE RN MR N K HHHHHIIIHIIIIIIIIIIIIIIIIIIIIIIII E
N EEXTRERELITEREEREENLEREEERENENEEENEERERERERERTRN KRR E
AP N MR KN N A XX XEXEEREREIEXEXREEXESXEEEEREFSEENENE EE EE |
HHHHHIHHHHIHH AERERELELEREEREEREREREREEREREERRELRFR R K E K
HHHHHHHHHHHHH IHHHHHIHHHHHIHIHHIIHHIHHIHHI HIHHI
M M KX XK E_X_I XN ER_JE X FEIENE R K KN KK KK I ] uE
.FH.FHPHHFHFHHHH.HH FHHHHH.HIHHHHHHHHIIHHHIHIHIHH IHH e

.-I
o
- ;.
-
™
-l

rrr-rr'r'- -r'-"'r'--------------.-.-.-.-.-._.-._.




U.S. Patent Jul. 28, 2020 Sheet 2 of 18 US 10,723,857 B1

éAcﬂic Anhydride
| TEA

F1G. 2



U.S. Patent Jul. 28, 2020 Sheet 3 of 18 US 10,723,857 B1

b} — = .

180 160 140 120 100 80 60 40

F1G. 3



r

L)

x

Py

Tk x

x
)

X

¥
Dl NN e )

L e ) 4

FoAw

.__.:.
i

X X

L

L )

Tyt

LN

F3

Ma A

¥

e m e .
PO -_._._.......4.-'31"-_

NN

O )

Ca A ) X IR

PN

dr A e A
i

&

)

L
Ll U
R MM MM A

¥
aa

ir

L3
ir
ir

...H.qt.q..........q

i drdr
iy b
L)

L)

o

*
L)
L)

O ) X
»

i
.4.4.4..........1....4......”.....“...”.._
L el e

L)

Y
Lt
L
& %

kR
o _-I".q”.q”...u_q”.q“&.___ X
W e

L

MMM AN
ERCC DR

y kb

g
M_A

oAl
I!-!-H-

. B
.

o
[Pl ol I
'

&

LML RN

- E I .
P ] A
.I‘i..f L e,
. Y I e .

*

»

L

]

S

W . .
FETR R e e e e e
.l-.l—__lr.r.r.r.l.._..__.-.I.._..
. . ST e . .
' . . e e e e s

L yF U S
.

US 10,723,857 B1

L . e
+ s u
. .“-. . |I
. . X
e “.
' L] .
d .
- . —_ﬁ-.
. i
- -
“n T
-
¥ '
r - r
- .
x o
; . . . . . '
s . . . L
n iy .
X
i i .
L) ]
P - .
.r....r... i.-_ .-- ' : o
) [) P .
) - ] r
.r.r.._. .-..-_.-. - -
' e ] . .
i - .
i &
Pty > .
......_.....l Ll.lrl..l__lq!'l.-..__.-..__.-..._.-..__.r.__h.-.r.__.r.__ e e e
i L e B .
* . -
-
. [ . . .
L]

! L]
.. i L]
K ) L]
v | } L)
. .-_l_ | ..
. .4.-. ] . ....
a L - L
‘m N A b ) -
o A L r
S ) .
b - .
R i - -
et ) - -
L al )
X x . L]

e

o

o i

T

[y

»

N A
W
F_'_I..I!HHI

HH"HI!I!HIHI

X
¥ AN M

R

= & N

i

.

LN

-..-.._

ke Ny

drod dr d ko
L ) L
N S S o A

P

!l A

KX
A ) Jr"a-*ar*a-"a-‘a- |

i
[
[
[
* .__..__..___H.q.___
[ )
H

Ll

ir
[
*

M
»

»

Y

i
T
*
:

.
.
L]
L]
L]
|

""""I"'."'
L

a e
-
. =
T
]
)
|

\
.
.
.
]
)

X,

i i i i i
-

.
hoh N 8 1§

'
[
.
L]
e
|

=
.

L]

Al

.
LR R RN
.

LAl Ol e e

e
.

A
e

R N N

|

.'-':"'i'.":' -r

[l ™

e

g L

o
e B e X X

F
» % ) e e e .
* lu-.q.r.r......._..,.-.r....qt 2 el A A ; L
e e L lll = . T
* A it L " L L r e ) - . .
H...H....H "xﬂxnr.x L . iy i i . '
ikt W i i ; A LMK . |
X a i ; LA : s o

.
N
)

X

.*.*

_-__-__-_ l_-...H...H...H.q”....___l » b, ! r : .
i

Jul. 28, 2020

L]

NN

E NN, )

- i

A AN
KEENE M X
IHHHHIIIIH > I' | I'

FEFE KN | ill"ll

4.4 & oo

. Lo e ae .
et T
i o L B

L

....
- - LI | & B
. . -"l_. .
B L . .

»

x
L, ]

R N
¥

L L)
r B
.4-_”._._”4.__. N .

LY
i &
F
ST
B ks R R I RN
.._._.4......_..._......_..___.___ .-_.._..._......_..._..._..........-.

h_]

R

Y
i

e
)
H Ak

FY
o N N

AL A T

ol
EY)

Tt e

Ol
o e e
A b b o okoh

11

MR g e

A X m
i ..‘.

2
*

1-:4-:4-
NN )

* ._.....“.._.H...H.q ! . . ; D
PN N ALt A M R oy . . - .
W . ; o . C. . . . . .

L)

»

*

-

R e e el O

[

»

L NC NE KN N L N

L N )

U.S. Patent

-

-

A |
A, .Hr.n.xr T 2

Y

Ol

)

KX

b [
S R e

ad m ox W

NI AN o

i iy i i i

i n

n
.4....4...#...
.._..__..__..__...__ .u_”lli-
AL AL x u

El )

C ol RN N

Pl
A

-

e X e

e

X

i
Ly
L

N
»
N N N

> M
X
Ea)
)
&

L
F)

* .__.H...H__._H____H_-_.___
R NN
Ll

h_]

)
*

¥ i
o ar
Ll
L
i

)
ir
ir
&
X

¥
L

¥

W

e
i

& &
»

i
P SN
R
e i

'

L RC N L X N

L)
4:4:4-:4:4* i i |
*4:4-:4"&*1**"# T
RN e B MM
e
X

»
.
X
LN
X'
. :4.4-*4-4-444-44-#
) »
A
»

)

L Al )
LR
L)




US 10,723,857 B1

T

R

FFFFF KR

1

"TTFTTFTEFE

[
“I'

. In"
l-lll ]
T

Sheet 5 of 18

._..-.-
. .
Tn
- '-
...ﬁ: . .
L .
CE ok . -
A .
s
.
)
.
i -
. . L
- T
.-I .
. |
. " .
.
3
. A
"
.
._
L
[
A .
[
.
' .o
.
a
A
&y
-
" -
-
5
-
*
. “ . .
. L
FaN '
‘..- ..
x 7] . .
roa .
& ' .. !
0 = .“..._. .HH '
I | A .
1“. t.“ .H”H o
A . X
" . P .
x . - cx .
-.‘l ..'. o i .."
o 4 X
P ] o . ow
. x .
-, : ; ',
2 ¥ .
A
.H. "
P e U o T b
’—. « FFFFPFPFEPF 1-.1.1.1.11-.-'—.—.—.—.—._.. . [ ..
-1 . . 1
LA
.
y .
2 -WL

U.S. Patent

P
P Py M P

; o ]
.H!Hn”x”x”n”..
i i i




U.S. Patent Jul. 28, 2020 Sheet 6 of 18 US 10,723,857 B1

O

Iﬁhhhl.‘iif.!'!-.

.............. e -
2 e
. - s ; rxr N o ﬂxrxr'xxr’rxxxrxr’p
......... N ; . L. o .. .. s

L] 1." "2 - . . . i .

* '-::x::-: ) ;u T

. B e

. _.,:,,:,,: . : ..... &

LR -;H‘IH‘.*_.I”’ -, [ T T - - {

- e P ...‘ P . . '.l.
" o oo R ,: L. ;." L. :

- - R ) B . . e
e e e
R AU N . ) 1_1" .

________ | A, "x' S "_ .

i ;l';l'-"\l'-u'-p'-p .........
) -l"u";l’x’x’xxv’p’vr " TR .I,"f L
A i U i o T
) ‘xaﬂpxpppxpppxrx"xr x' romL o, ". R LI '..': .
A e axw d TEEEEE . - - P [
'rrurrrurr-xn T "

RN CEe T " A € = miminieninleleinleinls |
. . S - ; . - Lot . r’x:r:x:r:rvr M rxr:r:rpx:rxrxx;x 3 .
o e
o
e e e e e il il el e -

i e e s o

.*.“

o)
e o e e o e e
!

vrurﬂxrrr;xuuﬂx?zuvr

. r 4
P e e e A AT N
xrrr:ﬂxrrr . B o e e el et e et e e
RN 1---.1-. 4 NN A R X AR B e A A
:' ™ ) ?'_1-'-..?1-...!' ot . ", r'x'x"x'r‘x‘x"ﬂgr'!x! -!x.txrxrxxxnxx’x’rxrxx’v Hxllx?"vx;lxpxﬁlxﬁl’va‘p N g e g
¥ L w N 3 ¢ o - ot o L 3

g m S e ¥ .:x’ : : : : :x:x:xxr_?-':x:r:x:x’v:x:x:x:x:x: 'x:v:r:r:x:r:x:v:x:x;r: ’v:v:v:r:x:x:a':x:v:x: -

J "'|-|v-||-||-||-||-|| o ) o ", N o

W N e  a '!:H:xx!xnxnx!xnxnxx* x’r”x ) .1-:”::”:-: ::F::”nxn”




U.S. Patent Jul. 28, 2020 Sheet 7 of 18 US 10,723,857 B1

MRl ¢ = pRiPe ¢ 4 il ¢ ¥

N
o

42
e

Pore Volume, cm’/g
h -
.

-
O.

Pore Diameter, nm

FI1G.7



U.S. Patent Jul. 28, 2020 Sheet 8 of 18 US 10,723,857 B1

o I e e e e

ratatat et et ettt i i i T i .":-'.‘.:-:-:-:.:.:.: - .

0% BAPF

B0% BAPF | __ ot

isleie reteteloietulo e etete{etetetoielolsle st e{ete{eto(o{o{otisinistninteteto(nioiotei o inteininieioloiojoiosisininls

intulutel

e

i 3
,i .

.................................................................................................................................

Strain

> .
L}

r
.n."-.....
e e
et .
T A
. SCRU IR RN
-"'
lllllllll

ey R RIS NN 1,

I. . -';'_'

e e e w w e e e e e e e e i e A

“im
L L

. e s m e a
1._1-.1 4"_-—;‘-_'11’"';.-*

oo e
a i o
A e i

.....
L |
- - x ¥ x>

e e e e . s '
L | - & F N b . '
4'4_#_4_#"-' L
c -

4 . 4
4w I'_l!"' L

SO~
. | ﬁ U e ._!..i":,:'!-,;.-a.'.'
. . . ,".' e ] '.J"*. T - TE g -TR . Ay aTm A
. . . AT .'.L".:ﬂ?:_.:_?‘;_:::. ‘_.I;._ --‘.'--:lﬂf‘.'-_ ";-. .I‘. :-‘- l"- .'
Ty e ViR T it s s

]
o
L ]
P N o P o R I
sy e PR W . »
L Ty ey

e .

I . - e e .
A

4 "1 "
AL Y

S

4
X
L}
.
'.
[ .
:; . - RN - RN A i Tl .-I.' - . L - '.::.:.:‘;.b-;%'b ] A '*’ o,
3% R "-':-f'-m.-'"‘-t-;~:'-'.‘-;.7.‘-:-;-"."{;77“'-'.‘-;;;: P ._-_f‘-,."‘-_:"-i,.:‘{?"-{-._f :
oo - . . . - =g - Ry v Mg w - Tk L) £ " F [ 3 r
3 . T T e e
™ o "‘.;I}ITT-:I;;-E‘.""-.‘:I;?T;“. '. h*-" -

L ]
. b L]
N ‘*}_:‘i"*.* .'l\: M -1.'_-._,:._1]:,:"."_".::;'.:.3. ! '4.&:’\’_. -:1::‘:"*

-
N
s

A

i_\.'_

0 T--.
X

.
A
n
A
SN
_"

.

. .
.......

..
&
+Ty
)

-J
L

L

*.

%

L]

L]

I
-‘-
-r*-
.*.
-'I
L]
LA
T
L]
o
S
N
0 '-
-:1.‘.
-#..
T
- '..
A,

L]
-

4 l.';'.-..i L. 'lll"-l" )

rla . . . . .
e e e e

N I e
Rttt S RS CRINCRT G
e .

.."..'-‘..;l-

b n NN,

A5

- -.b.l.‘r';-.l. L
L] . -

)
L

;'-*.';"*;'n"f‘.“."\." :I."I:' :' ._1 "_4 l#;q .-'

[ ] l"\l‘ A l"l-l.'. l-"l-"'




U.S. Patent Jul. 28, 2020 Sheet 9 of 18 US 10,723,857 B1

b) 100
o a
Q.
=
4 10
-
g,
§ _
® (0% Cardo diamine
s 25% Cardo diamine
m 50% Cardo diamine
1 ettt et ettt 52 e et Pt
008 009 0.1 0.2

Density, glcm3

FIG.9B



U.S. Patent Jul. 28, 2020 Sheet 10 of 18 US 10,723,857 B1

a) 110
100 L
X 90 Y
: \
2 80 \
70 '
= 0% BAPF
———ee osse waomee 0
50 - 50% BAPF
50
0 200 400 600 800

Temperature, °C

FIG. 10A



U.S. Patent Jul. 28, 2020 Sheet 11 of 18 US 10,723,857 B1

-
-’
-
n
-

O
&,
o

O
A
o

—o— 0% BAPF
~--0-- 50% BAPF

Density, g/cm®
o
N
On

O
N
o




B AN T
. ._.h._. . rrE L N . . . . .
. . . . Cu Tt . . ) SR e e i e R .. .
X o *h
- . .
. N R .
__.l.._.

US 10,723,857 B1

F

: A
faf b & b A Ca .r....t.__..v.._..._.._..... [
Y dr b W X N
 JEFCRC I .__.r.r.....r.._..r.._..._......_..-.
.;.i a M b b & e U

-
L]
- TR

”“.-_.-Illll.-l...-l.q.i“l”.l
[

PR N
. '#1-.1‘.#‘1 .

; " i --*‘l:" =t

Sheet 12 of 18

..._. .1..

Attt NN,

Jul. 28, 2020

U.S. Patent



. [ R VA . . .
.__.-. [ », .-.—.._.T.._.-.....-....-..T...... A
S . H P . e e . .
A P . e IO R
e [ e i
'

&

PP T .

Fir F ooy -

N s ..
.

US 10,723,857 B1

A _H A .H .H
L _HHH!EHHH!!EHHF
HHPHHHHHPH’.HF

Sheet 13 of 18

ol A A,
S el A
A A AL A A A
P P P P

“ _ rv.r.x”v_”v_”xmf.
0 2o
A H o A A . . .
AN
n
‘__..._. !”H” . . . .
oA . . .
i
A M .
nx w i)
- - . . . . . .
i . .
s - e ot . . .
. i
H’.‘ . i...l P . . .
LA X
o
. .xxx . .a .
N . a
] .p.”nn ; ;
' ”HH!H - -
p— o "
N . - .
u A ._-.
.- N a - k 0
§§§§ . U e
...............1.:. s s e . . - . I . i ..-. I, .T?m.l—_.'—_*f.*.rh.j—.
. . . ' . . . N - ' . P .
"x R . R L m oo .l..-....#_._i.-ol-._h..l.ll.l EEEREE . R L. T R
. - . . o g g FPF O FOF o .
Y . . . . s e L g m g om g e e R E R .. . .
" . .‘:‘j.‘-'-‘—..—.".—. r l—. . . . . .
KA o s e r“.__._,....._:u.._. SR e ts . L ...
S N A A . . e . R . .
" . . . .
- - - - - . - L} - - - - - - - - - - -
r 3 - L} - - - - - - - - - - -

U.S. Patent



US 10,723,857 B1

Sheet 14 of 18

Jul. 28, 2020

o

U.S. Patent

T
ok ke B A s oa g o . . P
. . s 1} N . o
. [ el ok
R L . . .i_.l_.l._.-lm.l....
. L] .

s ...*..._..“.1......
P L

o s
P o P -
- e e e s e e e a e . .
. . (AL AR
. . i

nel o
- PPN P
. A W
i) R

PHHHJHPH?HH.HHH. L.

AR A R
e i

.
e
.“. -
" A
L i
L AN ¥
+ A A A !
N Ao
" A
- >
. AR
- WP
" !
- E
R . . . .
.
.

.

XA ;
a A AL A
ot PP
o o o e

LR N S Y
& F I FFE T

A i e
i

e R R R B R

[ M A A
E o
il

e
]
)

»

i
2w
P

. M

A N N
X
»
.

FY

a e e a e

e
L

X

Mo g W oM N W NN N RN NN N

N, W

e e e S S A . N BER _
.. .. . . . . . ” e . . . . - .._.............-_-.-..._.-..__.-.. TH-_.....

. ala P R RN N
R N e ) | S .
. . L L o omoaoq o kA F PP F. . ...
. on T X L B e . -
..f. . - . -.r. .r..“‘.‘“—..l * & & F B bk F 1 . . e .
' .. .
e e T ok F A EERE . . - e e . . R




US 10,723,857 B1

Sheet 15 of 18

Jul. 28, 2020

U.S. Patent

,,f.ll:ﬂ'_"

N _.l...ltltltltltltlt..ililvlii da e .....l.l...__..l..l......l..l.i..l,.l,..__'.._.,..__...__u. e e e A e e dn e e e e e e .l'.l.,.l.p.l..l._i,.l.'.-.,i..-_'.l...-_,.-_..-.,.-_,.-_'.-...-_..-_..-...-_,.-_..-.,.-_,.-_..-...-_,..__'.-.,l......l,.-_,..__'.._...-_,..__..._....__ - .l.,..__,..__'.-.,.-_..-_..._...-_...__'.._.,..__..-_..___....__.t'l.i,t'l,i,i.tvin-_'t.i

--.-.J-.-.JJ.-.-..-.-.-J.
ﬁ...q.l..l,._-'.l,.l R I R

bk --_l-_--_l-_-..l.--.e..e..-_l

L T N W TN W PN DN PN PN NN NN NN WL AL NN BN NN NN DO DO NN PN U NN NN NN NND NND PN DU NN NN NN BN RN NN BN NN NN PN NN PN DN NN PN DN PN N NN PN NEN BN NN NER NN NN NN NN NN NN N RN AN )

q.'q.q.q.q.q.q-q.q.------------l----l--l-l-l.l.--l.-q.q.q.q.q.-ql.q.q------------------------l----

éﬁﬂﬁﬁﬂﬁt}-ﬂﬁ
*
M

' _._.n-.l.. ﬂl-llltl-lllilllllllrlllll..lnl-l..ll.-..llln.-....-

L

| 3

| ]

¥

| 4

| ]

| ]

| 4
a.

¥
.
X
.-.
n..
.-.
n..

| ]

.

- ".“ﬂ '.Iﬂ". P “-.»

[ . om A _” . - . . .
¥ ’ .__." .._“a ; .__.". . .-lllll-___.-__.-u__.-___.l__.-.__.lt-i-.._._.- __.—__..-_-_.-__..—_-l-i!rhi-_r!.llltilllltlljilll-.riimltrllmnmr_-l-t! -__.-.__.lth__.r..-t.—__.t__.lt-__.-.ll___.-.

. . . ! e e e e e T T . '

- w, . . . . . .

A, . i T 1 -l e [ P T R T S S T T S T S SR T S S S T S S T T S T T S S S T T T S T R T S R

[ - o A . ' FE R EEREEN] P T T T T T T T T TR S T T T T T T T T T TR T L T SO T T T T T
- . -1 - - [} . PR R FFFFFF rooa P T T T T T PR T T T T e T T

[ l. .._HH.HU. ._.-. . rooa o ' o rororn e SRR
A R T o i3 : . l__.lll__.l___. __.|___.|__.Ill___. ft\%-%ﬁkﬁ%
¥ - Sl .a
. S P WP x
Ll A R ¥ .
..". ’ : X ..”x”r.“v_ X ...nar.._v._xfrarax._xav o A AR R R A x..r.n.x A

a . . .

e . A ”-. S nrvrxrxvxxxrxrxvrnrnxrxxxrxxxnraxaxrxxxnxxxaxrxnxrr

A ¥ - N W A A A M I I I

> - . o - . V. A e e a aa a  ea aa a
- [ 3 i ¥ NN
. " L g L - P P W N N NN N N N R,
“a = . ..HHHFH - N vvv__-._._.- ---vv—_____v_._.-..._.-._._.vvnq
] - o . . -
- L P, - ¥ . .
. - - B e

> vl :
B T .

L | .
. . . .

[ o
Il..l Y .Il..ll..'.-..'.-..ll..' .I ] .Il_.ll..l.—_..l Yy .I'.IT.I L .' .I .I .I .I .I .l .I-.I-.'-.l-.l-.'- A

"..
*'i-'*

.

LS L S | .-.-.-.,..-..-.- ' L} L] L] L] L ] L PN, L N W L | . L] .-..- .-.-..-.-..-.-..,..-.
—...—...—.-—...—...—... L .'.—..I.—. —..l. ..—...—..'.—....—..I. .l.—... .I. - .I—..- —..I.—..I. - ...—..I. —.... ..—...—...—..I.—..'. ..—...—... ..—...—..l.—...—..l.—...—....—..l.—..l. .I.—..I. .I—..I .I__.I. ...—..' .I—..I —..I R .I. & .I. L .-. L
- .

111.1.1..11.1.1.....1111.11.111....11...1_

Z

i

m.

m.

3

:

:

...‘ .

i

i ¥

3 ”..m

: .
¥

. .

g 3
W,

: W

. i

: )
)
W

’ 3

3 | 3

“ . S A AOOAAAOOC o p

g e N R NGOt T L _

M

l .l._. 1.... ..1...1......1......1...11..1111”
- ».-_.'!,!..!..-..#fi..l,.l..!' . R ' at ' .

ol . utt ttttﬂﬂﬂﬂtkvt ittt

»
SRR
.r.r.!.r.r.!.r.r.!.r.-.!.rl.!.r.r.!.r.r.!.r.r.!.rl

L]
‘I
L |
L]
- |
L]
L]
L]
L |
L]
L]
L]
L]
F" ?I! ?ﬂ ?I!
o
HHH
i‘l'x?!
b
'HFH

LI | [ D R B L IR B B RN B A |

1“l'-.i.-..[1.}.1.[-..[1.'-..[-..}.-..' '-.[-_'-_'-[-_'—_f—_.r-f-f...[-'-'-.[-.'-.'-.[-.'-.'-.[

-
-
-
-
-
-
-
-
-
-

.__..._....__...__..._....__...__...__...._..__..._..__.__...__..._....__...__..._....__....__..._....__....__.T.”.__...__..._....._..__..._....__...__..._....__..__..._....__...__..._..”_.__..l..l...__...__..._..._.__...__..._....__...__..l..i..Hﬂ%ﬂﬁﬂﬂﬂ%ﬂ-.ﬂﬂﬂ-ﬂﬂﬂﬂﬂﬂﬂﬂﬂi‘

b s
o rxrvHx”xrrrx”r“vrrrx”xwu.“x” Hx” X hx”x”nﬂx”xhxnx” prrrrxrx“u.hx“ h ”vx # ” ”xv x”x”xHx”x”xHr”x”anhxrxrxrx.”x”x“xrxr '
r Hr”rrv”r”rﬂr“rurxrrrxrrr :.u.x X :.Hrwr”r”._wrrrxv vrxﬂxxrv:.”rwr a rHr”r A r”r”r” rHrHx”rH:.“rHrHﬁﬂ:ﬂ:ﬂ?ﬂ?ﬂﬂﬂ?ﬂ?ﬂpﬂ?ﬂ:ﬁﬂ
e xrxrrvv E uvrvvv o A AN rvuu.rvxtnvxu.nxrvxvrtrtrxxvrvv._r._uxxr..._xru.nvn
T e e e e

I'.l .-'.I .l—..- .I'.l .-'.I .l'.-'.lw.lq.-qlqlv.l-.lwI-.I'.I'I-.I-.I-.l-‘-.l-.l-l-lw.l'.ir.l'l

1.I.I.I..I.I.l.l.l.l1.l¥.l.l.lll.l1lIII.IIIIIIIIIII.I.I.I

L FEFEEFEFEEFFEEFFEEFEPFEREFEF [ ]

R Aiaadantii il e
L




US 10,723,857 B1

Sheet 16 of 18

. . . e . Ve . . Ve
..-.__..i-h __._......_..........__.__.._......._.____.._.__.__._.__.__.._......_.__.__.._.__.-.._......_.__.__.._.__.__.._.......__.__.-.__.__.._......_.__.__.._.__.__.._......_.__...._.__.-
AR r_-_..._....._..__..._-__-__-._-_ UL L I I I I I IO T R I I I R R R I e R )
- . R . . . . R . R [
| ] n L]
.1'1 .lI. .-.-_
¥ ' l. Y
] - L]
- R .
r
. N Y
] - L]
e R e
i - L]
- R 3
r
o N s
] L L]
P .11. o
o . R
L] - L]
L.‘. ..'
¥ . .
o A .
. .
) “
. Y
.
.

DO I |

Al

L

-

-

-

.. __.h..._..l...l.i..._..l..l w l

ﬁa

—.

I
]—.'-'-I-'-f-l!‘-'-l

¥
]
o

-l'-l._-ﬁ.._#.l‘"f;f;ﬁ;i'f;I;f;f";ﬂ;f;':.'

”l.. !.._l...l.._-.ll...l.-_l.._l...l.._l.._l...l.-l.._l.. l.._l.. oot l.._l.._l...l.-_l.._l.. lIlllllIlllllllllllllllllllllltl!llltI!llrllllllrl-.

‘....,..,.........a B e O RN

% Z

S
i i

- A ko u_. N
L] - F
- - xR A ] H H XX X H
LR R R K R M MK K l....l
+ FF LA H HHHxﬂﬂﬁxﬂxﬂﬂﬁxﬂxﬂﬂﬂxﬂxlﬂﬁf r
v k H.__!.__ ..__ ..__!.__H.__H.__H.-_H..__..__.__F.-_Hvu_.__ﬂ.__ﬂ.__u_.__v.-_

2 e A A e e e e e g
i

¥
]

. . - PR
L/ -----------ﬂiﬂi-
. - . . . - g
b -."' -.'l 1-1 'l.'l LN I T i.‘l- N
& & & BEREEREREFFFEFEFY

L N R

L
-

N a oo o e
i..l..l.-lﬂlﬂlq
[inl e e P il

e

A )
vnxxxrxxxnxarrxnxrrrxrxrxnnxxnxxxxv .___.__
I N A
] F

v xrxwr”x”xnx”x”x”v”x”rwx”x”x”x”x”r
e e

;nl
;-

Eh e m ey

._._.__.._._._._.__.._._.___._...___._._._..

lr.l-._l-._i'h

LI T WL QNN PN WL QNN NN BN QNN N BN NN N W
[l Sl Ml e R Bl T e B T i i P T R Rl |

L]

<
.-_L__.,.-_.t.t..-_'.-...-_,.-_'-_,.-_'...

LI [N T T P WL D L N
TR

-

L I A

: -...-..-..-...-..-..-...-..--..--_..--_..-.-_..--.-..--.-- --__.-- = ..-...__.-__.-...__.-__.-...__.-__.-.....-..-..-..-..H...-..-.rt-.r.r.r.. LT .rt-..-..-t -_-nm_.-_-n._.-_.y_.._.-.r_..__.-__r_.._.-.r...m..

L2

l-:lr-l._#:.l-._ill-l-:.#..-l-:.l-_.#..i._#:.ill#:#:t:tlklt.}‘#;#:i_

x a

) - L} L} ° L}
. -._....-_..._._..-...-_ - ._...._._..-_ ._..

» .';f"
lr:i

N

Jul. 28, 2020

U.S. Patent

N e Y LY

FoRORCR R ORCR R TETR [ Sl S S T T T

RN .___..____..._._.l...__...l..l..l...l..l....I.I...-.-.__I...l....-.__....In.-.......-..ﬁ....l...-..l.l..l.ﬁl..ﬁlnl..ﬁﬁl..i..

ln.l.. n" %ﬁ%%ﬁ\%%fgg
A

R TEE Ry

llllr"1-"1-"1-"-r'-r'-r'q-"q-"lﬂq-"'t"-r"q-'1-"1-'!-"1-"



US 10,723,857 B1

Sheet 17 of 18

Jul. 28, 2020

U.S. Patent

iy

i
x

i

1

A

)
2
1
.

i
e
1
x
.
I-'I

i
-
.
.
w

i

"HR'H
.
»'wlny

N N M
'HE'H
aiata
.

:":RHHHH’:HHHHH
.l !
Lyttt .

'H"HHHHHHHHHHH!HH

!
Lo
L
[

s
]
)

!
A
X,
A
A
X
!
A
X
A

.
o
A

7T

. ..._1_._1.....__.......1.._..._..__..............._...___.._..— tﬁtﬂﬂﬁt%

e a at A A L

o

lnlml

nleininelulnleluln]

wnlelale]

i
%
|

Al
3

P

it e e e e e e e e

P,

I PR T Y .
K 'i'l,.-.-.l.l.!.l.!i.I.l.!.!_!.!_l_!l_._ll_._.!.l.l

o

e .__.-_.._.-..__.l_.__.l.._.-..__-_.__.-_.._.-..__.l.__l.._.-..__.I_.__.-_.._.-..__.l_.__.-.._.-..__.I_.__.I..._.-. .l.....l....-..__.l_.__.-_._.-..__.l_.__.-_.._.-.....-_...-_.._.-....l_...l“.-.....l_...-_.a.-....-..l.._ LI I I I L |

1—.—.r—.—.—.—.111 F FF FrFrFEFFEEFEEFERLFEEFEEEFF rar
oo - LR R T R T R oo
e ro. roa r F P oE r rroroa
oo ra o [ T T B | o ' o
rror roa ror P e P r P F LR TE ' rrror
o P or o o8 . L T R T R B I oo
oo L . L R T . L |
B A A A W A B
FFHHFHFHFFHHHHHHHHHHFHHHFFFFPFHHFFHHHHHHF .
i i I I
u..u..ﬂu..HHFHHFHFHPHHHFHHHFHFHFFHHHHHFFHHHHHFP Lol
B A o R
u...__u...-_un.__r. H.-_H.__u..vu.. H.__u.. i H A E i Hu_.u...__F!Pﬂlﬂ?ﬂ.ﬁvﬂiﬂiun.r?vu..u_u..vu...__ﬂ o H.__H.-_.u..

. kO

e

11 011

L T T e “alaa & LI | I e Y 2
-'1'-'—.'-‘-‘-‘1'-.-'1‘ 4 .I .I'.I L ] .-..' .- .I..‘ .- .I '-.-1.'-.-—.‘1' *EF B .I—.i.-.'—..‘.—. —_.I-'-'1.'—.'-.'1.'-...-.‘1.'.-'-.-1.'.-.-—.‘—.I-'-.'-'-.'-.‘-'-'-'1.'-'-'1.' [ ] .I .I .I .‘ .I .I'I .Ir.lr.lr.lr.lr.lr.l .I [ ] .I I_.. 1I I '

-__. A b i A, X o e e e e e
i A e o A A e e A T a a ae a ae a ae a ae ad
H H u__ H u.. H HR”HHF vlﬂ”ﬂ?ﬁ“ﬂﬂﬂ?ﬁ“ﬂ“ﬂ”ﬁlv HH”R“H”HPR”HHHHRHH”HPR”HHH k. HHHHRFHHHPRFHFHP
Ao M M M M M M N MM M M N N MR MMM NN M N RN NN N N NN NN
un H - H..FHFH HHHHHFHHHHHHHHHHUFH’.U FHHHHHFHFHHPPHHHFHFHFHFHFH ] HFHFHHH.HHH A H
b A ol e
L e e o o e

o o om i iy u b

?l.-:
.

rr
i)
1Y)

aoa sy sy S N O TR I I I O T K| I I T TR TR TR T T 5 a - I T I L]
F F F F




US 10,723,857 B1

Sheet 18 of 18

Jul. 28, 2020

U.S. Patent

o

e T

r
n
o
i
KA
Pl N5
LA .
ol s}
e
) SN
4 P, a . .
4 I 2T
- ety e e e e -
F'] SRt oS ) e -
7l s
- B L L a
iy A
: I

RO RO

¢

ol

i

h

i6R

1.

{

'ﬂ'

20

e e

i

i

-

»

LN i i i X ir A

L)
T_.-..___ AR AEEEE .-....rr...r.r“l.u
» i A A A M

[ Jr:JrJr
i

w i N

i
-

N

r

' " o ; g L
%- C ¢ k r ....r“.r.t.....;..._ b oa M
; ] i ; N .._..-..T.....r.....t....l.__.l..... i
1 “ e ¢ o

E

.
#‘i*

f-:‘;

L
)
"
-
g
.

-

5

~
x

]
o
Al ]

)
PR

N
¥ aw

L]
L ]

L]
Tttt

P2l

E |
F)

M A A
I-:l!”:l!

_-_
A A P L
" A ...p....q.-_....-.q.r.-'.r..._.r...._....-_.___...... -
[ Sl [ S

Ex

]
i

x

A
|

N

L)
F i

"""". '."'.'"".'."" " """"-""".‘"‘-"-"-.'.“.."-."-..‘.."-'"
L
; .
[ ]

| N
ENCE N )

-

e A

n ' -' .1 q .' .' '. " ""‘.

wn'y'n'n"

‘.I .I ...- ‘.I ‘.I ‘.I ‘.I ‘.I ‘.I ‘.I ‘.I ..I ‘.I ..I ‘.I ‘.“.‘..I ‘..-..-.‘-....‘..“.‘l'"‘.“.‘..“.““‘.-.‘.‘.w :

-
r &
xumnax. Pl

w'n'n'n'n'n

i & &
&
AN

¥

1
[
Al

L]
L]
v
"

Lol Al A Al ol

L]
Al

1
Al

1
L]

L]
-

1
Al

L]
L]

L]
hl

1
L]

.
¥
¥

T .-_....I.-.......r.r.r.r.r.r.._.._-
-

M N M IO
o o A
P de A d e e A b e O bW R
. drdr de dr B a kO o b b B A W
* Jrodr dr Jrodp b b Jr b Jr 4 M B e
ok b b dp b bk J b oaa m i

vl e ety

L]

L]
-
]

1
L]

1
-

L]
hl

N

Al

Vi -

‘m
4
]
N b

x
X &

[
. )
el )
n 5_1.._-5._.;.__.44....___4...*# x
RN s

.l“-_..._.._..._......_.r.r.r.._l.._. e .
» ¥

A a
N AN Bl b b o ko ¥

1
L]

o
A AT

L]
L]

™
¥
S

e

]
r
"
.

L]
Al

»
r
r

L]
L]

.
J dr dp & U Jr M b & A & r
e
N L RN ttk.q.........k....___......&...........,....ru...._t.__t...“.... L) PN o
L M ) N A x

LN A M A s e N
i » e e e i I i i
;*#}.I-w.__.r.-_- L P A e Tae

L]
[}
"

et e N N R N N

L]

KTy

L]

L]

L]
h]
.

[ ™
ok g
LR M
.

‘-

»
L}

"

Al

L]

R R R W i e i

L]

e e e e e e e e

......__.._.r.__n.._.__-1......_..._....._..._......-..-...........”.._.
2k s kN A n.r.........r.._.__..r.._..._..-..._.....

B b & bk b dr b M b Jod o d o drodp dp de dr b i & & i & »
.-..-..............H...r.r..........n.._n.._.._.__nin i.._.-i.r.r.....-......r.r.r.r.r.rb.....rj........l............... >
i & A - i i oA
LI b A ke e e

»

ENENN )
X,

-.qI

. i€

»!
|..
L )

»
3%

L]
F3

w's!
L)
Ny
LA J
PN
Pt A

L]
bb
o

)
wialy

L]
[
L]

¢
.
¥

"

5 X i K
|
|

Al

.
"

]
Al
>,
]

Al

.
L]

-Iu

N

x
Hlﬂ
ALK

EY

[ )
L
[N E X EEX & K
[ ] ] X
~ II_"II_HH x. IHH | HHIHH .-__HHHI
ot " I.HFH.HHMHHH HIIHFH ”Hﬂvuﬂnﬂﬂlllllﬁ

L]

L]
[

b
3

Tl
L]

L]
[3

'.
N R R Y

it

LN

L)

LR )
EC )
)
|
i |
|

N M )

L]
.
A
'I.
'y

-

L]
.
gt
..
h
.

. PN
N N )

L]
[

m ._._. n

L ]
'
L
AN
.II.I
[ ] 1

L]
.-.
L

A

'I.

L]
»
v
]
..

afers

Al
'... -.
.
.
.
.

wiwtnly?

]
1
\
Lot o o W oy A o

&

L. |
amn

L]

l.”l.”l.”l “I“H"I"l"ﬂ
AL X K K N N

Al

et et e e e e e e e e e e e e e e e e e E%ﬂw{fﬂ . .-.ﬂll._.._.-.lllt__. —lll-l-.lrl!__.-.l!__..-l-.l-__...-l..-lM.m__.._u__.-__.._u__. P -l!r!{r{p_ﬁr.mr. il
B ST R . ) - . .
. . ¥ e

- F

"w
-.‘

38

-

a0 aEaE N
oA
A e

W

LR

X ¥
X
x
X
LML NN A
"r
*b
r
r
]

LR
. L ot i e i i -
. St e e e e b de T
ﬁ W i e e i
4 - a e e e -
j !.._L- 3 ) o o T L A l.___H.rH.._.H...H... H 3
[} = I!IHHHHHI.__. .._..-............._..._..._....j..-..-..-_ Il' ” i l.._. .r......_..._..._. .._.._ b 1
| a2 e x MO N ) .
. » . E R R R NN ar i de dp W

L
1
[
.

3 .
e o o o o o Rl gy g R,

)

r
4-‘_1.-:*
X x N

¥

Fh

1]

i
L)
x
L[]
r
[ ]
r
L[]

LB
]

& o
e
. N N N
- . ......_ 5 ' .ri .r.r.._......-...........r.r.._ .r.r.._..-...._......-........_

r na h kit a ¥ i
r

L}
b'rq-
b"l'

LN L NN .-.lll”ﬂl
. - a
2 & Ak Mk ok a kb




US 10,723,857 Bl

1

POLYIMIDE AEROGELS WITH REDUCED
SHRINKAGE FROM ISOTHERMAL AGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/323,136 entitled “Polyimide

Aecrogels with Reduced Shrinkage from Isothermal Aging”
filed on Apr. 15, 2016. The entirety of the above-noted

application 1s incorporated by reference herein.

ORIGIN OF THE INVENTION

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefor.

BACKGROUND

Aerogels are porous solids with high surface areas that are
made by forming a gel network and removing the solvent
without causing pore collapse. Due to characteristics such as
high surface area, high porosity, and low density, these
lightweight aerogels are attractive for use as thermal 1nsu-
lators, low dielectric substrates, catalyst supports, and as
building and construction materials.

The most common class of aerogels 1s silica aerogels.
Silica aerogels are extremely fragile and moisture sensitive.
As a result, the utility of monolithic silica aerogels 1s limited
to a few exotic applications such as thermal insulation to
protect the Warm Electronics Boxes (WEB) onboard the
Mars Exploration Rovers from the extreme temperatures
present 1n the Martian environment for an extended period
of time. Silica aerogels were also implemented 1n the acrogel
collection grid, a panel comprised of an array of silica
acrogel, deployed as a part of the Stardust spacecrait in
January 2004. Polyimide aerogels are a relatively new
category ol aerogels which possess superior mechanical
properties to the silica aerogels. However, 1n their current
form, polyimide aerogels undergo dramatic thermally
induced shrinkage at temperatures of just 150° C. Shrinkage
results 1n densification of the aerogel as well as a change in
pore size and shape which negatively impacts its insulation
characteristics. Shrinkage reduces porosity and increases
density, thus, increasing thermal conductivity. This drasti-
cally limits the scope of the use of polyimide aerogels,
especially 1n scenarios where the insulation would experi-
ence elevated temperatures for extended periods of time.

SUMMARY

The following presents a simplified summary of the
innovation in order to provide a basic understanding of some
aspects of the mnovation. This summary 1s not an extensive
overview ol the innovation. It 1s not mtended to identily
key/critical elements of the mnovation or to delineate the
scope of the mnovation. Its sole purpose 1s to present some
concepts of the imnovation 1 a simplified form as a prelude
to the more detailed description that 1s presented later.

Polymer aerogels have become a major research focus in
the field of aecrogels. With unique advantages over inorganic
aerogels including higher strengths and compressive moduli,
greater toughness, and the ability to be fabricated as a
flexible thin film; polymer aerogels have supplanted 1nor-
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ganic acrogels 1n numerous applications. Of the many poly-
mer aerogels presently available, polyimide aerogels have a
distinction for possessing high thermal stability as well as
excellent mechanical properties. Research on this class of
polymer aerogels has shown that while the onset of thermal
decomposition for these matenals 1s typically very high
(greater than 500° C.), the aerogels will undergo dramatic
thermally induced shrinkage at temperatures well below
their glass transition temperature (Tg) or their decomposi-
tion temperature. This severely limits the types of applica-

tions for polyimide aerogels.

The mnovation 1s a polyimide aerogel comprising a rigid
cardo-diamine moiety 1n the polymer chain. These ngidified
polymer chains are cross-linked to create a network structure
that gels 1n solution. The gel can then be dried into an
aerogel.

In one aspect of the mnovation, the incorporation of a
bulky, space-filling moiety into the polymer backbone
reduces thermal shrinkage 1n a polyimide aerogel. Bulky
groups are considered to be sterically hindering which can
disrupt certain chemical reactions as well as rotation about
chemical bonds. Other bulky moieties include, but are not
limited to: adamantyl, triptycene, cardo-phenolphthalein
(PPH), an 1mide of cardo-phenolphthalein (PPH), cardo-
anthrone, cardo-tfluorene, cardo-norbornane, and cardo-cy-
clohexane groups. Chemical structures for examples of
acceptable bulky moieties 1include:
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-continued

L

Cardo-Cyclohexane

In one embodiment, the bulky, space-filling moiety 1s
9,9'-bis(4-aminophenyl)fluorene (BAPF). The resulting
polyimide aerogels showed a reduction in thermally induced
shrinkage by as much as 50% compared to polyimide
acrogels that do not contain BAPF.

In one aspect of the innovation, the polyimide aerogel has
reduced temperature induced shrinkage. The polyimide
acrogel comprises an oligomer backbone with n repeating
units. In one embodiment, n 1s at least 10. In another
embodiment, n 1s 1 the range of about 20 to about 40
repeating units. In yet another embodiment, n 1s at least 30.

In an aspect of the mnovation, the oligomer backbone
includes a cardo-diamine. In one embodiment, the cardo-
diamine includes a bulky fluorene moiety. Suitable cardo-
diamine moieties include anthrone, phenolphthalein (PPH),
imide version of phenolphthalein (PPH), norbornane, cyclo-
hexane, or a combination of two or more thereof. In one
embodiment, the cardo-diamine 1s 9,9'-bis(4-aminophenyl)
fluorene (BAPF).

In one embodiment, the cardo-diamine comprises at least
about 10 mol %; at least about 20 mol %:; at least about 30

mol %:; at least about 40 mol %:; at least about 50 mol %:; at
least about 60 mol %:; or even at least about 70 mol % of the
backbone.

In another embodiment, the polymer concentration 1s at
least about 5 wt %, at least 6 wt %, at least about 7 wt %,
at least about 8 wt %, at least about 9 wt %, at least about
10 wt %, at least about 11 wt %, at least about 12 wt %, at
least about 13 wt %, at least about 14 wt %, or at least 15
wt %. In another embodiment, the polymer concentration 1s
in the range of about 5 wt % to about 20 wt %; about 5 wt
% to about 15 wt %, or about 5 wt % to about 10 wt %. In
one embodiment, the polymer concentration 1s in the range
of about 7 wt % to about 15 wt % or from about 7 wt % to
about 10 wt %.

The repeating unit may comprise at least one diamine and
one dianhydride. In one embodiment, the diamine 1s selected
from the group consisting of 2,2'-bis[4-(4-aminophenoxy)
phenyl]propane (BAPP), 3.4"-oxydianiline (3,4'-ODA), 4,4'-
oxydianiline (4.4'-ODA), p-phenylene diamine (PPDA),
2,2'-dimethylbenzidine (DMBZ), bisaniline-p-xylidene
(BAX), 4.,4'-bis(4-aminophenoxy)biphenyl (4,4'-BAPB),
3,3"-bis(4-aminophenoxy)biphenyl (3,3'-BAPB), 4,4'-(1,4-
phenylenediisopropylidene)bisaniline (BisP), 4,4'-(1,3-phe-
nylenediisopropylidene)bisaniline (BisM), and 9,9'-bis(4-
aminophenyl)fluorene (BAPF). In one embodiment, the
dianhydnde 1s selected from the group consisting of benzo-
phenone-3,3".4,4'"-biphenyltetracarboxylic dianhydride
(BTDA), 2,2'-bis(3,4'-dicarboxyphenyl)hexafluoropropane
dianhydnide (6FDA), 3,3.'4,4"-biphenyltetracarboxylic dian-
hydride (BPDA), pyromellitic dianhydride (PMDA), 4,4'-
oxydiphthalic anhydride (ODPA), or a combination of two
or more thereof.
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A method for synthesizing a polyimide aerogel having
reduced shrinkage 1s also described herein. According to an
aspect of the mnovation, the method of synthesizing com-
prises dissolving at least one diamine (a) in a first solvent to
form a first solution; adding a dianhydride (b) to the first
solution to form a second solution; adding a cardo-diamine
(¢) to the second solution; adding a non-nucleophilic base to
the second solution to form an 1midized oligomer; adding a
cross-linking agent to the solution containing the imidized
oligomer; allowing the solution to gel; and subjecting the gel
to supercritical drying.

According to one embodiment, a diamine 1s dissolved 1n
a first solvent to form a first solution. In one embodiment,
the diamine 1s 4,4'-oxydianiline (ODA). In one embodiment,
the first solvent 1s anhydrous N-methylpyrrolidone (NMP).

In one embodiment, after the diamine has been dissolved
in the first solvent, a dianhydride 1s added to the first solution
to form a second solution. In one embodiment, the dianhy-
dride 1s 3,3.)'4,4'-biphenyltetracarboxylic  dianhydride
(BPDA). After the addition of the dianhydride (e.g., BPDA),
the resulting solution should consist mostly of the n=I
oligomer, e¢.g., BPDA-ODA-BPDA, plus some excess
BPDA.

According to one embodiment, after the addition of the
dianhydride, a cardo-diamine 1s added. In one embodiment,
the cardo-diamine includes a bulky fluorene moiety. In one
embodiment, the cardo-diamine 1s 9,9'-bis(4-aminophenyl)
fluorene (BAPF). Upon the addition of the cardo-diamine
(c.g., BAPF), a polyamic acid oligomer with a largely
alternating arrangement 1s produced. For example, BAPF-
(BPDA-ODA-BPDA-BAPF).

In one embodiment, trimethylamine and acetic anhydride
are then added to the polyamic acid solution, resulting 1n the
imidization of the oligomer. Once the imidized oligomers
form, a cross-linker 1s added. In one embodiment, the
crosslinker 1s benzenetricarbonyl trichloride (BTC). In
another embodiment, the BTC 1s dissolved 1n NMP prior to
addition. The resulting solution 1s then allowed to gel.

In another aspect of the mnovation, the resulting gel may
be subject to supercritical drying. In one embodiment, prior
to supercritical drying, the gel may be first placed in a first
soaking solvent for a set amount of time. In one embodi-
ment, the gel 1s soaked for about 4 hours, about 6 hours,
about 12 hours, about 24, or about 48 hours. In one embodi-
ment, the first soaking solvent may be replaced with a
second soaking solvent and the gel allowed to soak 1n the
second soaking solvent for about 4 hours, about 6 hours,
about 12 hours, about 24, or about 48 hours. In one embodi-
ment, the second soaking solvent may be replaced with a
100% acetone solution and the gel allowed to soak for about
4 hours, about 6 hours, about 12 hours, about 24, or about
48 hours. Up to four more solvent exchanges i 100%
acetone may take place 1 time intervals of about 4 hours,
about 6 hours, about 12 hours, about 24, or about 48 hours.

After soaking in the solvent(s) the gel may be supercriti-
cally dried. In one embodiment, the gel 1s supercritically
dried using liquid CO, extraction, followed by drying under
vacuum for about 4 hours, about 6 hours, about 12 hours,
about 24, or about 48 hours.

To the accomplishment of the foregoing and related ends,
certain 1illustrative aspects of the mnovation are described
herein 1n connection with the following description and the
annexed drawings. These aspects are indicative, however, of
but a few of the various ways 1n which the principles of the
innovation can be employed and the subject innovation is
intended to include all such aspects and their equivalents.
Other advantages and novel features of the mnovation will
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become apparent from the following detailed description of
the mnovation when considered in conjunction with the
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts three-dimensional ball and stick models for
the monomers 4,4'-oxydianiline (ODA) and 9,9'-bis(4-
aminophenyl)tluorene (BAPF) and the conformation of the
polyimide chain comprising both monomers.

FIG. 2 1s a schematic drawing representing an embodi-
ment of the method of synthesis of cardo-diamine-contain-
ing polyimide aerogels.

FIG. 3. Depicts '°C solid-state NMR spectra of embodi-
ments of acrogels according to the innovation as provided in
Table 1: (a) sample 8 (0 mol % BAPEF, 10 wt %, n=40); (b)
sample 18 (50 mol % BAPEFE, 10 wt %, n=40).

FIG. 4A and FIG. 4B are SEM 1mages for embodiments
of polyimide aerogels fabricated according to Table 1 with
a polymer concentration of 7 wt %: (a) 0 mol % BAPF, n=40
(sample 14) and (b) 50 mol % BAPF, n=40 (sample 15).

FIGS. 5A and 5B are graphs showing shrinkage (FIG. 5A)
and (FIG. 3B) density as a function of n-value and BAPF
content for three levels of polymer concentration.

FIG. 6 1s a graph of the empirical model of surface area
(m?/g) as a function of n-value and BAPF content (%) for
the three levels of polymer concentration.

FIG. 7 is a plot of the pore volume (cm>/g) as a function
of pore diameter (nm) for sample 14 according to Table 1
containing 7 wt % polymer concentration, 100% ODA, and
an n-value of 40 and sample 15 according to Table 1
containing 7 wt % polymer concentration, 50% ODA/30%
BAPF, and an n-value of 40.

FIG. 8 1s a graph depicting typical stress-strain curves for
the compression of polyimide aerogel sample 8 (Table 1)
(@ =0.163 g/cm”) and sample 18 (Table 1) (@ =0.134
g/cm”) (both formulations are made with n=40 and 10 wt %
polymer concentration).

FIGS. 9A and 9B are graphs. FIG. 9A shows the empirical
model for the compressive modulus (MPa) of embodiments
ol aerogels as a Tunction of polymer concentration (%) and
content of BAPF (%) and FIG. 9B shows the log-log plot of
modulus vs density as a function of polymer concentration
and BAPF concentration.

FIGS. 10A and 10B are graphs of representative TGA
curves (FIG. 10A) and a plot of density (g/cm’) as a function
of time (hours) for 1sothermally aged samples at 200° C.
containing 0% BAPF and 50% BAPF (FIG. 10B).

FIG. 11 1s a graph showing the empirical model for
shrinkage due to 1sothermal aging as a function of polymer
concentration and BAPF concentration at 150 and 200° C.

FIGS. 12A and 12B are graphs displaying the empirical
models developed for density changes as fabricated, after
150° C., and after 200° C. as a function of n-value and mol
% BAPF concentration at 7 wt % (FIG. 12A) and 10 wt %
(F1G. 12B).

FIGS. 13A and 13B are bar graphs comparing the efiect
of diamine on 1sothermal shrinkage (%) (FIG. 13A) and the
density after aging at 150 and 200° C. (FIG. 13B), compar-
ing previous results with those of embodiments of the
ODA/BAPF compositions of the innovation.

FIG. 14 1s a bar graph comparing the surfaces areas as
tabricated aerogels with the same aerogels after 500 h of
isothermal aging at either 150° C. or 200° C. for selected
samples made using 50 mol % BAPF.

FIG. 15 1s a graph depicting the comparison of the pore
volume (cm’/g) as a function of pore diameter (nm) for




US 10,723,857 Bl

7

sample 18 (Table 1), containing 10 wt % polymer concen-
tration, 50 mol % BAPE, and an n-value of 40 as fabricated,

at 150° C., and at 200° C.
FIGS. 16A and 16B are SEM 1mages comparing the post
isothermal aging of polyimide aerogels fabricated according

to embodiments of the mnovation with a polymer concen-
tration of 7 wt %: (a) 0 mol % BAPF, n=40 (sample 14

(Table 1)) and (b) 50 mol % BAPF, n=40 (sample 15 (Table
1)).

DETAILED DESCRIPTION

The mmnovation 1s now described with reference to the
drawings, wherein like reference numerals are used to refer
to like elements throughout. In the following description, for
purposes ol explanation, numerous specific details are set
forth 1n order to provide a thorough understanding of the
subject mnovation. It may be evident, however, that the
inovation can be practiced without these specific details.

While specific characteristics are described herein (e.g.,
thickness, orientation, configuration, etc.), 1t 1s to be under-
stood that the features, functions and benefits of the inno-
vation can employ characteristics that vary from those
described herein. These alternatives are to be included
within the scope of the mnovation and claims appended
hereto. While, for purposes of simplicity of explanation, the
one or more methodologies shown herein, e.g., 1n the form
of a flow chart, are shown and described as a series of acts,
it 1s to be understood and appreciated that the subject
innovation 1s not limited by the order of acts, as some acts
may, 1n accordance with the mnovation, occur 1n a diflerent
order and/or concurrently with other acts from that shown
and described herein. For example, those skilled 1n the art
will understand and appreciate that a methodology could
alternatively be represented as a series of interrelated states
or events, such as in a state diagram. Moreover, not all
illustrated acts may be required to implement a methodology
in accordance with the mnovation.

What follows 1s a more detailed discussion of certain
compositions, articles, methods, materials, and apparatuses
associated with aspects of the subject imnnovation. To aid 1n
the understanding of aspects of the subject innovation,
theoretical analysis and experimental results associated with
specific experiments that were conducted are discussed
herein. However, although for the purposes of obtaining the
results discussed herein, specific choices were made as to the
selection of various aspects of the experiments and associ-
ated setups—such as choice of matenals (e.g., selection of
diamine(s) or diacid chloride(s), solvent(s), relative concen-
tration of 1somers, etc.), solid concentration, repeat units,
ctc.—the compositions, articles, and methods described
herein can be employed in other contexts, as well. For
example, various aspects of the subject innovation can be
utilized to produce aerogels for a variety of uses terrestnal
or otherwise (e.g., as msulators, as low dielectric substrates,
etc.). In some embodiments, different selections of matenals
or formulation parameters can be selected than those used 1n
the experiments discussed herein, and may have differing
characteristics, as explained 1n greater detail below.

Polyimide aerogels are robust, low density materials with
excellent insulation properties and low dielectric constants,
making them useful as thermal or electrical msulation for
any number or aerospace or terrestrial applications. In one
embodiment, the polyimide aerogel can be used in aeronau-
tics and for space exploration purposes. For example, the
polyimide aerogel can be used 1n cryotank insulation, fan
engine containment (ballistic protection), antenna substrate,
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building structures for habitats or vehicles (e.g., rovers),
propellant tanks, heat shielding, inflatable aerodynamic
decelerators, sandwich structures with two relatively thin,
stifl and strong face sheets with the aerogel as a lightweight
core material, and sulation for extravehicular activity
(EVA) suits and habaitats.

The 1innovation may be used to improve the thermal aging
characteristics of polyimide aerogels which have been con-
templated for use as insulation for inflatable aerodynamic
decelerators, as tank insulation, as insulation for EVA suits,
as onboard isulation for the warm electronic boxes of
rovers, as well as for low dielectric substrates for aircraft
antennas.

The mnovation disclosed herein 1s an inovative polyim-
1ide aerogel and method of making same. The innovation also
includes a method for reducing thermally induced shrinkage
of polyimide aerogels using rigid cardo-diamine moieties 1n
the polymer chain. These ngidified polymer chains are
cross-linked to create a network structure that gels 1n solu-
tion. This gel can be dried into a polyimide aerogel that 1s
less susceptible to thermally mnduced shrinkage.

This innovation describes a method for improving the
dimensional stability of polyimide aerogels at elevated tem-
peratures for extended periods of time utilizing a space-
filling, ngid cardo-diamine 1n the polymer backbone to
stiffen the polymer chain. The ngidified polymer chain 1s
less susceptible to thermally induced motion that ultimately
results in shrinkage and densification of the aerogel. In one
embodiment, the cardo-diamine reacts with the dianhydride
in the same fashion as a linear diamine to produce a
poly(amic acid) intermediate which then undergoes 1midiza-
tion chemically through the addition of acetic anhydride and
triethylamine.

In one embodiment, the addition of cardo-diamine
replaces a certain fraction of less sterically hindered diamine
in the typical polyimide synthesis and does not change any
of the developed and documented chemistries or processes.
For this reason, fabrication of the gel can be scaled up and
translated into a continuous process for making roll to roll
films or molded products as demonstrated by other polyim-
ide formulations.

In one aspect, up to 75% of a diamine used 1n prior
polyimide aerogel synthesis can be substituted with a cardo-
diamine as described herein. The resulting polyimide aero-
gel exhibits dramatically reduced thermally induced shrink-
age compared to previously available polyimide aerogels.

In another aspect of the mnovation, the polyimide aerogel
can be preconditioned at the use temperature (1.e., the
anticipated temperature as which the aerogel will be primar-
i1ly used) to stabilize shrinkage. Preconditioning can take
place at about 150° C. or about 200° C. over a period of 24
to 48 hours.

In one aspect of the mnovation, the incorporation of a
bulky, space-filling moiety mnto the polymer backbone
reduces thermal shrinkage 1n a polyimide aerogel. Bulky
groups are considered to be sterically hindering which can
disrupt certain chemical reactions as well as rotation about
chemical bonds. Bulky moieties include: adamantyl, trip-
tycene, phenolphthalein (PPH), anthrone, fluorene, and nor-
bornane groups. In one embodiment, the bulky, space-filling
molecule 9,9'-bis(4-aminophenyl)fluorene (BAPF) which
contains the fluorene moiety. BAPF may be particularly
suitable as a bulky cardo-diamine because it contains the
rigid polycyclic fluorene moiety having limited bond rota-
tion.

The mnnovative polyimide aerogels showed a reduction 1n
thermally induced shrinkage by as much as 50% compared
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to polyimide aerogels that do not contain BAPF. FIG. 1
depicts three-dimensional ball and stick models for the
monomers 4,4'-oxydianiline (ODA) and BAPF and the
conformation of the polyimide chain comprising both mono-
mers according to an embodiment of the mnovation.

In one aspect of the innovation, the polyimide acrogel has
reduced temperature induced shrinkage. The polyimide
acrogel comprises an oligomer backbone with n repeating
units. In one embodiment, n 1s at least 10. In another
embodiment, n 1s in the range of about 20 to about 40
repeating units. In yet another embodiment, n 1s at least 30.

In an aspect of the innovation, the oligomer backbone
includes a cardo-diamine. In one embodiment, the cardo-
diamine 1includes a bulky fluorene moiety. Other bulky
moieties include: anthrone, phenolphthalemm (PPH), imide
version of phenolphthalein (PPH), norbornane, cyclo-
hexane, or a combination of two or more thereof. Suitable
cardo-diamines 1nclude 9,9'-bis(4-aminophenyl)tluorene,
9,9'-bis(4-amino-3-methylphenyl)fluorene, 9,9'-bis(3-cthyl-
4-aminophenyl)fluorene, 9,9'-bis(4-amino-3-fluorophenyl)
fluorene, 9,9'-bi1s(4-amino-3-chlorophenyl)fluorene, 9,9'-bis
(3-amino-4-hydroxyphenyl)fluorene, 3,3"-b1s(4-
aminophenyl)phthalide, and  1,1'-bis(4-aminophenyl)
cyclohexane. In one embodiment, the cardo-diamine 1is
9,9'-bis(4-aminophenyl)fluorene (BAPF).

In one embodiment, the cardo-diamine comprises at least
about 10 mol %; at least about 20 mol %:; at least about 30
mol %:; at least about 40 mol %:; at least about 50 mol %; at
least about 60 mol %; or even at least about 70 mol % of the
backbone

In another embodiment, the polymer concentration 1s at
least about 5 wt %, at least 6 wt %, at least about 7 wt %,
at least about 8 wt %, at least about 9 wt %, at least about
10 wt %, at least about 11 wt %, at least about 12 wt %, at
least about 13 wt %, at least about 14 wt %, or at least 15
wt %. In another embodiment, the polymer concentration 1s
in the range of about 5 wt % to about 20 wt %; about 5 wt
% to about 15 wt %, or about 5 wt % to about 10 wt %. In
one embodiment, the polymer concentration 1s in the range
of about 7 wt % to about 15 wt % or from about 7 wt % to
about 10 wt %.

The repeating unit may comprise at least one diamine and
one dianhydride. In one embodiment, the diamine 1s selected
from the group consisting of 2,2'-bis[4-(4-aminophenoxy)
phenyl]propane (BAPP), 3.,4"-oxydianiline (3,4'-ODA), 4,4'-
oxydianiline (4,4'-ODA), p-phenylene diamine (PPDA),
2,2'-dimethylbenzidine (DMBZ), bisamline-p-xylidene
(BAX), 4,4'-bis(4-aminophenoxy)biphenyl (4,4'-BAPB),
3,3"-bi1s(4-aminophenoxy)biphenyl (3,3'-BAPB), 4,4'-(1,4-
phenylenediisopropylidene)bisaniline (BisP), 4,4'-(1,3-phe-
nylenediisopropylidene)bisaniline (BisM), and 9,9'-bis(4-
aminophenyl)fluorene (BAPF). In one embodiment, the
dianhydride 1s selected from the group consisting of benzo-
phenone-3,3",4.4'-tetracarboxylic dianhydride (BTDA), 2,2'-
b1s(3.,4'-dicarboxyphenyl)hexafluoropropane  dianhydride
(6FDA), 3,3,'4,4-biphenyltetracarboxylic  dianhydride
(BPDA), and pyromellitic dianhydride (PMDA), pyromel-
litic dianhydride (PMDA), 4,4-oxydiphthalic anhydride
(ODPA), or a combination of two or more thereof.

A method for synthesizing a polyimide aerogel having
reduced shrinkage 1s also described herein. According to an
aspect of the mnovation, the method of synthesizing com-
prises dissolving at least one diamine (a) 1n a first solvent to
form a first solution; adding a dianhydride (b) to the first
solution to form a second solution; adding a cardo-diamine
(¢) to the second solution; adding a non-nucleophilic base to
the second solution to form an 1midized oligomer; adding a
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cross-linking agent to the solution containing the 1midized
oligomer; allowing the solution to gel; and subjecting the gel
to supercritical drying.

FIG. 2 depicts a schematic showing the synthesis of a
polyimide aerogel according to an embodiment of the 1nno-
vation. According to one embodiment, a diamine 1s dis-
solved 1n a first solvent to form a first solution.

Suitable diamines include 2,2'-bis[4-(4-aminophenoxy)
phenyl]propane (BAPP), 3.4"-oxydianiline (3,4'-ODA), 4,4'-
oxydianiline (4,4'-ODA), p-phenylene diamine (PPDA),
2,2'-dimethylbenzidine (DMBZ), bisaniline-p-xylidene
(BAX), 4.,4'-bis(4-aminophenoxy)biphenyl (4,4'-BAPB),
3,3"-bi1s(4-aminophenoxy)biphenyl (3,3'-BAPB), 4.,4'-(1,4-
phenylenediisopropylidene)bisaniline (BisP), 4,4'-(1,3-phe-
nylenediisopropylidene)bisaniline (BisM), and 99'-bis(4-
aminophenyl)fluorene (BAPF). In one embodiment, the
diamine 1s 4,4'-oxydianiline (ODA). The solvent may be a
polar aprotic solvent chosen from: nitrobenzene, benzoni-
trile, sulfolane, c.-chloronapthalene, tricresol, and n-methyl-
2-pyrrolidone. In one embodiment, the first solvent 1s anhy-
drous N-methylpyrrolidone (NMP).

In one embodiment, after the diamine has been dissolved
in the first solvent, a dianhydride 1s added to the first solution
to form a second solution. A suitable dianhydride may be
selected from the group consisting of benzophenone-3,3'4,
4'-tetracarboxylic dianhydride (BTDA), 2,2'-b1s(3,4'-dicar-
boxyphenyl)hexafluoropropane dianhydride (6FDA), 3.3.'4,
4'-biphenyltetracarboxylic dianhydride (BPDA),
pyromellitic dianhydride (PMDA), or a combination of two
or more thereof. In one embodiment, the dianhydrnide 1s
3.3.,'4.4"-biphenyltetracarboxylic dianhydride (BPDA). After
the addition of the dianhydride (e.g., BPDA), the resulting

solution should consist mostly of the n=1 oligomer, e.g.,
BPDA-ODA-BPDA, plus some excess BPDA.

According to one embodiment, after the addition of the
dianhydnide, a cardo-diamine 1s added. In one embodiment,
the cardo-diamine 1includes a bulky fluorene moiety. Suitable
cardo-diamines include: cardo-anthrone, cardo-phenol-
phthalein (PPH), cardo-norbornane, cardo-cyclohexane, and
cardo-tfluorene groups. In one embodiment, the cardo-di-
amine 1s 9,9'-bis(4-aminophenyl)fluorene (BAPF). Upon the
addition of the cardo-diamine (e.g., BAPF), a polyamic acid
oligomer with a largely alternating arrangement 1s produced.
For example, BAPF-(BPDA-ODA-BPDA-BAPF).

In one embodiment, an alternating co-polymer may be
formulated by adding stoichiometric amounts of ODA fol-
lowed by BAPF.

In one embodiment, trimethylamine and acetic anhydrnide
are then added to the polyamic acid solution, resulting 1n the
imidization of the oligomer. Once the imidized oligomers
form, a cross-linker 1s added. Suitable cross-linkers include,
but are not limited to: 1,3,5-trtaminophenoxybenzene
(TAB), 2.,4,6-tris(4-aminophenyl)pyridine (TAPP), octa-
(aminophenoxy)silsesquioxane (OAPS), or 1,3,5-tris-
(aminophenyl)benzene (TAPB). Polyfunctional aliphatic
1socyanates, as well as triacid chlorides such as 1,3,5-
benzenetricarbonyl trichloride (BTC) have been used for
amine end-capped polyimide oligomers. In one embodi-
ment, the crosslinker 1s benzenetricarbonyl trichloride
(BTC). In another embodiment, the BTC 1s dissolved 1n
NMP prior to addition. The solution 1s then allowed to gel.

Table 1 provides additional examples of polyimide aero-
gels according to the mnovation. It will be appreciated that
other variations, including to the concentration of compo-
nents and the timing of their addition, that are encompassed
by the mnovation.
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In another aspect of the mnnovation, the resulting gel may
be subject to supercritical drying. In one embodiment, prior
to supercritical drying, the gel may be first placed 1n a first
soaking solvent for a set amount of time. In one embodi-
ment, the gel 1s soaked for about 4 hours, about 6 hours,
about 12 hours, about 24, or about 48 hours. In one embodi-
ment, the first soaking solvent may be replaced with a
second soaking solvent and the gel allowed to soak 1n the
second soaking solvent for about 4 hours, about 6 hours,
about 12 hours, about 24, or about 48 hours. In one embodi-
ment, the second soaking solvent may be replaced with a
100% acetone solution and the gel allowed to soak for about
4 hours, about 6 hours, about 12 hours, about 24, or about
48 hours. Up to four more solvent exchanges i 100%
acetone may take place 1n time intervals of about 4 hours,
about 6 hours, about 12 hours, about 24, or about 48 hours.

After soaking 1n the solvent(s) the gel may be supercriti-
cally dried. In one embodiment, the gel 1s supercritically
dried using liquid CO, extraction, followed by drying under
vacuum at a temperature of about 70° C. to about 95° C. for
about 4 hours, about 6 hours, about 12 hours, about 24, or
about 48 hours. It may also be possible to extract the solvent
from the gels using freeze drying or ambient drying 1n some
cases.

FIG. 3 shows the °C solid state NMR spectra of two
representative samples formulated with n of 40 and 10 wt %
polymer concentration, made with no BAPF (sample 8,
spectrum a) and 50 mol % BAPF (sample 18, spectrum b).
The sharp peaks at 1653 ppm (imide carbonyl, peak a) and
143 ppm (quaternary aromatic, peak ¢) and the broad peaks
from 115 to 138 (nonquaternary aromatics) are present 1n
both spectra, as expected. The peak at 153 ppm (quaternary
aromatic attached to oxygen, peak b) also appears in both
spectra but 1s larger 1 spectrum a) because this sample
contains twice the amount of ODA. There are two peaks
present exclusively 1 spectrum b that are assigned to
carbons 1 BAPF, at 141 ppm (quaternary aromatics 1n
fluorene unit, d) and 65 ppm (aliphatic carbon 1n fluorene
unit, ¢).

Scanning electron micrographs of representative acrogels
made with 7 wt % polymer concentration are shown 1n FIG.
4. As with other polyimide aerogels, the architecture 1is
composed of an open porous network with a homogeneous
fibrillar appearance. Formulations containing higher poly-
mer concentrations have an appearance similar to that of the
7 wt % samples shown here, but they appear slightly less
porous. In general, samples containing no BAPF are similar
in morphology to those containing 50 mol % BAPE.

FIG. 5 shows the empirical models for shrinkage occur-
ring during dfabrication (standard deviation=1.46%,
R2=0.91) and density (standard deviation=0.01 g/cm’,
R2=0.89) of all of the samples as set forth 1n Table 1. The
plot of the shrinkage as a function of the n-value and BAPF
concentration (cardo-diamine) for each of the three polymer
concentrations (FIG. 5A) shows that increasing the concen-
tration of BAPF significantly reduces shrinkage but more so
at lower polymer concentrations. Samples containing 0 mol
% BAPF shrank approximately 20%, whereas samples con-
taining 50 mol % BAPF shrank as little as 5%. Without
being bound to any particular theory, 1t 1s possible that the
reduction 1n shrinkage may be due to the effect of BAPF on
the chain packing. The polymer chains may adopt a kinked
conformation with less tightly packed networks that keep the
acrogel from shrinking during processing. The n-value has a
small, though significant, eflect on the observed shrinkage.

Because the degree of shrinkage affects the density of
cach sample, 1t 1s expected that the density model shown 1n
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FIG. 5B would be very similar to FIG. SA. Increasing the
fraction of BAPF does cause a significant decrease 1in
density as expected. However, there 1s no significant syn-
ergistic eflect between polymer concentration and BAPF
concentration as was seen with shrinkage. In other words,
density increases with increasing BAPF concentration to the
same extent for all polymer concentrations. This may 1ndi-
cate that lower concentrations lead to a loss of some low
molecular weight material during washing and supercritical
drying, especially at higher BAPF concentrations.

BET surface areas were obtained for all of the samples
using nitrogen sorption. The empirical model for surface
arca, FIG. 6 with increasing polymer concentration and
increasing n. In addition, surface area increases with BAPF
concentration but reaches a predicted maximum at 30 mol
%. It 1s expected that BAPF would increase the microporo-
sity and therefore the surface area of the polymer strands by
disrupting chain packing, but 1t may be that increasing
BAPF beyond 35% causes an increase 1n larger pore sizes.

FIG. 7 shows the pore size distributions for representative
samples, whose SEM 1mages are shown in FIG. 4. The
sample made with 50 mol % BAPF possesses a wider pore
s1ze and more pores below 8 nm 1n size than the aerogels
made using no BAPF. The sample made with 100% ODA
has a narrower pore size distribution centered at 20-25 nm.
The increase 1n small-scale porosity indicates that the addi-
tion of BAPF produces a significant number of small pores
compared with samples containing 0% BAPEFE, but at the
same time, the reduced shrinkage observed during process-
ing also introduces an increase 1n the number of larger pores,
accounting for the wider pore distribution 1n the BAPF-
containing samples.

Compression testing was performed on all of the aecrogels.
Typical stress-strain curves are shown in FIG. 8, from
representative samples made using 10 wt % polymer con-
centration, formulated n=40, and no BAPF (Table 1, sample
8) and 50 mol % BAPF (Table 1, sample 18). The Young’s
modulus 1s defined as the 1nitial linear region of the stress-
strain curve.

The empirical model for modulus (standard deviation=0.1
MPa, R2=0.84), shown i FIG. 9A, indicates a strong
dependence on polymer concentration and concentration of
BAPF but no significant effect of n over and above random
error. The model shows that increasing the polymer concen-
tration 1ncreases the modulus, while 1ncreasing the fraction
of BAPF decreases the modulus. However, as seen 1n FIG.
9B, when density eflects are accounted for in the plot of
modulus as a function of density, increasing the content of
BAPF actually slightly increases the modulus. Thus, the
decrease 1n modulus with increasing BAPF seen may be due
to the decrease in the density of the aerogels. FIG. 10A
shows TGA plots of representative aerogel samples made
using no BAPF (Table 1, sample 8) and 50 mol % BAPF
(Table 1, sample 18). Incorporating BAPF into the polymer
backbone slightly reduces the onset of decomposition tem-
peratures from 598 to 585° C.

Use temperature 1s not limited, however, by the decom-
position of the polymer backbones. Rather, 1t was found that
during aging at temperatures as low as 150° C., the poly-
imide aerogels made with ODA or DMBZ. in the backbone
shrink. To assess the eflect of aging on aerogels made with
varying amounts of BAPF, isothermal aging was carried out
for 500 h on all compositions at temperatures of 150 and
200° C. The samples were removed from the oven at 24 h,
100 h, and 500 h to measure changes in weight, density, and
diameter shrinkage. The most significant changes in shrink-
age and density occur within the first 24 h and then plateaued
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throughout the remainder of the study. FIG. 10B shows the
same two representative samples of aerogel as shown 1n
FIG. 10A made with no BAPF and 50 mol % BAPF. Because
of shrinkage, the density of the acrogel made with no BAPF
increases from 0.16 to 0.36 g/cm” in the first 24 h and
remains fairly constant after that. In contrast, the density of
the aerogel made using 50 mol % BAPF increased from 0.14
to 0.19 g/cm’ over the 500 h. Very little weight loss (<1%)
occurs over the same period for any of the aerogels; there-
tore, all of the density change 1s likely due to shrinkage.

As observed 1n the empirical model for shrinkage due to
aging (standard deviation=2.72%, R*=0.84) shown in FIG.
11, both polymer concentration and BAPF concentration
have a significant effect. Shrinkage decreased with increas-
ing polymer concentration and increasing BAPF concentra-
tion, with the lowest shrinkage (about 8%) occurring for
samples made with 50 mol % BAPF and 10 wt % polymer.
The n-value did not have a significant eflect on shrinkage
due to aging, over and above random error.

FIG. 12 shows the empirical models for density of the
acrogels comparing as-fabricated densities to that observed
after 500 h at 150 and 200° C. when polymer concentration
1s (a) 7 wt % and (b) 10 wt %. Both plots display density
(g/cm’) as a function of n-value and BAPF content (%)
using the same density scale. It 1s clear that an increase 1n the
content of BAPF results 1n a dramatic reduction 1n densifi-
cation of the samples at elevated temperatures, which results
from less shrinkage.

FIG. 13 presents the data from previous work comparing,
the shrinkage (a) and density (b) after aging for 500 h at 150

and 200° C. for samples made using DMBZ, ODA, or a
combination of 50 mol % ODA/50 mol % DMBZ with the
samples made using 350 mol % ODA/50 mol % BAPF
according to the inovation. The samples made previously
using ODA/DMBZ resulted 1in the lowest shrinkage and
smallest density change after aging. This was attributed to
disruption of polymer chain packing from the combination
of flexible and rigid diamine segments. The combination of
ODA/BAPF shrinks even less; thus, the density increase 1s
much less compared to that previous aerogels.

As samples shrink, compaction of the pore structure will
occur, which may result in decreased surface area. FIG. 14
compares the 1nitial surface areas of representative samples
made using 50 mol % BAPF to the surface areas after 500
h of aging. This selection of samples possesses a combina-
tion of good mechanical properties and the lowest values of
shrinkage. As shown, the surface areas decrease during
aging and with increasing aging temperature. However, even
after 200° C. aging, the surface areas remain above 300
m~/g, suggesting that the pore structure remains largely
intact.

FIG. 15 shows the pore size distributions for representa-
tive samples (see Table 1), containing 10 wt % polymer
concentration, 50% BAPF, and an n-value of 40 as fabri-
cated, and after aging at 150° C. and at 200° C. After 150°
C. aging, the largest decrease 1n pore volume occurs at pore
s1izes smaller than 10 nm, while atter 200° C., the peak at
about 20 nm 1s slightly reduced. These changes may account
for the observed reductions in surface area.

FIGS. 16A and 16B display the SEM 1mages of samples
14 and 15, respectively, after 1sothermal aging at 200° C.
FIGS. 4A and 4B are SEM 1mages of the same samples prior
to aging. Comparison of FIGS. 16A and 16B with FIGS. 4A
and 4B shows that the samples display a degree of agglom-
eration of the fiber strands after aging compared to before
aging. It might be expected that agglomeration and densi-
fication would be more apparent 1n FIG. 16 A, which 1s the
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sample made with no BAPF compared to that shown m FIG.
16B made with 50 mol %, but 1t 1s diflicult to see a clear

difference between the two samples despite the rather pro-
nounced difference 1n density. This observation 1s significant
because the addition of diamine 1n the synthesis does not
change the aerogel architecture which 1s the genesis for the
acrogel’s excellent insulation properties. Other methods to
reduce shrinkage involve the addition of rigid-rod fillers
which both increase density as well as cost and complexity
due to an additional step in the synthesis.

The following examples illustrate different processes to
fabricate the i1nnovative polyimide aerogel i accordance
with aspects of the innovation. It 1s to be understood 1n the
following examples and in the entire disclosure, while
measurements (e.g., quantity, mass, weight, volume, con-
centrations, heating and cooling temperatures, density, mea-
surements ol time, etc.) are disclosed, these measurements
are approximate and are not intended to limit the scope of
the 1novation.

EXAMPLES

Materials.

Acetic anhydride (AA), triethylamine (TEA), and 1,3,5-
benzenetricarbonyl trichloride (BTC) were purchased from
Sigma-Aldrich (3050 Spruce Street, St. Louis, Mo. 63103)
and used without further purification. Anhydrous N-meth-
ylpyrrolidone (NMP) was purchased from Tedia (1000 Tedia
Way, Fairfield, Ohio 45014). 4,4'-Oxidianiline (ODA), 9,9'-
bis(4-aminophenyl)fluorene (BAPF), and 3,3,'4,4'-biphe-
nyltetracarboxylic dianhydride (BPDA) were obtained from
Chriskev, Inc. (13920 W. 108th Street, Lenexa, Kans.
66213). BPDA was dried at 125° C. in vacuum for 24 h
betfore use.

Synthesis of Polyimide Aerogels.

An array of 20 polyimide aerogels were synthesized from
3.,3'4,4'"-biphenyltetracarboxylic dianhydride (BPDA) and
4.4'-oxydianiline (ODA) and in some cases BPDA and a
combination of ODA and 9,9'-bis(4-aminophenyl)fluorene
(BAPF). The aecrogels were cross-linked with 1,3,5-benze-
netricarbonyl trichloride (BTC). The polymer concentration,
n-value and molar concentration of ODA and BAPF were
varied. The resultant aerogels were subjected to 1sothermal
aging at 150° C. and 200° C. for up to 500 hours. Samples
containing BAPF showed a reduction 1n thermally induced
shrinkage by as much as 50% compared to unmodified
polyimide aerogels.

Polyimide aerogels were fabricated according to FIG. 2
using variables provided 1n Table 1. For fabricating acrogels

with a mixture of ODA and BAPF, the ODA was dissolved
first in NMP followed by addition of all of the BPDA. This
should produce a solution of mostly the n=1 oligomer,
BPDA-ODABPDA, plus some excess BPDA. Addition of
BAPF should produce polyamic acid oligomer with a largely
alternating arrangement of BAPF-(BPDA-ODA-BPDA-
BAPF).

To the polyamic acid solution was added triethylamine
and acetic anhydride. Triethyl amine 1s a non-nucleophilic
base used to abstract a proton from the amic acid interme-
diate facilitating ring closure to the imide. Acetic anhydride
acts as a water scavenger. Once the immidized ohgomers
form, the cross-linker BTC, dissolved in 10 mL of NMP, 1s
added. For Samples contalmng only ODA and BPDA, gela-
tion occurs 1 20 min. For samples containing 50 mol %
BAPF, gelation time more than doubles to 45-60 min. The
increased gelation time may be due to the bulky side groups
disrupting the ability for the polyimide chains to pack and
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increasing their solubility, or may be due to the lower
reactivity of the amine compared to ODA. The variables
used to synthesize the acrogels are shown 1n Table 1, along
with density, porosity, surface area, compression properties,
and the onset of decomposition for each formulation. Poros-
ity (I1) was calculated using eq 1.

n=100><(1—p—""’)

Ps

(1)

where @ , 1s the bulk density and @ _ 1s the skeletal density
determined by helium pycnometry. Shrinkage given 1n Table
1 1s the mitial shrinkage as fabricated calculated based on the
diameter shrinkage from the initial diameter of the cylindri-
cal mold and diameter of aerogel post supercritical drying.

Nitrogen-adsorption porosimetry was obtained using an
ASAP 2000 surface area/pore distribution analyzer (Micro-
metrics Instrument Corp.). Skeletal density of the specimens
was determined using a Micrometrics Accupyc 1340 helium
pycnometer. Thermogravimetric analysis (TGA) was carried
out with a TA model 2950 HiRes instrument. Infrared
spectroscopy was acquired using a Nicolet Nexus 470 FTIR
spectrometer. A Bruker Avance 300 spectrometer was used
to obtain solid "C NMR spectra using cross-polarization
and magic angle spinning (CP-MAS) at a rate of 11 kHz.
Spectra were externally referenced to the carbonyl of gly-
cine (176.09 ppm relative to tetramethoxysilane). Scanning
clectron microscopy (SEM) was used to obtain micrographs
of the platinum-plated aerogels using a Hitachi S-4700 field
emission microscope. Compression testing was performed
tollowing ASTM Standard D693-10.

Experimental design and analysis were conducted using
Design Expert, version 9, from Stat-Ease, Inc. (Minneapolis,
Minn.). A face centered, central composite design including
three variables was used. The concentration of BAPF (0-50
mol % with the amount of ODA being given as 100 minus
the mol % BAPF); total polymer concentration (7-10 wt %);
and number of repeat units, n, in the amine end-capped
oligomers (20-40) were varied. A total of 20 separate batches
of aerogels were produced as summarized i Table 1,
including six repeats of the center point in the design. Runs
were carried out 1 a random order. Empirically generated
data were analyzed using multiple linear regression. A full
quadratic equation was developed, including all two-way
interactions, for each response. Backward stepwise regres-
sion analysis was performed on the model to eliminate
statistically insignificant terms (p=>0.1).

Preparation of BAPF-Containing Polyimide Aerogels.

Polyimide gels were synthesized using the dianhydride
BPDA; the diamines ODA and BAPF: and BTC the cross-
linking agent 1n the polar aprotic solvent, NMP, as shown 1n
FIG. 2. Imidization was carried out chemically at room
temperature. The aerogels were formulated to have amine
end-caps on the polyimide oligomers and n formulated
repeat units (ranging from 20 to 40) using n equiv. of BPDA
and n+1 equiv. of diamine. The oligomers were cross-linked
with BTC to form gels. Table 1 outlines the variables used
to prepare each sample, along with the measured properties.
As an example, the procedure for the synthesis of sample 6
from Table 1 consisting of 50 mol % ODA and 350 mol %
BAPF, a formulated n value of 20, and a polymer concen-
tration of 10 wt % 1s as follows:

To a solution of ODA (1.906 g, 932 mmol) 1n 873 mL of
NMP was added BPDA (5.335 g, 18.13 mmol), and the

mixture was stirred for 2 h then placed in a sonic bath for 5
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min to dissolve. BAPF (33172 g, 932 mmol) was then
added, and the solution was further stirred until homoge-
neous. Afterward, acetic anhydride (13.69 mL) was added,
and the mixture was stirred until 1t became homogeneous;
this was followed by addition of TEA (233 mlL). After 10
min, a solution of BTC (0.1605 g, 0.604 mmol) 1n 10 mL of
NMP was added to the solution while stirring. Immediately
alter mixing, the solution was poured 1nto syringe molds that
were covered with Parafilm. The solution gelled after
approximately 20 min. The gels were then aged for 24 h 1n
the molds, after which time they were extracted mto a
solution of 75 v/v % NMP/25 v/v % acetone and allowed to
soak overnight. Afterward, the solvent was replaced by a
solution of 25 v/v % NMP/75 v/iv % acetone, and the gels
were allowed to soak for another 24 h, followed by four
more solvent exchanges 1in 100% acetone 1n 24 h intervals.
The gels were then supercritically dried using liquid CO,
extraction, followed by drying under vacuum at 75° C.
overnight to ensure all solvent had been removed from the

samples. The resultant aerogels had a density of 0.1337
g/cm” and a porosity of 90.6%. Solid '°C NMR (ppm): 165,

143, 135, 125, 65. FTIR (0): 1716, 1502, 1363, 1236, 1103,
1076.

What has been described above includes examples of the
inovation. It 1s, of course, not possible to describe every
conceivable composition, article, or methodology for pur-
poses ol describing the subject innovation, but one of
ordinary skill in the art may recognize that many further
combinations and permutations of the innovation are pos-
sible. Accordingly, the innovation 1s intended to embrace all
such alterations, modifications and variations that fall within
the spirit and scope of the appended claims. Furthermore, to
the extent that the term “includes” i1s used in either the
detailed description or the claims, such term 1s intended to
be inclusive 1n a manner similar to the term “comprising” as
“comprising” 1s interpreted when employed as a transitional
word 1n a claim.

What 1s claimed 1s:

1. A polyimide aerogel comprising:

an oligomer backbone comprising:

a cardo-diamine comprising 9,9'-bis(4-aminophenyl)
fluorene (BAPF);

an additional diamine; and

a dianhydride;

wherein:

the cardo-diamine comprises between 40 mol % and 50
mol % of the total diamine 1n the oligomer backbone,

the polyimide aerogel 1s fabricated from a solution
having a polymer concentration of between approxi-
mately 7 wt % and 10 wt %,

a period of 500 hours of 1sothermal aging at 200° C. of
the polyimide aerogel results 1n a shrinkage of the
polyimide aerogel between approximately 15% and
approximately 24%.

2. The polyimide aerogel of claim 1, wherein the addi-
tional diamine 1s selected from the group consisting of
2'-bis[4-(4-aminophenoxy )phenyl|propane (BAPP), 3.4'-
oxydianiline (3,4'-ODA), 4.4'-oxydianiline (4,4'-ODA), p-p-
henylene diamine (PPDA), 2,2'-dimethylbenzidine (DM-
B7), bisaniline-p-xylidene (BAX), 4,4'-bis(4-aminophe-
noxy)biphenyl (4,4-BAPB), 3,3'-bis(4-aminophenoxy )bi-
phenyl (3,3'-BAPB), 4,4'-(1,4-phenylenediisopropylidene)
bisaniline (BisP), and 4,4'-(1,3-phenylenediisopropylidene)
bisaniline (BisM).

3. The polyimide aerogel of claim 1, wherein a number of
repeat units in the oligomer backbone is 1n the range of about

20 to about 40.
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4. The polyimide aerogel of claim 2, wherein the dian-
hydride 1s selected from the group consisting of benzophe-
none-3,3".4,4'-tetracarboxylic dianhydrnide (BTDA), 2,2'-bis
(3,4'-dicarboxyphenyl)hexatluoropropane dianhydride (6F-
DA), 3,3.'4,4"-biphenyltetracarboxylic dianhydrnide (BPDA),
and pyromellitic dianhydride (PMDA), pyromellitic dian-
hydride (PMDA), and 4,4'-oxydiphthalic anhydride (OD-
PA).

5. The polyimide aerogel of claim 1, further comprising
amine end caps on the oligomer backbone.

6. The polyimide aerogel of claim 1, wherein the cardo-
diamine comprises approximately 50 mol % of the total
diamine 1n the oligomer backbone.
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