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Abstract:

Aerogels are promising materials for many aerospace applications, including high
performance antennae and flexible insulation because of their inherent low density and high
surface areas. Polymer aerogels, especially polyimide aerogels, provide excellent mechanical
properties beyond traditional silica aerogels while maintaining the required thermal stability.
Polyimide aerogel surface area, porosity, and pore volume are important properties; however, these
measurements are traditionally conducted on the aerogel after removal of the solvent. Because of
this, the impact of the synthetic control and the solvent presence on the nanoscale to mesoscale
structure of polyimide aerogels in functional applications is unclear. In this report, we use small
angle neutron scattering to determine the dry and solvated skeletal strut size and composition of
polyimide aerogels to deduce the impact of solvation on the structure of complex aerogel struts.
Our results show that the aerogel contains a hierarchical assembly of pores, with pores both within
and between the supporting struts. This translates to a material with solvent in the larger pores, as
well as absorbed in the supporting polyimide skeleton. The amount of solvent uptake in the struts
varies with solvent and polyimide properties. The insight from these results provides pathways to
determine correlations between aerogel nano- and mesoscale structural characteristics and

fabrication processes to their performance in functional applications such as polymeric battery



separators. These results also broaden the characterization tools of polymeric aerogels that
differentiate between dry and solvated nano- and mesoscale structure that exist in common

operating conditions.



Introduction:

Polyimide aerogels are highly porous solids that combine low density, low dielectric
constants, and high surface area with excellent mechanical properties'. Because of this, they have
been demonstrated as thermal insulation for inflatable decelerators and other applications®3, low
dielectric substrates for lightweight antennas* and triboelectric nanogenerators®, and as high-
performance filtration devices.® Properties of polyimide aerogels have been tailored by use of
different backbone chemistry, and different cross-linkers. For example, higher modulus aerogels
have been synthesized through the use of more rigid monomers,’ while more flexible version have
been fabricated by the use of diamines with aliphatic spacers.® Most recently, polyimide aerogels
with improved transparency have been demonstrated through the use of fluorinated diamines and
dianhydrides.® Cross-linkers used in the synthesis of polyimide aerogels have included 1,3,5-
triaminophenoxybenzene (TAB)!?, 1,3,5-triaminophenylbenzene (TAPB),!! and octaaminopropyl
silsesquioxane (OAPS).!? However, these cross-linkers are quite expensive or not commercially
available, and do not tend to direct the properties. Thus, more recently, polyimide aerogels using
less expensive and commercially available cross-linkers such as triacid chlorides'® and tri-
isocyanates'* have been studied.

Because of their high porosity and good mechanical properties, polyimide aerogels may
have application as battery separators for structural batteries.!> Since polyimides are typically non-
flammable, batteries made using polyimide aerogels have potential to improve fire safety of future
batteries. Rod-coil block copolyimides have been demonstrated as solid polymer electrolytes,'®
and also as gel electrolytes with room-temperature ionic liquids (RTIL).!7-!® The use of polyimide
aerogels solvated with RTIL rather than less porous polyimides has the potential to improve ionic
conductivity as the higher porosity translates to higher RTIL content. These polyimide gel

electrolytes may contain up to 95 % RTIL.



RTIL have several important properties which make them well suited as a replacement for
current organic electrolytes used in batteries, including improved moisture stability as well as a
high degree of ionic conductivity in electrochemical systems. These RTIL share a common
structure consisting of a bulky unsymmetrical “onium” organic cation associated with a weakly
coordinated organic anion. The most common onium-based cations are 1,3-dialkylimidazolium,
N,N-dialkylpyrrolidinium, N,N,N,N-tetraalkylammonium, or N-alkylpyridinium cations.!” The
most popular anion counterparts are: tetrafluoroborate, hexafluorophosphate, bis(tri fluoro methyl
sulfonyl) imide, or triflate. The most important properties to consider for selection of RTIL for
use as an electrolyte are viscosity, conductivity, diffusion of electroactive solutes, solvation
properties, effect of impurities, electrochemical window, and electrochemical stability.?
Viscosity of the ionic liquid is particularly important in electrochemical studies because it exerts
a large impact on the rate of mass transport within the solution and on the conductivity of the salts.
RTIL possess viscosities which are 1-3 orders of magnitude larger than conventional liquid
electrolytes.?! The viscosity effect means the ionic conductivities of the RTIL are inversely
proportional to the viscosity of the liquid.

RTIL are entirely composed of ions making them among the most concentrated electrolytic
fluids possessing numerous charge carriers per unit volume. When these charge carriers are
sufficiently mobile, high ionic conductivities are possible despite possessing high viscosities.
RTIL exhibit ionic conductivities in the range of 0.1-20 mS/cm, with several members of the
imidazolium family exhibiting high ionic conductivities on the order of 10 mS/cm.?? The
imidazolium based ionic liquids were investigated in this research as electrolyte candidates due to
their promising combination of relatively low viscosities, high ionic conductivities, a wide

electrochemical window, good electrochemical stability, and their inherent non-flammability. The



non-flammable nature of the imidazolium based ionic liquids would enable the development of a
safe, non-flammable battery system which could pass the strict acrospace safety standards required
for battery systems. By imbibing the imidazolium based electrolyte in a non-flammable polyimide
based aerogel film acting as the battery separator, this new separator/electrolyte has two distinct
advantages over current state-of-the-art solutions. First, it would possess high ionic conductivity.
Second, due to the inherent non-flammability of polyimide aerogels and ionic liquids, the battery
would meet safety standards to enable their use in aerospace applications.

The porosity of polyimide aerogels has been characterized using SEM, nitrogen sorption-
desorption and helium pycnometry. However, the porosity of the solvated polyimide gels, before
conversion to aerogels, has not yet been characterized. Small angle neutron scattering (SANS) is
an extensively used and versatile technique to determine pore connectivity, pore volume fraction,
and ratio of open to closed pores within highly porous materials.?? In this study, we utilize SANS
to determine the impact of solvent on the nanostructure and composition of previously reported
polyimide aerogels'* made using 4,4’-oxydianiline, ODA, and biphenyl-3,3, 4,4 -tetracarboxylic
dianhydride, BPDA, cross-linked with Desmodur N3300A as shown in Scheme 1. The skeletal
struts and pores of the fabricated gels were measured by conducting SANS experiments on both
solvent exchanged gels and solvated gels made from dried aerogels. The experimental evidence of
the composition and quantitative evaluation of the influence solvent has on the nano and meso
scale structures provides a foundation to understanding pivotal interactions within the system that
are currently not well-understood. More importantly, application relevant solvents such as RTIL
used in battery separator applications were employed to determine structural differences of the
gels. Further, the results reported herein broaden the ability to characterize solvated structurally

complex materials to develop quantified structure-property relationships and to specifically tailor



both the gel and solvent chemistries to enhance the conductivity of novel polymeric electronic

components.

Materials:

ODA was purchased from Wakayama Seika Kogyo Co., Ltd. BPDA was purchased from
UBE America, Inc. Desmodur N3300A was obtained from Bayer Material Science. N-methyl
pyrrolidone (NMP) was purchase from Tedia, acetic anhydride (AA), trimethylamine (TEA) and
bis(trifluoromethane) sulfonamide lithium salt (LiTFSI) were from Sigma-Aldrich. Acetone was
purchased from Fisher Chemical. 1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)
imide (IL1), 1-methyl-1-propylpyrrolidiunum bis (trifluoromethyl sulfonyl) imide (IL2) and 1-
butyl-1-methylpyrrolidinum bis(trifluoromethyl sulfonyl) imide (IL3) were purchased from
IoLiTec, Inc.

Experimental:

Polyimide gels were prepared as shown in Scheme 1 and as previously described'* with
the polyimide backbone formulated to have sixty repeat units between cross-links. To prepare the
gels from a 10 wt. % polymer solution, BPDA (6.30 g, 21.4 mmol) in powder form was added to
a solution of ODA (4.36 g, 10.9 mmol) in NMP (87.6 ml). Once BPDA was completely dissolved,
acetic anhydride (16.2 ml) was added to the solution followed by the addition of trimethylamine
(6.0 ml). The mixture was once again stirred until a homogeneous solution was obtained. Finally,
Desmodur N3300A (0.1200 g, 0.238 mmol) was then added to the mixture to cross-link the
polymer chains. The polymer solution was poured into a 2 mm thick closed mold. Gelation
occurred within ten minutes. The resulting polyimide gel was aged at room temperature for one
day before being extracted into a mixture of 50:50 vol/vol of NMP/acetone, followed by

subsequent washes of 100 vol% acetone twice daily to completely remove any residual NMP.
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Scheme 1. Synthesis of polyimide gels based on 4,4’-oxydianiline (ODA), biphenyl-3,3,’4,4"-

tetracarboxylic dianhydride (BPDA), and cross-linked using Desmodur N3300A.

Some of the polyimide gels were dried through a supercritical extraction technique in
which the acetone residing in the pore network was replaced with liquid CO; under pressure.
Supercritical extraction occurs by first heating the system, which forces CO; into a supercritical
state, eliminating liquid vapor pressure and driving CO> out of the pore structure. This results in
converting the wet gel into the dry aerogel state. To ensure that the solvent has been completely
removed from the aerogel structure, the samples are dried in a vacuum oven at 75 °C overnight.
Once dried, the aerogels were characterized to obtain their density, porosity, average pore size,
and total surface area. The bulk density (pp) is the sample weight divided by the volume which is
calculated from width, length and thickness of the sample. The skeletal density (ps) was measured

using a Micromeritics Accupyc 1340 helium pycnometer. The porosity is calculated as shown in



Eq. 1. The Brunauer—Emmett-Teller surface area analysis and pore distribution were computed
using a Micromeritics ASAP 2020 chemisorption apparatus.

% Porosity = (1-pv/ps) x 100 Equation 1
Scanning electron microscopy (SEM) images were taken using a Hitachi S-4700-II microscope.

To prepare for the small angle neutron scattering (SANS) experiments, polyimide gels were
immersed in water or D>O at room temperature. The aerogel specimens sank to the bottom of the
jars indicating they were fully imbibed with solvent. Other gels were prepared by solvent
exchanging the acetone containing gels by soaking them in water or D>O. A similar solvent
exchange process was used to imbibe wet gels with one of three separate electrolytes. The
electrolytes were prepared first by dissolving 10 wt.% of Lithium Trifluoromethanesulfonimide
(LiTFSI) as the lithium salt to 3 separate ionic liquids (IL), identified as IL-1: 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl) imide, IL-2: 1-methyl-1-propylpyrrolidiunum
bis (trifluoromethyl sulfonyl) imide, IL-3: 1-butyl-1-methylpyrrolidinum bis(trifluoromethyl
sulfonyl) imide.. This procedure was performed in a dry room to prevent the absorption of water
moisture. Complete removal of acetone in the IL/LiTFSI solvated polyimide gels was confirmed
via thermal gravitational analyses (TGA) shown in Figure 1. TGA was performed under N, gas.
The plot of weight % vs. temperature shows only a 0.5 wt.% weight loss occurring from 135 °C

to 325 °C before the onset of decomposition at 370 °C.
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Figure 1: TGA curve of [EMIM][TFSI] with 10 wt.% LiTFSI.

Small angle neutron scattering (SANS) experiments were conducted on aerogels and
solvated polyimide gels at the National Institute for Standards and Technology’s Center for
Neutron Research (NCNR) using the NG-7 beamline and the High Flux Isotope Reactor at Oak
Ridge National Laboratory on the GP-SANS beamline. Three separate detector distances provided
a Q range of 0.001 to 0.55 A", where Q is the wave vector equal to (4m/A)(sin(6/2)), where A is the
neutron wavelength, and 0 is the scattering angle. Each polymeric aerogel sample was placed in a
2 mm sample holder between two quartz windows. For the solvated polyimide gels, the samples
were immersed in protonated, deuterated, or a contrast matched solvent for several hours overnight
until equilibrium was reached. Once the aerogel samples were assembled in the sample holder, the
solvent was added. All raw data was normalized to detector sensitivity, empty cell, and detector

dark current.

Results and Discussion:

The aerogel formulation prepared for this study had a density of 0.185 g/cm? and a porosity
of 87 % as a result of 24 % shrinkage during processing. This is similar to previously reported

aerogels made using ODA and BPDA and cross-linked with Desmodur N3300.'* Brannuer
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Emmet-Teller (BET) analysis of nitrogen sorption gave a surface area of 344 m?/g, also similar to
previously reported polymer aerogels from that study using 10 wt. % polymer concentration . The
pore size distribution and a scanning electron micrographs (SEM) cross section of the aerogel are
shown in Figure 2. The pore size distribution in Figure 2a shows a broad pore size distribution
centered at 11-25 nm, and has a small, but notable peak at 3-4 nm. The SEM in Figure 2b is typical

for polyimide aerogels and is also similar to those reported previously.!*
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Figure 2. The pore size distribution comparing the pore diameter to pore volume and SEM of the
aerogel.

Small angle neutron scattering (SANS) provides information on the morphology,
composition, and density of polymeric materials.>> SANS is a versatile technique that permits
determination of the structure of the aerogels and solvated polyimide gels.?*?3-2627 Moreover, the
impact the introduction of solvent has on the polyimide network (pores and struts) (in the presence
or absence of solvent) can be monitored. Solvent exchange, where the solvent used for synthesis
is directly replaced with a solvent of interest, is one fabrication method studied, where the other is
a process where the aerogels are super-critically dried and then re-solvated with the solvent of
interest. Throughout this manuscript, the samples that are super critically dried prior to the re-

introduction of a solvent will be referenced as solvated SCD-gels, while the solvent exchanged
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samples will be referenced as solvated SE-gels. The ability to study solvent imbibed polymeric
materials provides information critical for correlating multi-length scale structure and composition
to performance; a crucial requirement for polyimide aerogels used as battery separators where the
ionic conductivity is monitored in various ionic liquid environments.
The structure and composition of hydrated polyimide gels

SANS experiments of the polyimide aerogel, D>O solvated SCD-gels, and the H2O or D-O
solvated SE-gels were completed and the reduced SANS curves are provided in Figure 3.
Qualitatively, each processing and solvent environment shows various scattering intensities across
the entire g-range. The aerogel exhibited the strongest scattering intensity at low-q and the D,O
solvated SE-gel had the weakest scattering intensity. The intensity of scattering is a function of the
size of the scattering object and the degree of scattering contrast present between the polyimide
gel and the solvent.?32%2° Most likely, the solvated samples all have lower scattering intensities
due to the scattering length density of the solvent being greater than that of air (which is 0). This

results in a greater scattering contrast for the aerogel sample than for the solvated gel.? 3°

11



1000 ® Polyimide Aerogel
3 © D,O Solvated SCD-Gel
] ® D,O Solvated SE-Gel
1 ® H,O Solvated SE-Gel
100
5 10
'3
0.1+

o
o
.
o
-

q(A")
Figure 3. Small angle neutron scattering curves of the aerogel (black) and D>O solvated SCD-gels
(blue open circles), D>O solvated SE-gels (blue closed circles) and s H>O solvated SE-gels (closed
circles red).

To accurately analyze the scattering curves to determine the structure and composition of
the solvated gels, the volume fraction of polyimide in the sample is needed. This was determined
using the transmission of the aerogel and Equation 1, which defines the relationship between the
volume fraction of aerogel, f4, the absorption coefficient of the aerogel [u, (cm™)], and of the
solvent (or air) [ug (cm™)], the measured transmission, T, and the sample thickness, # (cm). In this
equation, I,. and I, are the transmitted beam intensities after and before the sample, respectively.’!
The absorption or attenuation coefficient of the polymer and the solvent can be calculated using
the NCNR SLD calculator or experimentally obtained with Equation 2 when the transmission and

thickness of pure component is measured. The experimentally obtained polymer properties from

this analysis are summarized in Table 1.

T =" = exp [—t{uafs + us(1 = f)}] Equation 2

Io
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T = Ilt—r = exp(—ut) Equation 3
0

Table 1. Experimentally obtained properties of the polyimide aerogel.

Neutron Transmission of aerogel 0.854
Aerogel Thickness (cm) 0.171
Experimentally Measured Linear 0.923
Attenuation Coefficient (u) (cm™) :
Calculated Linear 549
Attenuation Coefficient (u) (cm™) '
Calculated Aerogel Volume Fraction 0.37

The experimentally obtained polymer volume fraction is 0.37 which is inconsistent with
the porosity characterization of the aerogel (aerogel volume fraction ~ 0.13). It is important to
emphasize that 0.37 denotes the volume fraction of the polyimide aerogel in the sample cell, not
necessarily the volume fraction that is associated with the porosity. The volume fraction of the
polyimide aerogel in the sample cell is used within an appropriate model to extract the structure
and composition of the solvated gels. The scattering model applied to the polyimide gel scattering
curves is the cylinder model by Guinier and Fournet.’?> This model provides a form factor for a
right circular cylinder normalized for all possible orientations of the cylinder.’*** Many other
fitting models were tested during the analysis of these gels yet the cylinder model proved most
reliable for these systems. The reliability of the cylinder model indicated that the scattering of the
aerogel struts dominated, and the aerogel junctions can be neglected. The scattering length
densities (SLD) of the polyimide aerogel (3.41x10°° A?), air (0 A2), water (-0.56x10° A2), and
deuterium oxide (6.39x10° A-?) were calculated with the NCNR SLD calculator using the
chemical compositions and densities shown in Table 2. The volume fraction (0.37) and

corresponding solvent SLD were held constant and the fitting software SasView was used to fit to
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the cylinder model which provides the cylinder radius, polydispersity of the radius, cylinder length,
length polydispersity, and cylinder SLD. Figure 4 shows the resultant fit for the scattering of the

polyimide aerogel with excellent agreement over the entire Q-range.

Table 2. Composition and density of materials studied.

Polyimide Deuterium
Aerogel Water Oxide
Chemical Composition C2sN2OsH 4 H,O DO
Density (g/mL) 1.38 1.00 1.11
Scattering Length 6 %2 6 %20 6 %2
Densi 3.30x10° A -0.56x10° A 6.39x10° A
ensity

@® Polyimide Aerogel
w=Cylinder Model Fit

Figure 4. The small angle neutron scattering curve for the polyimide aerogel (black circles) fit
with the cylinder model (red line).

The cylinder is structurally interpreted as the size and composition of the polymeric strut
of the aerogel. The polydispersity of the cylinder radius is described with a Schulz distribution.

The distribution of the cylinder radii based on this model is provided in Figure 5 for all solvated
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gels (critically dried or solvent exchanged) and the aerogel. The mean radii for the struts in the
solvent exchanged gel are 196 A and 204 A for the DO and H,O samples, respectively. The D,O
solvated SCD-gel exhibits a slightly smaller mean radius of 180 A while the aerogel struts sans
solvent have a mean radius of 182 A. The size of the aerogel strut correlates the structure of the
formed aerogel to its processing, where the radius of the strut that underwent critical drying prior
to reintroduction of solvent is smaller than that of the solvent exchanged gels by approximately 2

nm.
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Figure 5. The dispersity of the cylinder radius for the polyimide aerogel and H>O and D>O solvated
SCD-gels and SE-gels derived from the cylinder model fit.

The cylinder model also provides a measure of the scattering length density (SLD) of the
strut, which is related to its composition. The SLD contrast between that of the pure solvent (or
air) in the pores and the SLD of the polyimide strut defines the intensity of the scattering. Table

3 lists the calculated scattering length density contrast between the polyimide strut and the solvent
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(assuming the strut is pure polyimide) and the experimentally measured SLD contrast between the
pore and the aerogel strut. Inspection of this table shows that the SLD contrast observed
experimentally in the solvated samples is less than the values calculated for the pure polyimide
strut. This discrepancy can be explained by the fact that the polyimide strut is not comprised of
pure polyimide, rather is swollen with the solvent. In other words, the strut is comprised of a

mixture of solvent and polyimide.

Table 3. The calculated and experimentally measured contrast between the solvent or air and the
cylinder (polyimide strut) for each sample combination.

Calculated SLD Experimentally
Sample Contrast Measured
p (x10° A'Z) SLD Contrast
(x10° A-2)
Aerogel 341 2.61
Solvated SE-Gel H>,O 4.00 0.50
Solvated SE-Gel D;O 2.90 0.35
Solvated SCD-gel D,O 2.90 1.55
Contrast Match
ontrast Yiate 0.00 0.02
Solvated Polyimide Gel

The SLD contrast depends on an accurate measure of the scattering length density of the
pure polyimide, which was verified with a contrast matching experiment. 23-*%3% The SLD of the
polyimide aerogel is calculated to be 3.41x10° A2 based on the chemical composition and
measured density of the aerogel. A 42/58 mixture of H>O and D;O has a similar SLD; and the
scattering of the polyimide gel in this mixed solvent was measured and is included in Figure 6.
The reduced scattering intensity across the entire g-range of the contrast matched small angle
scattering curve indicates there are no closed pores, all pores are filled with solvent, 23-%3 and

verifies the accuracy of the calculated SLD of the polyimide.
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Figure 6. The reduced scattering curves of polyimide gels solvated in water (red), deuterium oxide
(blue), and a contrast matched solution (purple).

The reduced experimental scattering length density contrast between the polyimide aerogel

and its solvent, air (Table 3) indicates that not only is air found in the open pores of the aerogel,

but the aerogel struts must contain additional open pores. Of course, the pores in the aerogel strut

may also imbibe solvent, and therefore Equation 3 was employed to determine the volume fraction

of solvent in the aerogel strut (Psowent in strut)- IN Equation 3, SLDcylinder 1S the experimentally

obtained SLD of the polyimide strut (listed in Table 4), SLDpolyimide 1 the theoretically calculated

SLD of the polyimide (verified by the contrast match experiment), and SLDsolvent is the SLD of

solvent, or in the case of the aerogel, air.

SLDcylinder_SLDpolyimide _ d)
- solvent in strut

SLDsolvent_SLDpolyimide

Equation 3
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Table 4. The experimentally measured SLDs from the cylinder model fit* and the contrast
matched experiment.

Scattering Length Density
(x100 A2)
Cylinder (Polyimide Aerogel No Solvent) 2.61
Cylinder (D20 Solvated SE-Gel)* 5.95
Cylinder (D20 Solvated SCD-Gel)* 4.75
Cylinder (H20 SE-Gel)* -0.08
D.O 6.33
H>O -0.59
Polyimide 3.41

The calculated volume fraction of solvent in the strut are provided in Figure 7 based on
these calculations. These data show that the D>O solvated SCD-Gel has the smallest fraction of
solvent in the struts with 49%, while the D,O and H>O solvated SE-Gels have the a much larger
volume fraction of solvent in the struts at 88%. The extensive uptake of water by these gels is
consistent with previous studies that show aerogel formulations with ODA as the diamine readily
uptake water, but that the moisture resistance of the gel can be improved with variation in diamine
structure.” The dotted line on Figure 7 represents the porosity of the polyimide strut in the aerogel
calculated from Equation 3. Since the volume fraction of solvent in the struts of all the solvated
samples are larger than the aerogel strut porosity, this indicates that the struts adsorb solvent
beyond the fraction of pores within the strut. This solvent absorption is consistent with an increase
in the radius of the cylinders by 2 nm when the gels are solvent exchanged rather than super

critically dried.
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Figure 7. The volume fraction of H2O or D>O Solvated Polyimide Gel struts. The dashed line
represents the porosity of the Polyimide Aerogel strut.

Summarily, these analyses show that the aerogels contain ~21% pores within the strut and
when solvated, all pores within the polyimide strut become filled. Additionally, the polyimide gel
struts swell significantly beyond the dry strut porosity. The hierarchical pore size distribution is
consistent when quantitatively comparing the structure and composition of the scattering of a series
of solvated SE-Gels with varying degrees of contrast, an aerogel, and a solvated SCD-gel.
Moreover, the presence of the porosity within the aerogel strut has not been previously identified,
though is consistent with a slight bimodal distribution of pores observed in BET
measurement,3%37-38

Of even more importance is that this hierarchical structure of the porosity may impact the
performance of the aerogels as a functional material. For instance, there is interest in using porous
polyimides as battery separators, which require transport of ions through the aerogel. The presence

of the smaller pores within the struts may provide additional channels for transport or additional
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tortuosity to ion transport. With this in mind, the structure of 4,4’-oxydianiline (ODA) based
polyimide aerogels solvated with three ionic liquids were determined by similar small angle
neutron scattering experiments. These samples were fabricated by solvent exchange.

Aerogels Solvated with Application Relevant Solvents

The nanostructure of each polyimide gel was investigated when solvated with three ionic
liquids. Each ionic liquid had the same anion (CF3SO,),N-, but varying cations: 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl) imide (Ionic Liquid 1 or IL1), 1-methyl-1-
propylpyrrolidiunum bis (trifluoromethyl sulfonyl) imide (Ionic Liquid 2 or IL2) and 1-butyl-1-
methylpyrrolidinum bis(trifluoromethyl sulfonyl) imide (Ionic Liquid 3 or IL3).

SANS experiments were conducted of the polyimide aerogel and solvated with each ionic
liquid as SE-Gels. The SANS curves for the polyimide aerogels and solvated SE-gels are provided
in Figure 8. Qualitatively, the aerogel has the strongest low q scattering intensity while the solvated
aerogels all have reduced, yet similar I(0) scattering intensities. As in the H>O and D>O samples
above, the dry aerogel scatters the strongest, because it has the largest scattering density contrast

between polyimide and empty pore.
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Figure 8. Small angle neutron scattering curves of the polyimide aerogel and solvated SE-Gels

with each ionic liquid.

The volume fraction of the pores within the aerogel was determined by the described

procedure above, which shows that the porous volume fraction is 0.20. The compositions,

densities, and scattering length densities (SLDs) of the three ionic liquids are provided in Table 5.

As above, the data were fit to the cylinder model using SasView to provide the cylinder radius,

polydispersity of the radius, cylinder length, length polydispersity, and cylinder SLD.

Table 5. Compositions, densities, and SLDs of the three ionic liquids used.

Ionic Liquid 1 Ionic Liquid 2 Ionic Liquid 3
Composition CsH11N3F6S204 C10H18N2F6S204 C11H20N2F6S204
Density (g/mL) 1.53 1.44 1.40
Scattering Length
ns Leng 2.42x10°6 A2 1.71x106 A2 1.59x106 A2
Density

The polydispersity of the polyimide cylinder radius is described with a Schulz distribution

and is shown in Figure 9. The mean radius for the ionic liquid solvated SE-Gels ranges from 20.8

— 23.9 nm while the mean radius of the polyimide aerogel strut is 19.7 nm. There is a small shift
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in the cylinder radius in the SE-Gels, where the cylinder of the samples solvated with ionic liquid

1 and 3 are less than the cylinder radius of the SE-Gel solvated with ionic liquid 2.
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Figure 9. The Schulz distribution of the cylinder radius for the polyimide aerogel and ionic liquid
solvated SE-Gels derived from the cylinder model fit.

As with the SE-Gels solvated with H>O and D>0, the cylinder model used throughout this
analysis provides a SLD contrast between the cylindrical scattering object (i.e. the polyimide strut)
and the solvent. The contrast matching experiment previously described in this manuscript
confirms the polyimide aerogel SLD as 3.41x10° A2 and that all of the pores are filled with
solvent. However, the calculated SLD contrast of each sample is inconsistent with the

experimentally measured SLD contrast, shown in Table 6. The discrepancies between the
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calculated and experimentally measured SLD contrasts is explained by the pores filling with ionic

liquid as well as the polyimide struts absorbing ionic liquid.

Table 6. The theoretically and experimentally measured contrast between the solvent or air and
the cylinder (polyimide strut) for each sample combination.

Theoretical | Experimentally
Sample Polyimide Aerogels SLD Measured
Contrast SLD Contrast
(x10°¢ A2 (x10°¢ A2
Polyimide Aerogel 3.30 2.61
IL1 Solvated SE-Gel 0.88 0.34
IL2 Solvated SE-Gel 1.59 0.52
IL3 Solvated SE-Gel 1.71 0.52

To quantify the amount of ionic liquid absorbed into the polyimide struts, Equation 3 is
employed. The compositions and densities used to calculate the scattering length densities for the
polyimide and the three ionic liquid solvents can be found in Tables 2 and 5, respectively. The
cylinder SLD is derived from the model fit of the neutron scattering curve. The volume fractions
of solvent imbibed into the polyimide struts that result from this analysis are provided in Figures
10.

The dashed line on Figure 10 indicates the porosity of the polyimide aerogel struts. As
described above, the aerogel struts have an inherent nano-porosity in addition to the macroscopic
porous structures in the aerogel. When in a solvent environment, all of the polyimide struts contain
solvent that is 25-50% larger than the porosity of the aerogel itself. Additionally, the cylinder
radius of the aerogel is approximately 2-3 nm smaller than the solvated SE-Gels indicating that
the process of solvent removal via supercritical drying (SCD-Gels) collapses the aerogel strut and

possibly some of its pores.
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Thus, this analysis clearly shows that the aerogel solvated with RTIL contains ionic liquid
in the pores between struts, but also within the gel skeleton as well. The amount of ionic liquid in
the struts varies with RTIL structure and size, suggesting that the partitioning of the RTIL in the
strut can be controlled with polyimide aerogel and RTIL structure. Moreover, the presence of the
RTIL within the strut will certainly impact its transport properties. Thus, the correlation of the
performance of RTIL and polyimide aerogel constructs in functional applications to their

hierarchical porosity and solvated composition is needed to more fully understand their structure-

performance relationships.
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Figure 10. The volume fraction of ionic liquid in the Polyimide SE-Gel struts. The dashed line
represents the porosity of the Polyimide Aerogel strut.

Conclusion:
Small angle neutron scattering experiments provide insight into the size and composition
of polyimide aerogel struts and the polyimide struts of gels saturated with various solvent

environments. For the solvated gels, the introduction of solvent occurs via a solvent exchange (SE-
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Gels) or after a super critical drying process (SCD-Gels). The size of the polyimide strut is reduced
in aerogel form relative to when the gel becomes solvated, indicating that the polyimide strut
collapses to some extent upon super-critical drying.

Careful analysis of the scattering intensity shows that the solvated skeletal strut is not pure
polymer, which reveals that a hierarchical porosity exists among and within the struts of the
polyimide aerogel. The porosity in the struts allows for solvent to imbibe the struts, where the
polyimide struts can absorb up to ~ 70% ionic liquid and ~90% water/D,0O. Approximately the
same amount of water or DO was absorbed into the struts. It is hypothesized that the differences
in absorption within the struts between water and RTIL is dictated by the size, structure, and
surface tension differences among all solvents tested. For ionic liquids, the amount of RTIL in the
struts varies with RTIL structure, suggesting that the partitioning of the RTIL in the strut can be
controlled with polyimide and RTIL structure. Moreover, the presence of the RTIL within the strut
will certainly impact its transport properties. Additionally, the amount of solvent absorbed by the
struts corresponds to a proportional increase in strut size.

Commonly, characterization of aerogel systems has focused on the aerogels in the dry state,
which emphasizes on the porosity and provides limited quantitative structural knowledge of the
aerogel struts in functional applications. The results reported here provide insight into the existence
of the hierarchy of nanopores in the polyimide, the solvated state of aerogel struts, and the
influence super-critically drying plays in the nanostructure of the aerogel systems. The insight
from these results, therefore, provides the foundation to investigate the further correlations
between the nano- and mesoscale structural characteristics, fabrication processes, and the
performance of polyimide aerogels and gel systems in functional applications such as polymeric

battery separators.
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