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ABSTRACT: The dielectric and other properties of a series of
low-density polyimide block copolymer aerogels have been
characterized. Two different anhydride-capped polyimide
oligomers were synthesized: one from 2,2-bis(3,4-
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and
4,4′-oxidianiline (ODA) and the other from biphenyl-3,3′,4,4′-
tetracarboxylic dianhydride and ODA. The oligomers were
combined with 1,3,5-triaminophenoxybenzene to form a block
copolymer networked structure that gelled in under 1 h. The
polyimide gels were supercritically dried to give aerogels with
relative dielectric constants as low as 1.08. Increasing the
amount of 6FDA blocks by up to 50% of the total dianhydride
decreased the density of the aerogels, presumably by increasing
the free volume and also by decreasing the amount of shrinkage seen upon processing, resulting in a concomitant decrease in the
dielectric properties. In this study, we have also altered the density independent of fluorine substitution by changing the polymer
concentration in the gelation reactions and showed that the change in dielectric due to density is the same with and without
fluorine substitution. The aerogels with the lowest dielectric properties and lowest densities still had compressive moduli of 4−8
MPa (40 times higher than silica aerogels at the same density), making them suitable as low dielectric substrates for lightweight
antennas for aeronautic and space applications.
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■ INTRODUCTION

Materials with low relative dielectric constants are of great
interest for high-performance electronic devices.1 Strategies to
making ultralow-dielectric materials that access dielectric
constants below 2.5 typically introduce nanopores to reduce
the density. For example, silica and organic (resorcinolformal-
dehyde and melamineformaldehyde) aerogels have been
measured with dielectric constants as low as 1.008 (density =
0.008 g/cm3),2 but these aerogels tend to be very brittle and
prone to cracking. The development of a stronger, ultralow-
dielectric material with controlled porosity is considered to be
essential for use in high-performance electronic devices because
the materials need to resist cracking in service and survive
demanding processing steps such as polishing, bonding, dicing,
and cutting.1

Recently, we have reported the dielectric properties for
polyimide aerogels with an emphasis on using them as
lightweight, low-dielectric substrates for antennas.3 In the
study, relative dielectric constants as low as 1.16 were measured
in the X-band frequency range for polyimide aerogels with
densities on the order of 0.11 g/cm3. In addition, it was found

that dielectric constants varied linearly with the density for the
polyimide aerogels, similar to silica and organic aerogels
previously measured. By using the low-density, low-dielectric
polyimide aerogel as a substrate in a simple, microstrip patch
antenna, we also demonstrated higher gain, wider bandwidth,
and lower mass compared to typical antenna substrates. These
results could lead to a decrease in the weight and complexity of
antenna systems, especially aboard aircraft, by reducing both
the number and weight of the antennas.4,5

In general, the dielectric properties decrease with the density
for porous polyimides made in different ways, such as the
incorporation of porous fillers,6,7 use of photochemically8 or
thermally9 labile blocks, or foaming.10 However, the lowest
density and dielectric properties were achieved, as previously
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mentioned, using the approach of making polyimide aerogels
cross-linked with 1,3,5-triaminophenoxybenzene (TAB).3

Other recent studies show that the use of fluorinated
monomers in a polyimide backbone can reduce the dielectric
properties of polyimides even more. For example, Othman et
al.11 made porous polyimides by acid etching a silica phase.
While the relative dielectric constant decreased with increasing
porosity, it was further reduced by the incorporation of
hexafluoroisopropylidene groups in the polyimide backbone.
Ronova et al.,12 Simpson and St. Clair,13 Hougham et al.,14 and
others also showed that the presence of fluorinated groups
slightly decreased the relative dielectric constant, attributing
this to an increase in the free volume and lower polarizability of
the fluorines. Another recent study discussed the fabrication of
polyimides containing polyhedral oligomeric silsesquioxanes
with fluorinated side chains.15 In the study, relative dielectric
constants decreased from 3.2 to 2.3 with the addition of 15% of
these side groups, while the bulk density went from 1.37 to 1.02
g/cm3. The decrease in the dielectric constant was suggested to
be due to a combination of higher free volume, as well as the
lower polarizability and greater hydrophobicity of the fluorine
groups, but it is not clear from these studies which of these
factors plays a larger role.
In this paper, we examined the effect of increasing the

amount of 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane di-
anhydride (6FDA) in the backbone of the polyimide aerogels
on the dielectric properties. Mechanical properties, such as
Young’s modulus, compressive strength, or tensile strength,
within an aerogel family are typically correlated to the density
and tend to decrease with decreasing density. For example,
Young’s modulus, Ey, for silica aerogels at varying density, σ,
follows a scaling law where Ey, is proportional to σγ, where γ =
3.7.16 Mechanical properties of polyimide aerogels also, in
general, decrease with decreasing density, although the rigidity
of the polymer backbone also plays a role, with a more rigid
backbone having a higher modulus at lower density than a more
flexible backbone.3 If by including fluorination in the backbone
the dielectric constant could be reduced further without
decreasing the density, it may be possible to maintain better
mechanical properties. The aerogels were fabricated as shown
in Scheme 1. In the scheme, 6FDA and biphenyl-3,3′,4,4′-
tetracarboxylic dianhydride (BPDA) were used in combination
to make the aerogels but were reacted separately with 4,4′-
oxidianiline (ODA) to create two different oligomer blocks.
The oligomers were combined with TAB to form cross-linked
polyamic acids, which were chemically imidized at room
temperature to form polyimide gels. The gels were dried using
supercritical CO2 extraction to yield the aerogels. Dielectric,
physical, and mechanical properties of the aerogel formulations
were characterized and compared in the study.

■ EXPERIMENTAL SECTION
Materials. 1,3,5-Triaminophenoxybenzene (TAB) was obtained

from Triton Systems (200 Turnpike Road No. 2, Chelmsford, MA
01824-4053). Pyridine, acetic anhydride, and anhydrous N-methyl-
pyrrolidinone (NMP) were purchased from Sigma Aldrich. 4,4′-
Oxydianiline (ODA), 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane
dianhydride (6FDA), and biphenyl-3,3′,4,4′-tetracarboxylic dianydride
(BPDA) were obtained from Chriskev, Inc. (13920 West 108th Street,
Lenexa, KS 66215). Dianhydrides were dried at 125 °C in vacuum for
24 h before use. All other reagents were used without further
purification.
Synthesis of Polyimide Aerogels Using Chemical Imidiza-

tion. Polyimide aerogels were prepared according to a procedure

previously described17 except that, as shown in Scheme 1, two
dianhydrides, 6FDA and BPDA, were used. Because of the much
poorer reactivity of 6FDA compared to BPDA, to achieve gelation, the
two dianhydrides were separately reacted with the diamine ODA and
then combined in one solution before the addition of TAB. Table 1
lists different formulations of aerogels made in the study using three
different variables: 6FDA concentration, formulated number of repeat
units in the oligomers (n), and total polymer concentration in solution.
The dianhydride fraction is expressed in Table 1 as the fraction of
6FDA used as a function of the total (BPDA is implied to be 1 −
6FDA fraction).

As an example, the preparation of sample 16 from Table 1 is
described. Two separate solutions were prepared as follows and are
labeled in Scheme 1. Solution A: To a solution of 22.25 mL of NMP
and 0.81 g (4.06 mmol) of ODA was added 1.89 g (4.26 mmol) of
6FDA with stirring for about 15 min until dissolved. Solution B: To a
solution of 61.76 mL of NMP and 2.44 g (12.2 mmol) of ODA was
added 3.76 g (12.8 mmol) of BPDA with stirring for about 15 min
until dissolved. The two solutions, A and B, were combined with
stirring, and a solution of 0.216 g (0.541 mmol) of TAB in 5 mL of
NMP was added. After a few minutes of stirring, 12.88 mL (0.136
mol) of acetic anhydride and 2.37 mL (0.0170 mol) of triethylamine
were added to the solution. Immediately after mixing, the solution was
poured into prepared molds. The samples were allowed to gel and
aged for 24 h before extraction into a 25% acetone/75% NMP
solution. After another 24 h, the gel was exchanged into a solvent bath
of a 75% acetone/25% NMP solution. Every 24 h thereafter, the
solvent was exchanged to 100% acetone for a total of five washes.
Finally, acetone was removed from the gels using supercritical CO2
extraction, followed by overnight vacuum drying at 80 °C. The

Scheme 1. Synthesis of Polyimide Block Copolymer
Aerogels with TAB Cross-links
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resulting aerogels had a bulk density of 0.118 g/cm3. FT-IR (δ): 1772,
1718, 1500, 1375, 1240, 1110 (br), 1082 (br). Solid 13C NMR (ppm):
64.3, 125−130, 141.9, 154.4, 165.0.
Characterization. Permittivity measurements were taken using the

waveguide transmission measurement technique, which has been
previously described.3,18 Compression testing of the specimens was
carried out as previously described4 in accordance with ASTM D695-
10, with the sample sizes nominally 1.5−1.8 cm in diameter and 3 cm
in length (close to the 1:2 ratio of diameter-to-length as prescribed for
the testing of polymer foams). The samples were tested between a pair
of compression plates on a model 4505 Instron load frame. The
modulus was taken as the initial slope of the stress−strain curve using
marks painted directly on the aerogel specimens and is reported in
Table 1.

■ RESULTS AND DISCUSSION
Initially, it was of interest to make polyimide aerogels with
100% 6FDA in the backbone. However, because of the lower
reactivity of 6FDA with amine, these formulations, even with a
lower number of repeat units, did not gel reliably. Hence, as
shown in Scheme 1, polyimide gels were made with a fraction
of 6FDA replacing BPDA in the polyimide backbone. While
gels could be made with fractions up to 0.75 equiv of 6FDA
replacing BPDA using 10 repeat units and 10 wt % total
polymer concentration in solution, it was also desired in this
study to investigate the effect of a lower polymer concentration
and higher number of repeat units, n. The former will probe the
effect of lower density alone on aerogel properties (independ-
ent of the 6FDA content), while the latter will investigate the
effect of the cross-link density. Thus, the study was limited to
0.5 equiv of 6FDA and 0.5 equiv of BPDA in the backbone,
enabling n to be varied between 10 and 30 formulated repeat
units and the weight percent of polymer in solution to be varied
between 7 and 10 wt %. The formulations were prepared
according to Scheme 1, where 6FDA and BPDA were reacted
separately with ODA and then combined. Hence, polyimide
gels with distinct fluorinated and nonfluorinated blocks should

be obtained. The three-variable study (n, polymer concen-
tration, and 6FDA fraction) was carried out as a statistical
experimental design. Formulations in the study along with
measured properties are shown in Table 1. Using multiple
linear regression analysis and backward stepwise regression
starting with full quadratic models, empirical models describing
the effect of each variable on the measured properties were
derived. Note that data were orthogonalized prior to analysis
and the formulation in the middle of the design space (n = 20,
6FDA fraction = 0.5, polymer concentration = 8.5 wt %) was
repeated five times to assess the model reliability and
reproducibility.
Characterization of the chemical structures of the aerogels

was carried out using Fourier transform infrared (FT-IR) and

Table 1. Properties of Polymide Aerogels in the Study

sample n
6FDA,
fraction

polymer concn,
wt %

density,
g/cm3 shrinkage, % porosity, %

surface area,
m2/g

dielectric constant, X
band

modulus,
MPa

1 20 0.000 8.5 0.153 17.2 89.4 340 1.18 20.67
2 30 0.000 10 0.190 19.5 86.7 327 1.24 36.14
3 10 0.000 10 0.226 23.9 84.2 337 1.30 36.18
4 20 0.375 8.5 0.102 10.8 93.2 374 1.11 6.07
5 20 0.375 10 0.130 10.8 91.1 389 1.15 15.51
6 30 0.375 8.5 0.119 12.3 91.8 396 1.13 6.21
7 20 0.375 7 0.087 9.0 94.2 443 1.10 8.06
8 10 0.375 8.5 0.108 8.7 92.8 400 1.12 7.42
9 30 0.000 7 0.143 20.2 89.8 372 1.18 14.78
10 10 0.000 7 0.145 20.9 89.9 362 1.17 13.22
11 20 0.500 8.5 0.095 10.2 93.2 445 1.11 6.04
12 30 0.500 7 0.094 12.2 93.5 494 1.10 5.51
13 30 0.500 10 0.112 12.2 92.6 452 1.13 3.35
14 10 0.500 10 0.120 9.5 91.9 404 1.13 3.20
15 10 0.500 7 0.078 7.7 94.7 456 1.08 4.72
16 20 0.250 8.5 0.118 11.5 92.0 366 1.13 10.63
17 20 0.250 8.5 0.117 11.5 92.0 394 1.13 15.30
18 20 0.250 8.5 0.119 11.8 92.0 343 1.14 10.52
19 20 0.250 8.5 0.119 11.3 92.3 389 1.13 20.88
20 20 0.250 10 0.153 14.6 89.6 368 1.18 24.07
21 30 0.250 8.5 0.131 13.5 91.2 382 1.14 20.47
22 20 0.250 7 0.094 11.2 94.0 402 1.11 8.57
23 10 0.250 8.5 0.117 10.7 92.3 388 1.13 9.88

Figure 1. Solid 13C NMR spectra of polyimide aerogels with (bottom),
no 6FDA, (middle), 0.25 equiv of 6FDA, and (top) 0.50 equiv of
6FDA.
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solid 13C NMR spectroscopy. FT-IR of all of the aerogels
showed representative peaks for imide carbonyl (1775 and
1721 cm−1), a para-substituted phenyl ring of the ODA (1500
cm−1), and the imide ring (1375 cm−1). A comparison of solid
13C NMR spectra shown in Figure 1 of three aerogel
formulations made using 0, 0.25, and 0.5 equiv of 6FDA
clearly shows that 6FDA is incorporated into the aerogels. All
three spectra have peaks at 165 ppm (imide carbonyl), 154.4
ppm (aromatic ether from ODA and TAB), and 110−130 ppm
(other aromatic peaks). The most evident difference in the
spectra is the increasing peak at 64.3 ppm and the decreasing
peak at 143 ppm with increasing 6FDA concentration. The
peak at 64.3 ppm is due to the carbon between the two CF3
groups and is small because it is both quaternary and split by
the fluorine atoms on neighboring carbon atoms. The CF3

Figure 2. Empirical models for (a) density, (b) shrinkage, and (c) porosity graphed in terms of the 6FDA fraction and n, at two levels of solid
concentration.

Figure 3. SEM images of the fracture surfaces of polyimide aerogels at
low (left) and high (right) magnification for (a) 6FDA fraction = 0,
(b) 6FDA fraction = 0.25 equiv, and (c) 6FDA fraction = 0.5 equiv.

Figure 4. Empirical model for surface area versus the solid
concentration and 6FDA fraction graphed with measured data points
used to fit the model.
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carbon peaks are hidden under the broad aromatic peak at
110−130 ppm. The peak at 143 ppm is due to biphenyl carbon
in BPDA and should decrease as BPDA is replaced with 6FDA.
Figure 2 shows empirical models of density, shrinkage, and

porosity of the aerogels in the study graphed versus the 6FDA
fraction and n. For the empirical model of density shown in
Figure 2a (standard deviation = 0.006 g/cm3; R2 = 0.98), it is
shown that a decrease in the polymer concentration leads to
decrease in the density, which was expected. The increasing
fraction of 6FDA also causes a decrease in the density. This
could be due to the greater free volume introduced into the
aerogel by the hexafluoroisopropylidene groups, but it should
be noted that 6FDA also leads to a significant decrease in
shrinkage, especially when n = 10, as shown in Figure 2b
(standard deviation = 0.96%; R2 = 0.97), which also contributes
to the lower density. Increasing n and decreasing the polymer
concentration also significantly reduce shrinkage and density,
although the effect is more subtle. Previously, we have
attributed differences in shrinkage in different formulations of
polyimide aerogels to solvent interactions with the polymer
backbone during gelation, rigidity of the polymer chains, and
interaction between chains.13 Indeed, the larger hexafluoroiso-
propylidene groups would reduce the chain packing and
rigidity, both of which have been shown to reduce shrinkage in
other formulations of polyimide aerogels.
Porosity is calculated from the bulk density and skeletal

density measured by helium pycnometry. Empirical models for

porosity (standard deviation = 0.45%; R2 = 0.98) shown in
Figure 2c, as expected, show an increase in the porosity with
increasing 6FDA and decreasing polymer concentration in
opposition to the effects on the density and shrinkage.
The arrangement of the pores is also affected by the 6FDA

concentration, as shown in scanning electron microscopy
(SEM) images of the fracture surfaces in Figure 3. Figure 3a
shows two different magnifications of polyimide aerogel with
no 6FDA (sample 1 in Table 1). In this case, both low and high
magnification display a fairly uniform arrangement of pores and
polymer strands. In contrast, both parts b (sample 17, 0.25
6FDA) and c (sample 11, 0.5 6FDA) of Figure 3 reveal a
hierarchical arrangement of pores and polymer chains. At lower
magnification (left), micrometer-sized spherical features are
displayed, while higher magnification (right) reveals that finer
porosity exists inside these features and is more typically what is
seen as the polymer aerogel nanostructure. The hierarchical
pore structure most likely arises from macroscale phase
separation of the fluorinated and nonfluorinated polymer
chains during the gelation process.
The surface areas of the aerogels were measured by nitrogen

sorption and analyzed using the Brunauer−Emmett−Teller
(BET) method.19 As shown in Figure 4, only the polymer
concentration and 6FDA fraction are significant variables in the
empirical model of surface area (standard error = 16.04 m2/g;
R2 = 0.88), with 6FDA having the largest effect. The surface
area greatly increased with increasing 6FDA fraction, further

Figure 5. Graphs of (a) stress−strain curves from compression tests, (b) log modulus plotted versus log density, and (c) empirical model of the
modulus from compression versus the solid concentration and 6FDA fraction shown with the measured data used to fit the model.
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supporting the theory that the micrometer-sized features seen
in the SEM images at lower magnification are filled with smaller
pores. The surface area also increased with decreasing polymer
concentration, consistent with the fact that lower polymer
concentration leads to higher porosity and lower density. The
formulated number of repeat units, n, did not have a significant
effect on the surface area over and above standard error.
Typical stress−strain curves from compression tests of the

aerogels are shown in Figure 5a. The two curves represent
extremes in the study. Young’s modulus was taken as the initial
slope of the stress−strain curve. Typically, the modulus in
aerogels is highly correlated with density. However, the plot of
modulus versus density shown in Figure 5b for all of the
aerogels in the study shows a somewhat loose correlation with
density (R2 = 0.6). We have observed this before in polyimide
aerogels, where the stiffness or flexibility of the polymer
backbone also affects the modulus independent of density.13

Figure 5b also shows a comparison of the modulus with silica
aerogels over the same range of density.16 The two plots are
nearly parallel and show a 40-fold increase in the modulus over
the whole range.
The empirical model for modulus (log standard deviation =

0.12; R2 = 0.87) is shown in Figure 5c along with the measured
data points used to calculate the model. As shown, only the
6FDA fraction and polymer concentration have a significant
effect on the modulus over and above the standard error. When
no 6FDA is used in the aerogel, the polymer concentration has
the largest effect on the modulus. The modulus increases with
increasing polymer concentration, most likely because of the
concomitant increase in density, more than doubling over the
entire range. When the 6FDA fraction is 0.5, however, the
modulus is low (3−6 MPa) across the entire range of polymer

concentration due to the greater flexibility of the 6FDA-
containing backbone.
The relative dielectric constants were measured in the X-

band range (11−12 GHz). Figure 6a shows the empirical
model of the relative dielectric constant (standard deviation =
0.012; R2 = 0.96). All three variables affect the dielectric
constant with the largest effect being the polymer concen-
tration, followed by the 6FDA fraction. Interestingly, a
comparison of this graph to the empirical model for density
shown in Figure 2a shows the plots to be nearly identical. This
strongly suggests that any impact of the variables on the
dielectric constant is really the effect of the variables on the
density. In fact, the plot of the relative dielectric constant
shown in Figure 6b shows a strong correlation with density (R2

= 0.98). Thus, the contribution to the dielectric properties from
the addition of the hexafluoroisopropylidene groups to the
polyimide aerogel backbone is mainly due to the larger free
volume and lower shrinkage, which leads to lower density and
not to other attributes of fluorination such as lower
polarizability or hydrophobicity. Because the fluorinated blocks
also introduce other issues, such as hierarchical pore structure,
lower reactivity, and lower modulus, it may be better to use
other strategies to reduce the density and relative dielectric
constants.

■ CONCLUSIONS

The dielectric constant and other properties of polyimide
aerogels with fluorinated and nonfluorinated blocks have been
examined for possible use as a low dielectric constant substrate
for antennas and other applications. Lower dielectric constant
substrates potentially improve antenna gain and bandwidth,
while the lower density of the aerogels reduces the weight of
the antennas. A statistical experimental design was carried out
to understand the effect of the increasing amount of fluorinated
blocks, polymer concentration, and formulated number of
repeat units, n, on the properties of the aerogels. The lowest
relative dielectric constant (1.084) was measured for the
lowest-density (0.078 g/cm3) aerogels in the study, which were
made using the lowest polymer concentration, fewest repeat
units, and highest fluorinated fraction. Because the dielectric
constant varies linearly with density independent of the fluorine
concentration, it is clear that the main contribution of the
hexafluoroisopropylidene groups to lower dielectric properties
is lower shrinkage and higher free volume and no other factors
such as lower polarizability or hydrophobicity, as has been
suggested in some previous studies. This finding also suggests
that it should be possible to add other bulky groups, such as
pendant phenyls, to the aerogel to increase the free volume and
achieve the same results. Because fluorinated monomers are
lower in reactivity and typically more expensive, this is a
significant finding. However, the hierarchical pore structures
that arise in the partially fluorinated aerogels may make them
suitable for other applications, for example, acoustic absorbers,
which require larger pores than those characteristically seen in
aerogels.
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