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Why aerogels?

• Made by removing solvent from wet gels without collapsing the 

structure

• High porous solids with extremely small pore size (typically 10-

40nm)

• Low density 

• High surface area

• Good thermal insulation material

• reduces heat transfer (convection, conduction, and radiation)

Sol AerogelGel

http://en.wikipedia.org/wiki/Aerogel
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• Low density and shrinkage

• High porosity, surface area, and 

modulus

• Moisture resistant 

• Low dielectric constant 

• Low thermal conductivity

• Can be metalized with gold

• Flexible thin film

Cross-linked polyimide aerogels
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Potential applications of aerogels
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Inflatable aerodynamic 

decelerators
Astronaut EVA suits
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structures
Cyrotanks

Heat shielding

Actuators

Antenna



Cross-linked polyimide aerogels

Cross-linkers
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• Various polyimide oligomer 

backbones using different 

dianhydrides and diamines

• Chemical imidization

1,3,5-Benzenetricarbonyl trichloride

(BTC)
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• Explore commercially available and less expensive 

cross-linkers

• The aerogels still maintain the similar properties
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Cross-linker Cost Comparison

0.97/g

$0.145/g $0.04/g
$0.67/g

octa(aminophenyl)silsesquioxane
(OAPS)

1,3,5-triaminophenoxybenzene
(TAB)

O O

H2N NH2

O

H2N

77.11/g Custom made

poly (maleic anhydride-alt-1-octadecene) 
(PMA-O) Mn 30,000-50,000

poly (isobutylene-alt-maleic anhydride) 
(PMA-D) Mw ~6000

poly(ethylene-alt-maleic anhydride) 
(PMA) Mw 100,000-500,000

1,3,5-Benzenetricarbonyl trichloride

(BTC)
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• Cross-linkers:

• 10 wt% polyimide oligomer

O O

O

O O

O

BPDA

• Diamine: 

OH2N NH2

H2N NH2

DMBZ (100-ODA)%

ODA 0-100%

• Dianhydride:

• Polyimide oligomer repeat unit:

n=20-30

PMA PMA-D PMA-O



Network formation using poly(maleic 

anhydride)s as cross-linkers
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PMA H H H Mw 100,000-500,000

PMA-D H CH3 CH3 Mw  6000

PMA-O C16H33 H H Mn 30,000-50,000



13C NMR proves imidization was completed
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imide 

carbonyl 

aromatic ether 

carbon of ODA

aliphatic 

carbons 

aromatic carbon

PMA-O

PMA-D

PMA

PMA-O

PMA-D

PMA

Cross-linker themselves

aliphatic carbons 

carbonyl

Cross-linked polyimide aerogels



12

68011801680218026803180

PMAO cross-linked n=1 polyimide

1774 cm-1

asymmetric 

ⱱ imide C=O

1377 cm-1

ⱱ imide C-N 

1716 cm-1 

symmetric ⱱ

imide C=O

CH2 

stretching 

vibrations

Typical Fourier transform infrared (FTIR) 
spectrum of aerogels

Absent

• 1860 cm-1 unreacted anhydride 

• ~1807 & 980 cm-1 isoimide

• ~1660 cm-1 ⱱ amic acid C=O 

• ~1535 cm-1 ⱱ amide C-N

FTIR spectra 

O

O

O

O

H 2N O N N O N H 2

PMAO cross-linked n=20 

polyimide aerogel



Density, shrinkage, and porosity
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• PMA cross-linked aerogel has 

the highest density, and the 

lowest porosity

• Shrinkage is not affected by the 

cross-linkers

12

14

16

18

20

22

24

0

20

40

60
80

100

20
22

24
26

28

S
h
ri
n
k
a
g
e
 (

%
)

O
D

A
 %

n0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0

20

40

60
80

100

20
22

24
26

28

d
e
n
s
it
y
 (

g
/c

m
3

)

D
M

B
Z
%

n

PMA

PMA-D

PMA-O

87

88

89

90

91

92

0
20

40
60

80
100

20

22
24

26
28

P
o
ro

s
it
y
 %

DMBZ%

n

PMA

PMA-D

PMA-O



P/P0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Q
u
a
n
ti
ty

 a
b
s
o
rb

e
d
 (

c
m

3
/g

)

0

200

400

600

800

1000

1200

1400

50% DMBZ+50% ODA

ODA

DMBZ

diluted 50% DMBZ+50%ODA

Pore Size (nm)

7 10 20 30 40 50 60 70 80 90

d
V

/d
lo

g
(D

) 
P

o
re

 V
o
lu

m
e
 (

c
m

3
/g

)

0

1

2

3

4

5

6

7

PMA-D/DMBZ+ODA

PMA-O/DMBZ+ODA

PMA/DMBZ+ODA

PMA-D/DMBZ 

PMA-O/DMBZ 

PMA/DMBZ 

PMA-D/ODA 

PMA-O/ODA 

PMA/ODA 

N2 adsorption/desorption shows the aerogels 

have mesoporous structure

• PMA cross-linked aerogel has the least 

surface area.  

• Increase DMBZ% and n value, surface 

areas increase

• DMBZ+ODA formulations have sharp 

peaks around 6nm. 
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Scanning electron microscope (SEM) images 

• DMBZ containing formulations had larger diameter strands than ODA 

alone formulations

• Aerogels have fibrous network structure
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a) b) c)

d) e) f)

g) h) i)

PMA

PMA-O

PMA-D

ODA 50% ODA+50% DMBZ DMBZ



16

Lower Magnification SEM images 
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a) b) c)

d) e) f)

g) h) i)

PMA

PMA-O

PMA-D

ODA 50% ODA+50% DMBZ DMBZ

• PMA-O cross-linked aerogels show cavities in lower magnification 

SEM images

• 50%DMBZ+50% ODA formulations show spherical balls connecting 

together with polymer strands.



Td of the polyimide backbone is determined 

by the chemical components of the 

polyimide 
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Compression tests were performed on the 

aerogels by compressing to 80%
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• PMA cross-linked aerogels have higher modulus than PMA-O and PMA-O 

cross-linked aerogels

• 50% ODA+50% DMBZ formulations have lower modulus than DMBZ or ODA 

only formulations

• Increase n value, modulus increase slightly
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Compression tests were performed on the 

aerogels by compressing to 80%
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• Higher or similar modulus compared to 

TAB,OAPS or BTC cross-linked 

polyimide aerogels made with BPDA 

and ODA

• The higher n, the higher the 10% stress
• PMA cross-linked polyimide aerogels 

have the highest 10% stress
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Weight loss after heated at 300 oC

for 24h and 120h
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Density change after heated at 200oC and 

300oC
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• 50% DMBZ+50% ODA formulation 

heated at 200oC and 300oC for 24h, 

48h,  and 120hour: Major density 

changes occur before 24h
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Surface area after heated at 200oC 

and 120h
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Water uptake after 48h show 50% 

DMBZ+50% ODA absorb less water



Summary

• New aerogels made with amine capped polyimide oligomers and cross-linked by 

poly(maleic anhydride)s were synthesized

• PMA-O and PMA-D cross-linked aerogels have lower density, higher porosity 

and higher surface area

• PMA cross-linked aerogels have higher density and higher modulus

• The poly(maleic anhydride) cross-linked ODA  capped aerogels have higher or 

similar modulus values compared to TAB, OAPS or BTC cross-linked ODA 

aerogels 

• Density and shrinkage change when heated at 200oC and 300oC occur before 

24 hour

• Cross-linkers have no effect on the shrinkage of the aerogels when heated at 

200oC 

• PMA-D cross-linked aerogels derived from DMBZ or ODA only have lower 

density than PMA-O and PMA cross-linked aerogels after heated at 200oC for 

24h

• Cross-linkers have no effect on the density and shrinkage of the aerogels when 

heated at 300 oC
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