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ARTICLE INFO ABSTRACT

Keywords: Polybenzimidazole (PBI) is highly selective for H, removal from mixtures with CO,, but it exhibits low gas
Polybenzimidazole permeabilities. Celazole® PBI was blended with more permeable HAB-6FDA-CI, an ortho-functional thermally
Polyimide rearrangeable polyimide, to improve its gas permeabilities while attempting to maintain high selectivity. A

Thermal rearrangement
Polymer blend
Gas transport

compatibilizer, 1-methylimidazole, enhanced phase dispersion when added to the casting solutions. Films
containing 20-40 wt% polyimide exhibited a matrix-droplet morphology as observed by scanning and trans-
mission electron microscopy. Heat treatment at 400 °C under inert atmosphere thermally rearranged the poly-
imide in the blends. After heat treatment, H,/CO, selectivities at 35 °C doubled for Celazole” and 20-33 wt%
polyimide compatibilized blends, exceeding the 2008 upper bound. Simultaneous increases in both H, perme-
ability and H,/CO, selectivity were observed after heat treatment for the 33/67 wt% HAB-6FDA-Cl/Celazole”
compatibilized blend, which exhibited over twice the H, permeability of Celazole” and similar selectivity. Heat
treatment reduced free volume and induced para-crystallinity in the PBI phase of the blends as evidenced by x-
ray scattering. Thermally treated blend films were mechanically flexible and exhibited elastic moduli and tensile

strengths similar to Celazole’, despite having low elongation at break.

1. Introduction

Polybenzimidazoles (PBIs) have recently been studied for use as gas
separation membranes for aggressive, high-temperature applications
such as hydrogen separations due to their high chemical and thermal
stability [1-6]. Most PBI gas permeation studies have targeted H,/CO,
separation, since H, removal from gas mixtures with CO, is integral to
pre-combustion carbon capture from streams exiting water-gas shift
reactors [2,6-9]. This process is a crucial route for producing H, for
chemical applications [2,7]. The most commonly studied PBI is a
commercial polymer known as Celazole’, the structure of which is
shown in Fig. 1A. At low temperatures (e.g., 35 °C), Celazole” has H,/
CO, separation performance near the 2008 Robeson upper bound
[10,11]. At elevated temperatures, up to 250 °C, Celazole” exhibits se-
paration properties far in excess of the 35 °C upper bound due to in-
creased permeabilities [2].

However, at ambient temperatures, the permeabilities of Celazole”
are very low (e.g., 3 Barrer for H, at 35 °C) and lie at the low perme-
ability end of the upper bound [11]. Significant opportunity exists for
improving PBI gas permeabilities, which would increase the throughput
of PBI gas separation membranes. Increasing PBI permeabilities while
maintaining good selectivities for gas pairs such as H,/CO, could make
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this technology competitive for pre-combustion carbon capture appli-
cations and emerging applications such as H,/CH,4 and Hy/hydrocarbon
separations.

There are several reported strategies for improving PBI perme-
abilities. One approach is to change the chemical structure of PBI by
incorporating flexible sulfone groups [12], bulky fluorinated or phe-
nylindane groups [2], or by functionalizing the imidazole nitrogen with
bulky alkyl or aromatic groups [5,13]. Such materials all suffer from the
intrinsic trade-off between permeability and selectivity and do not
surpass the 2008 H,/CO, upper bound. Another strategy is to form
mixed-matrix or nanocomposite membranes using porous fillers such as
zeolitic imidazolate frameworks (ZIFs) [14-18]. Some of these mate-
rials surpass the upper bound but are complicated by additional factors
necessary to produce nanocomposite membranes, including ZIF ag-
gregation and synthesis of expensive nanoparticles at large scales. A
third strategy is to blend PBI with a more permeable polymer such as a
polyimide [19-27] or sulfonated polyphenylsulfone [28], or to co-
polymerize Celazole” with a more permeable fluorinated PBI [29].

This study seeks to improve the permeabilities of PBIs by blending
Celazole” with a more permeable, ortho-functional polyimide. These
blends are then heat treated to further increase their permeabilities by
taking advantage of the thermal rearrangement (“TR”) reaction of o-
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Fig. 1. Molecular structures of (A) Celazole” PBI and (B) HAB-6FDA-CI.

functional polyimides to form polybenzoxazoles, which significantly
increases their permeabilities [9,30-37]. The chosen polyimide is HAB-
6FDA-CI, which contains acetate groups ortho to the imide nitrogen
(Fig. 1B). An immiscible PBI/polyimide blend where PBI is the con-
tinuous phase and polyimide is the dispersed phase could potentially
maintain high selectivities due to the PBI phase while having increased
permeabilities resulting from the polyimide phase. In the present study,
however, an increase in both permeabilities and selectivities after heat
treatment was observed, presumably due to changes in structural order
in the PBI phase. PBI/polyimide blends were characterized by ther-
mogravimetric analysis with mass spectroscopy, gel fraction and den-
sity measurements, scanning electron microscopy, transmission elec-
tron microscopy, scanning transmission electron microscopy with
energy-dispersive x-ray spectroscopy, wide and small angle x-ray scat-
tering, and tensile mechanical tests. Pure gas H,, CHy, N3, O, and CO,
permeabilities at 35 °C were measured for untreated and heat treated
blends with compositions ranging from 20 to 80% HAB-6FDA-CI.

2. Experimental
2.1. Materials

Celazole” was purchased as a dope solution (S26) from PBI
Performance Products Inc. that contains 26% polymer by weight in
N,N-dimethylacetamide (DMAc) with 1.5wt% LiCl added to improve
polymer solubility. HAB-6FDA-CI was synthesized and purified as de-
scribed previously following a chemical imidization (“CI”) route [38].
DMAc (99.8%, anhydrous) and 1-methylimidazole (99%) were pur-
chased from Sigma-Aldrich and used as received. Deionized water was
generated using a Millipore RiOs and A10 purification system. Ultra
high purity gases were purchased from Airgas. Structures of Celazole”
and HAB-6FDA-CI are shown in Fig. 1.

2.2. Solution casting of polymer films

2.5 wt% solutions of Celazole” and HAB-6FDA-CI were prepared in
N,N-dimethylacetamide (DMAc). Each polymer was weighed and added
to a glass scintillation vial, to which a corresponding amount of DMAc
was added to form a 2.5 wt% solution. The solutions were stirred at
room temperature overnight or until completely dissolved. A 2.5 wt%
solution of 1-methylimidazole in DMAc was likewise prepared.

Solution blending was performed using a procedure adapted from
Panapitiya et al. [22] For blends without 1-methylimidazole, PBI so-
lution was weighed into a glass scintillation vial. Polyimide solution
was slowly added, then the solution was stirred overnight at room
temperature. For blends with 1-methylimidazole, 2.5 wt% 1-methyli-
midazole solution in DMAc was weighed into a glass scintillation vial. A
third of the corresponding amount of PBI solution was added, the
mixture was stirred for 30 min at room temperature, and then the
mixture was sonicated for 30 min at room temperature using a soni-
cation bath. This cycle was repeated two more times for the remaining
two thirds of the PBI solution. Finally, the polyimide solution was
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added dropwise, and the resulting solution was stirred overnight at
room temperature.

For unblended PBI or polyimide films with 1-methylimidazole ad-
ditive, 1-methylimidazole solution in DMAc was weighed into a glass
scintillation vial. A third of the corresponding amount of PBI or poly-
imide solution was added, then the mixture was stirred and sonicated as
above. The remaining thirds of the solution were also added in se-
quence, each followed by 30 min of stirring and 30 min of sonication.
The final solutions were stirred overnight at room temperature.

Prior to film casting, the solutions were passed through a 0.45pum
PTEE filter, sonicated for 30 min at room temperature, and then poured
onto a clean glass plate inside a glass ring. The plate was placed in a
vacuum oven equipped with a liquid nitrogen trap. The solvent was
evaporated by pulling full vacuum on the solution overnight at room
temperature, then at 60-80 °C for 4 h, then at 100 °C for 1 h [12]. Solid
films were delaminated using a razor blade and deionized (DI) water,
and they were subsequently boiled in DI water for 4h to remove re-
sidual DMAc present in the PBI dope. Solvent removal was verified
using TGA-MS. Films were blotted dry, placed between two glass plates
wrapped in aluminum foil, then dried at 140-150 °C under full vacuum
in a vacuum oven for 24 h.

2.3. Heat treatment (thermal rearrangement) process

Heat treatment of film samples was performed using a previously
described procedure for thermally rearranging polyimides (the “TR
400” procedure in Sanders et al.) [31]. Small sections of films (ap-
proximately 4 cm? in area) were cut and placed between two ceramic
plates separated by stainless steel washers. The plates were loaded into
a Carbolite Split-Tube Furnace equipped with a quartz tube. A UHP
nitrogen purge of 900 mL/min at ambient pressure maintained an inert
environment around the samples during heat treatment. The samples
were heated from ambient temperature to 300 °C at a ramp rate of 5 °C/
min and held for 1h, then heated to 400 °C at a ramp rate of 5 °C/min
and held for 1 h. The sample was then cooled to ambient temperature
under nitrogen flow at a rate not exceeding 10 °C/min. After removal
from the oven, all of the samples except pure Celazole” appeared darker
in color, particularly those with higher polyimide fractions.

2.4. Thermogravimetric analysis with mass spectrometry (TGA-MS)

Thermal mass loss and decomposition products were determined
using TGA-MS. Measurements were performed using a TA Instruments
Q500 TGA connected to a Pfeiffer Vacuum Thermostar mass spectro-
meter. Samples were degassed at 50 °C in the TGA for at least 30 min
prior to beginning the temperature ramp to remove sorbed water and
oxygen from the system. The TGA temperature ramp was 10 °C/min
from 50 to 800 °C with UHP nitrogen purge. The mass spectrometer
simultaneously recorded decomposition products using a Secondary
Electron Multiplier (SEM) detector set to continuously scan 1-100 amu
with a 100 ms dwell time.



J.D. Moon, et al.

2.5. Gel fraction measurement

Samples of 20/80 and 33/67 wt% HAB-6FDA-CI/Celazole” blends
with 1-methylimidazole additive were dried at 150 °C under full va-
cuum for 19 h. The vacuum oven was purged with dry air via a Drierite
column, then the samples were quickly removed and weighed in sealed
glass vials to avoid moisture uptake from the atmosphere. Samples were
then placed in Soxhlet extraction columns with DMAc heated under
reflux for 45h. The samples were removed from the Soxhlet extractors
and dried under full vacuum at 150 °C for 30 h to remove DMAc solvent.
The vacuum oven was then purged with dry air, and the samples were
removed and weighed in sealed glass vials. The gel fraction (i.e., in-
soluble fraction) was calculated as the final film mass divided by the
initial film mass.

2.6. Density measurement

PBI can absorb significant amounts of water, which could influence
density measurements [39]. Therefore, the following procedure was
used to minimize water sorption in samples prior to density measure-
ment. Untreated and heat treated PBI samples cast with 1-methylimi-
dazole were cut and placed in stainless steel chambers built from
Swagelok VCR fittings equipped with isolation valves. The cells were
placed inside an oven under full vacuum at 150 °C for 24 h with valves
open to allow samples to dry. This drying procedure is sufficient to
remove all of the sorbed water from the samples [39]. The oven was
purged with air dried via two Drierite” columns in series and opened,
then the isolation valves were immediately closed to prevent humid
ambient air from entering the cells. The cells were transferred to a glove
box purged with nitrogen which was dried to a humidity of < 0.1%
measured by a digital hygrometer (Fisher Scientific, = 2% RH accu-
racy). The cells were opened, and film densities were measured using a
balance and density kit (Mettler Toledo) inside the dry box [40]. The
buoyant liquid was n-heptane, which has negligible sorption in PBIs
over the timescale of the density measurements [39].

2.7. Pure gas permeability measurement

Films of uniform thickness were epoxied to brass support disks using
Master Bond EP46HT-2 epoxy with a glass fiber filter backing to protect
the films. Film thicknesses were measured using digital calipers
(Mitutoyo, * 1 um resolution) and ranged from 10 to 30 um. The epoxy
was cured in air by placing the samples in an oven for 3h at around
140 °C followed by 3 h at 180 °C. Samples were loaded into a modified
high pressure Millipore filter holder (Cat. No. XX4504700, Millipore),
which served as the permeation cell, equipped with isolation valves on
the upstream and downstream sides of the cell. The filter holder was
placed in a vacuum oven with both valves open and dried at 150 °C
under full vacuum for 24h to remove any sorbed water from the
samples. The oven was cooled under vacuum and purged with dry air
via Drierite columns. The oven was opened, and the valves were quickly
closed to minimize exposure to ambient humidity. The cell was trans-
ferred to a temperature-regulated constant-volume, variable-pressure
permeation system [41], connected, and degassed overnight at 35 °C to
remove any sorbed gas from the sample.

The permeabilities of Hy, CHy, N5, O3, and CO, were measured at
35 °C at pressures between 2 and 10 atm. The downstream pressure rise
was measured with an MKS Baratron with a 10 Torr range, and the
upstream pressure was measured with a Honeywell STJE transducer. N,
and CH,4 were not tested for some membranes due to their low fluxes,
which in some cases were at or below instrument sensitivity.

2.8. Scanning electron microscopy (SEM)

Cross-sections of polymer films were formed by cryofracturing.
Small pieces of film were immersed in liquid nitrogen for 60s, then
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quickly broken in the nitrogen with flat tweezers. Samples were sputter-
coated for 60s with a 60:40 Au/Pt alloy. Cross-sections were imaged
using a Hitachi S5500 SEM at 15kV and 5 mA.

2.9. Transmission electron microscopy (TEM) and scanning transmission
electron microscopy with energy-dispersive x-ray spectroscopy (STEM/EDS)

TEM samples were prepared by ultramicrotoming. Small pieces of
film were potted in epoxy resin (Epofix™ cold-setting embedding resin)
that was cured overnight. An RMC PowerTome ultramicrotome was
used to cut 60-70 nm thick sections, which were placed on copper TEM
grids (Pelco”). Samples were imaged in a Jeol 2010F TEM at 120 kV in
both TEM and STEM mode. The lower voltage was used to minimize
damage to the polymer from the electron beam. EDS was used in STEM
mode to provide elemental analysis for nitrogen, oxygen, and fluorine.

2.10. Wide and small angle x-ray scattering (WAXS and SAXS)

Wide and small x-ray scattering were measured for small film
samples in a Xenocs Ganesha small angle scattering instrument
equipped with a moveable Dectris 300k detector to record both wide
and small angle scattering. The instrument was equipped with a mi-
crofocus CuKa source and was operated at 50 kV and 0.6 mA. Scattering
data were corrected for incident beam intensity by directly measuring I,
on the Dectris detector. Data were also corrected for sample thicknesses
to yield absolute scattering intensities. SAXSGUI (Rigaku Innovative
Technologies, Inc. and JJ X-ray Systems ApS), a manufacturer supplied
software utility, was used to provide corrections and to convert 2-D
detector data into intensities as a function of scattering angle. WAXS
data for Celazole” cast with 1-methylimidazole without heat treatment
were reported previously [42].

2.11. Mechanical properties

Mechanical properties of pure Celazole” and heat treated blends
were determined using a Shimadzu Autograph AGS-X 500N tensile
testing instrument. Films with thicknesses of 10-20 um were cut before
heat treatment using a microtensile dogbone-shaped die with a width of
5mm and gauge length of 22 mm (ASTM D1708-13). Die cut samples
were heat treated using the TR 400 process described above. Since the
samples shrunk slightly after heat treatment, the width and gauge
length of the treated samples were determined by scanning the samples
with a digital scanner and determining the average width and gauge
length using ImageJ software. Thicknesses were measured after heat
treatment via digital calipers (Mitutoyo, + 1um resolution). The
crosshead speed of the tensile test was set to 1 mm/min. Ultimate
tensile strength was determined as the maximum stress observed during
the test.

3. Results and discussion
3.1. Blend morphology

Blends of HAB-6FDA-CI and Celazole” were prepared at composi-
tions ranging between 20 and 80 wt% polyimide. Blends containing
20 wt% polyimide did not show macroscopic phase separation under
optical microscopy, but they were semitransparent, indicating im-
miscibility. However, as shown in Fig. 2, films containing 33-67 wt%
polyimide showed macroscopic phase separation. These results stimu-
lated a search for methods to improve the compatibility and mixing of
the PBI and polyimide.

A previous study reported that 2-methylimidazole could compati-
bilize 50/50wt% immiscible blends of Celazole’ and a 6FDA-
DAM:DABA(3:2) copolyimide [22]. It was reported that 2-methylimi-
dazole localized at the interface of the PBI and copolyimide phases,
decreasing interfacial tension during solution casting, which resulted in
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Fig. 2. Optical microscope images of HAB-6FDA-CI/Celazole” blends without (top) and with (bottom) 9 wt% 1-methylimidazole additive. Polyimide (PI) weight
percentages represent the amount in the final films after 1-methylimidazole is removed.

with
compatibilizer

better dispersion of the polymers in the resulting blend (cf., Fig. 3)
[22,23]. FTIR indicated that 2-methylimidazole interacted via hy-
drogen bonding with —~OH groups on the copolyimide carboxyl moi-
eties. While no evidence supported the creation of hydrogen bonding
between 2-methylimidazole and the PBI, it was hypothesized that hy-
drophobic or m-m interactions between 2-methylimidazole and PBI
could result in 2-methylimidazole localizing at the interface of the two
polymer phases.

Yousfi et al. observed similar phenomena in a study employing
phosphonium-based ionic liquids (ILs) as compatibilizers for 80/20 wt
% immiscible blends of polypropylene (PP) and polyamide (PA) [43].
The authors asserted that, at low (1 wt%) loadings of IL, the dispersed
PA droplets decreased in diameter from 27 to 1-2 pm, resulting from
preferential migration of the IL to the interface between the two phases
[43]. Once at the interface, the IL acted as a “barrier” to the coalescence
of small PA droplets. Broseta et al. concluded that a solvent or additive
with an affinity for two sufficiently immiscible polymer phases in a
mixture preferentially locates at their interface, lowering interfacial
tension [44]. For larger compatibilizer molecules, such as an AB-type
diblock copolymer in immiscible blends of A and B, other studies have
claimed that lower interfacial tension results from the tendency of the
block copolymer to localize at the boundary between the homopolymer
constituents [45,46].

As an attempt to use a similar approach to compatibilize PBI blends,
PBI/polyimide blend films were cast with 1-methylimidazole (chemical
structure shown in Fig. 3) added to the casting solutions in the present
work. It was hypothesized that adding 1-methylimidazole to the casting
solutions could help lock in phase morphology during solvent eva-
poration as glassy films were formed. 9 wt% of 1-methylimidazole was
used relative to the total mass of the polymers and additive for all of the
compatibilized blends. This composition was chosen as it resulted in
better phase dispersion than 5wt% in a previous study [22]. TGA-MS

Fig. 3. Illustration of potential blend mor-
phology changes when a small molecule com-
patibilizer (e.g., 1-methylimidazole or 2-methy-
limidazole; yellow circles) localizes at the
interface between a continuous matrix of PBI
(red) and dispersed domains of polyimide (blue)
[22]. The chemical structure of 1-methylimida-
zole is shown on the right. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)

I_\
Ny N—

1-methylimidazole

results, discussed below, indicated that all of the 1-methylimidazole
was removed during film preparation and was not present in the final
films, which was also observed for previously reported 2-methylimi-
dazole compatibilized blends [22]. 1-methylimidazole has a normal
boiling point of 196 °C and is water soluble, so it could potentially be
removed during the initial solvent removal step (i.e., evaporation under
vacuum at up to 100 °C), during water boiling, or during the 150 °C
vacuum drying step. TGA-MS results (provided in the supporting in-
formation) did not find evidence of 1-methylimidazole in the films after
the initial solvent removal step and before water boiling, suggesting
most of the 1-methylimidazole was removed during the initial drying
steps as the glassy films were being formed.

Compositions described hereafter will refer to weight fractions of
the polymers in the blends after 1-methylimidazole removal (e.g., “20/
80 wt% HAB-6FDA-CI/Celazole” compatibilized blends” were initially
cast with 18.2 wt% HAB-6FDA-CI, 72.7 wt% Celazole®, and 9.1 wt% 1-
methylimidazole). While 1-methylimidazole lacks the hydrogen bond
donor site present in 2-methylimidazole, it has a much lower boiling
point (196 °C vs. 267 °C) and can be more easily removed during so-
lution casting and film drying protocols. Use of a different compound
from 2-methylimidazole reported previously also permits insight into
the potential breadth of chemical structures that are useful as small
molecule compatibilizing agents.

As shown in Fig. 2, films made with 1-methylimidazole in the
casting solution showed qualitatively improved phase dispersion re-
lative to films without 1-methylimidazole and did not show the large
scale macroscopic phase separation observed in samples without 1-
methylimidazole. All films were semitransparent and, with the excep-
tion of the 50/50 wt% HAB-6FDA-CI/Celazole” compatibilized blend,
were uniform in optical microscopy. SEM and TEM were employed to
further characterize blend morphology. Fig. 4 shows cross-sectional
SEM images of 20/80 and 33/67 wt% HAB-6FDA-CI/Celazole” blends
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Fig. 4. Cross-sectional SEM images of a 20/80 wt% HAB-6FDA-CI/Celazole” blend (A) without compatibilizer, (B) with compatibilizer, and (C) with compatibilizer
after 400 °C heat treatment. Cross-sectional SEM images of a 33/67 wt% HAB-6FDA-CI/Celazole” blend (E) without compatibilizer, (F) with compatibilizer, and (G)

with compatibilizer after 400 °C heat treatment.

with and without compatibilizer. Compatibilized blends have a matrix/
droplet morphology, where the matrix phase is Celazole® and the dis-
persed droplets are HAB-6FDA-CI, which was determined by EDS ana-
lysis as described in more detail below. Most of the dispersed domains
have sub-micron dimensions. It cannot be concluded with certainty that
the dispersed domain sizes of the 20/80 wt% HAB-6FDA-CI/Celazole’
blends were reduced when the compatibilizer was added (cf., Fig. 4A
and B). However, 33/67 wt% HAB-6FDA-CI/Celazole’ blends appeared
to show smaller, much more uniform dispersion of the polyimide dis-
persed phase when 1-methylimidazole is added (cf., Fig. 4D and E),
consistent with the observed differences in optical microscopy (cf.,
Fig. 2) and with previous reports of the use of 2-methylimidazole to
compatibilize 50/50 wt% PBI/6FDA-DAM:DABA(3:2) blends [22].

The droplet structure of the polyimide phase can be more clearly
seen in the TEM image of a 33/67 wt% HAB-6FDA-CI/Celazole” com-
patibilized blend without heat treatment in Fig. 5A. The white regions
on the left sides of some of the droplets are believed to be the electron
beam passing through a narrow region where the polyimide phase has
slightly separated from the PBI phase, which possibly occurred during
microtoming. Alternatively, there may be some void space created

around the polyimide phase during casting.

To confirm that the dispersed phase was in fact polyimide, EDS
mapping was performed on a small region of a 33/67 wt% HAB-6FDA-
Cl/Gelazole” compatibilized blend film. Fig. 5B-D are elemental maps
for nitrogen, oxygen, and fluorine, respectively, and Fig. 5E is a STEM
image of the film region used for mapping. The darker regions in Fig. 5B
show that the dispersed phase has lower nitrogen content than the
surrounding matrix. Likewise, the brighter regions in Fig. 5C indicate
that the dispersed phase has higher oxygen content than the sur-
rounding matrix. Since HAB-6FDA-CI has half the nitrogen atoms per
repeat unit as Celazole’ and HAB-6FDA-CI has 8 oxygen atoms per re-
peat unit while Celazole” has zero, the dispersed phase must be com-
posed primarily of polyimide, while the matrix phase contains primarily
PBI. While a slightly higher fluorine content was observed in the dis-
persed phase than in the matrix from the polyimide CF; groups, the
contrast was poor because few x-ray counts were observed, even after
running EDS for around 15 min.

We speculate that, like 2-methylimidazole, some 1-methylimidazole
could localize at the interface between Celazole® and HAB-6FDA-CI
domains during casting, reducing interfacial tension and dispersed

Fig. 5. (A) TEM image of a 33/67 wt% HAB-
6FDA-CI/Celazole” compatibilized blend
without heat treatment. (B-D) EDS map for ni-
trogen (B), oxygen (C), and fluorine (D) for a
33/67 wt% HAB-6FDA-CI/Celazole’ compatibi-
lized blend. Bright regions indicate areas with
high x-ray counts that indicate the abundance of
the specified element. (E) STEM image of film
area used for EDS mapping. Scale bars are not
available for (B-E) as the camera was not fully
calibrated for STEM mode.
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polymer domain size and improving uniformity of dispersion (cf.,
Fig. 3) [22]. A majority of the compatibilizer likely remained dispersed
throughout one or both phases, depending on how the compatibilizer
interacts with each polymer. A monolayer of 1-methylimidazole be-
tween the polymer phases could only account for approximately 1% of
total compatibilizer added to the blends (see supporting information for
calculation details). A similar observation has been made for excess
(10-20 wt%) phosphonium ionic liquid compatibilizers in 80/20 wt%
PP/PA blends, where ionic liquids preferentially migrated into the
phase for which the anion displayed a higher affinity [43]. The locali-
zation of 1-methylimidazole to the phase interface, however, remains
simply speculation at the present time and is primarily based on pre-
vious observations in the literature. The thermodynamics of this four
component system consisting of two polymers, a solvent, and a com-
patibilizer are complex, and a more complete understanding of how
these blend morphologies are formed necessitates future study that is
beyond the scope of the present work.

400 °C heat treatment of compatibilized blends did not appear to
significantly affect their morphology, as they retained a phase sepa-
rated structure with similar dispersed domain sizes (cf., Fig. 4). Addi-
tional SEM images, including images for blends containing 50-80 wt%
HAB-6FDA-CI, can be found in the supporting information.

3.2. Heat treatment

TGA was used to estimate conversion of polyimide to poly-
benzoxazole in compatibilized blends. Compatibilized blend films
containing 20, 33, and 40 wt% HAB-6FDA-CI were tested before and
after 400 °C heat treatment in the tube furnace, and the results for a
20 wt% polyimide compatibilized blend are presented in Fig. 6. Addi-
tional results for other compositions are in the supporting information.
The mass loss was normalized to the mass of the samples in the TGA at
150 °C due to water loss from the PBI phase, since PBI is known to
strongly sorb water, which requires elevated temperatures to remove
[39].

Acetate-functionalized HAB-6FDA-CI is known to undergo thermal
rearrangement between about 300 and 450 °C by first losing acetate
groups in the form of ketene as the ortho-position acetate groups con-
vert to ortho-position hydroxyl groups [38,47]. The hydroxyl-functio-
nalized polyimide then rearranges to a polybenzoxazole structure
through loss of CO, [38,47]. Blends that had not been thermally treated
at 400 °C for 1 h showed a 4-7% mass loss between 250 and 450 °C that

100 - ¥ ]
F \ 400 °C ]
95:_ : < b treated
L ' Thermal /
-~ I i rearrangement
S 90 | .
o | E
o L |
© L 1
=85 ; Untreated
sof _
S N, 10 °C/min
75 L I T ST SR S N S Sl S N SR '
0 200 400 600 800

Temperature (°C)

Fig. 6. TGA thermograms of 20/80 wt% HAB-6FDA-CI/PBI compatibilized
blend before (green curve) and after (red curve) 400 °C heat treatment in tube
furnace. Scans were run under nitrogen at a ramp rate of 10 °C/min. Mass
percentages were normalized based on sample dry mass at 150 °C. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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corresponded to the expected rearrangement process. Samples that had
already undergone 400 °C heat treatment in the tube furnace, however,
showed no mass loss in this region (cf., Fig. 6). Analysis of decom-
position products via mass spectrometry shows loss of ketene groups
(41 amu) and CO, (44 amu) in this region for the untreated blends (see
supporting information), consistent with polyimide conversion to
polybenzoxazole. FTIR corroborates the formation of polybenzoxazole
in the polyimide phase after heat treatment, which is discussed in the
supporting information. No mass fragments associated with DMAc (87
amu) or 1-methylimidazole (82 amu) were observed, so both solvent
and compatibilizer were removed during the film formation process
(cf., Fig. S8). TGA-MS scans run on films removed from the casting oven
after the 100 °C solvent evaporation step and before boiling in water
and the subsequent 150 °C drying step also did not show mass frag-
ments associated with 1-methylimidazole despite some DMAc still
being present, indicating the 1-methylimidazole is likely removed
during the initial solvent removal steps (see supporting information).
The conversion of polyimide to polybenzoxazole in the blends can
be estimated by determining the difference in mass loss in the
250-450 °C region between the untreated and heat treated samples. If
all of the mass loss between 250 and 450 °C is due to the polyimide
phase undergoing thermal rearrangement, the conversion of polyimide
to polybenzoxazole can be calculated since the weight fraction of
polyimide in the films is known. Celazole” is thermally stable to above
550 °C, so none of the mass loss in the 250-450 °C region is believed to
be due to PBI decomposition [1,4]. Finally, the conversion to poly-
benzoxazole can be calculated assuming 100% conversion corresponds
to 24.3% mass loss of the polyimide [47]. Details of this calculation are
provided in the supporting information (Table S1). Compatibilized
blends containing 20, 33, and 40 wt% HAB-6FDA-CI were estimated to
undergo 64%, 58%, and 56% TR conversion of the polyimide, respec-
tively. Since pure HAB-6FDA-CI undergoes 60% conversion at the same
heat treatment conditions, the presence of the PBI matrix does not
appear to hinder thermal rearrangement of the polyimide [38].

3.3. Gas transport properties

Polymer blend gas transport properties strongly depend on polymer
miscibility and blend morphology [48-50]. Fig. 7 illustrates theoretical
transport properties of Celazole’/HAB-6FDA-CI blends plotted on the
2008 H,/CO, upper bound (see supporting information for details)
[10]. If the two polymers are miscible, blend permeability would be
expected to follow a logarithmic average of the permeabilities of the
two components weighted by their volume fractions, leading to a linear
trade-off between the two polymers on the upper bound (cf., dashed
purple line in Fig. 7) [48,50]. Consequently, miscible blends of two
polymers would not surpass the upper bound for a given gas pair unless
one of the polymers was already above the upper bound.

However, if the two polymers are immiscible, blend permeability is
strongly dependent on the morphology of the two phases and can be
described by various models [48-50]. In the simplest case, where one
polymer forms uniformly distributed, spherical dispersions in a con-
tinuous matrix of the second polymer, the transport behavior can be
described by the Maxwell model [48-50]. This model predicts the se-
lectivity of the phase separated blend to be primarily dictated by the
selectivity of the continuous phase. The dispersed phase would then act
either as a more permeable filler, increasing the blend permeability
relative to that of the matrix phase polymer (cf., solid red curve in
Fig. 7), or as a less permeable filler, decreasing the blend permeability
relative to that of the matrix phase polymer (cf., dashed blue curve in
Fig. 7).

Pure gas permeabilities for Hy, CH4, N5, O, and CO, at 35°C and
10 atm in untreated and heat treated blends compatibilized with 9 wt%
1-methylimidazole are shown in Fig. 8A and B, respectively. Some data
are absent, since N, and CH,4 permeabilities were too low to measure for
some films below 50 wt% polyimide. Fig. 9 presents the transport
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properties of samples considered in this study on the 2008 H,/CO,
upper bound [10]. Permeability values are recorded in the supporting
information. Celazole® cast with 9 wt% 1-methylimidazole had higher
permeabilities and lower selectivities than Celazole’ cast without
compatibilizer (e.g., H, permeability of 3.7 Barrer vs. 2.4 Barrer and
H,/CO, selectivity of 17 vs. 27) [11]. When 1-methylimidazole is re-
moved during casting, it may leave behind additional free volume in
the resulting glassy film, resulting in somewhat higher permeabilities
and lower selectivities. Films cast without 1-methylimidazole were also
dried at slightly higher temperatures (i.e., 190 °C), which may have
contributed to more thermal annealing and densification. In contrast,
HAB-6FDA-CI cast with 9 wt% 1-methylimidazole had slightly lower
permeabilities and higher selectivities than a film of HAB-6FDA-CI
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Immiscible
(Dispersed polyimide)
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Fig. 7. (A) Theoretical transport properties for Celazole’/
HAB-6FDA-CI blends plotted on H,/CO, upper bound (black
solid line represents 2008 upper bound) [10]. Additive
(miscible) model values are purple unfilled diamonds and
dashed line (graphic B) [48,50], Maxwell (immiscible) model
values for blends with continuous Celazole” phase are red
unfilled squares and solid line (graphic C) [48-50], and
Maxwell model values for blends with continuous HAB-
6FDA-CI phase are blue unfilled circles and dashed line
(graphic D) [48-50]. Percentages are volume percent of
HAB-6FDA-CI chosen arbitrarily for this example. Perme-
abilities of pure Celazole” (filled black square) and HAB-
6FDA-CI (filled black circle) used in calculations are from the
literature [11,31]. (B-D) Illustrations of miscible blends and
immiscible blends with dispersed polyimide or PBI. (For in-
terpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Immiscible
(Dispersed PBI)

without compatibilizer (e.g., Hy permeability of 24 Barrer vs. 28 Barrer
and H,/CO, selectivity of 4.2 vs. 3.7), which was prepared similarly to
the film with 1-methylimidazole. Presently, it is unknown why this
phenomenon occurs. Both of these films showed lower permeabilities
and higher selectivities than HAB-6FDA-CI previously reported in the
literature, which was cast from DMAc and underwent drying at 200 °C
overnight (H, permeability of 38 Barrer and H,/CO, selectivity of 3.2)
[31].

Permeabilities and selectivities of 20/80 and 33/67 wt% HAB-
6FDA-CI/Celazole” compatibilized blends without heat treatment were
similar to those of pure Celazole® cast with 1-methylimidazole, with the
33% polyimide blend showing slightly higher permeabilities and
slightly lower selectivities. These results are consistent with the blends
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Fig. 9. (A) Hy/CO, upper bound for Celazole” and

33% PI

Untreated

HAB-6FDA-CI pure polymers cast with 1-methylimi-
dazole (1-IM) with and without heat treatment at
400°C. Untreated Celazole” without 1-IM was mea-
sured previously and was prepared via solution casting
from DMAc with subsequent 190 °C drying to remove
moisture [11]. (B) Hy/CO, upper bound plot for 20/80
and 33/67 wt% HAB-6FDA-CI/Celazole’ blends com-
patibilized with 1-IM with and without heat treatment
at 400 °C. All measurements were performed at 35 °C
and 10 atm. Solid lines represent the 2008 upper bound
[10].
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having PBI as the continuous phase. A discontinuity in permeability and
selectivity occurred at compositions between 33 and 67 wt% HAB-
6FDA-CI (cf., Fig. 8), indicating phase inversion occurred at some in-
termediate composition (i.e., the continuous phase changed from PBI to
polyimide) [50-52]. The permeabilities of compatibilized 67 and 80 wt
% HAB-6FDA-CI blends were somewhat lower than pure HAB-6FDA-CI
cast with 1-methylimidazole, which was expected since the PBI dis-
persed phase is acting as a low permeability filler.

After heat treatment at 400 °C, the H, permeability of Celazole” cast
with 1-methylimidazole was relatively unchanged (3.4 Barrer vs. 3.7
Barrer), but the O, and CO, permeabilities were lower, resulting in an
increase in H,/CO, selectivity from 17 to 31. A similar increase in se-
lectivity was previously observed by Perez et al. for Celazole” dried at
300 °C under vacuum for one day which had a H,/CO; selectivity of
49 at 5 bar and 35 °C [53]. This was much higher than the H,/CO, se-
lectivity of 18 measured at 5 bar and 35 °C for Celazole” dried at 250 °C
[53]. The reason for this behavior is explored in more detail in the
following sections. The permeabilities of HAB-6FDA-CI cast with 1-
methylimidazole increased by over an order of magnitude after heat
treatment, presumably due to the TR reaction, and selectivities were
reduced (cf., Fig. 9A). This behavior is consistent with previously ob-
served permeability increases for TR polymers [9,30,31,36]. Compati-
bilized 67 and 80% HAB-6FDA-CI blends showed a significant increase
in permeability (cf., Fig. 8), indicating thermal rearrangement of the
continuous polyimide phase contributed strongly to the permeability
increase of blends at these compositions.

Unexpectedly, after heat treatment, the 20/80 wt% HAB-6FDA-CI/
Celazole® compatibilized blend showed a slight (5%) decrease in H,
permeability and a 40% and 61% decrease in O, and CO, perme-
abilities, respectively (cf., Fig. 8). Consequently, H,/CO, selectivity
increased from 17 to 42, which surpassed the 2008 upper bound (cf.,
Fig. 9B). The 33/67 wt% HAB-6FDA-CI/Celazole” compatibilized blend
showed a 32% increase in H, permeability after heat treatment and a
28% decrease in CO, permeability, resulting in a Hy/CO, selectivity of
29 that also surpassed the upper bound. This film had over twice the H,
permeability of Celazole’ while maintaining essentially the same H,/
CO, selectivity [11]. While the increase in blend permeabilities was
expected from conversion of polyimide to the more permeable ther-
mally-rearranged polybenzoxazole, the simultaneous increase in se-
lectivity was unexpected and required additional investigation.

Gel fraction measurements were performed on heat treated 20/80
and 33/67% HAB-6FDA-CI/Celazole’ compatibilized blends to in-
vestigate whether there were any additional changes occurring during
heat treatment, such as thermally-induced crosslinking. Crosslinking
can increase gas selectivity due to restriction of chain mobility that
enhances a polymer's size sieving ability, though this typically comes at
the expense of reduced permeability [19,51,54]. Gel fractions were
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64% and 62% for the 20/80 and 33/67 wt% HAB-6FDA-CI/Celazole’
compatibilized blends after heat treatment, respectively. Thus, high
temperature treatment induced some degree of insolubility in the
blends. TR polymers are typically insoluble and may form a crosslinked
structure in the dispersed phase following heat treatment [31]. How-
ever, since the insoluble portion of the heat treated blends is 2-3 times
greater than the amount of TR polymer present, crosslinking in the
dispersed polyimide phase cannot fully explain the decreased solubility
and increased gas selectivity. There must also be some insoluble regions
forming in the PBI phase. The increase in selectivity is therefore likely
due to changes in the continuous PBI phase during heat treatment at
400 °C, discussed later in this work, rather than the TR process in the
dispersed polyimide phase. This hypothesis is further supported by
Maxwell model predictions that changes in selectivity of immiscible
blends would be primarily dictated by changes in the selectivity of the
continuous phase.

A polymer's fractional free volume (FFV) can provide useful insight
into its gas transport properties, since FFV represents the amount of
unoccupied space between polymer chains available for gas diffusion
[55,56]. Permeabilities often correlate exponentially with 1/FFV, and
changes in FFV or chain packing are often reflected in gas perme-
abilities and selectivities [55,57,58]. Fractional free volumes were de-
termined for Celazole’ films cast with 1-methylimidazole with and
without heat treatment as follows [59,60]:
FFV =1-1.3p Z V;Dw [¢))
where p is the polymer density in g/cm®, and 1.3 V;DW is the volume
occupied by polymer chains calculated from group contribution theory
(0.693 cm®/g for Celazole”). The density of Celazole” cast with 1-me-
thylimidazole was 1.262 + 0.007 g/cm?®, which corresponds to a FFV
of 0.125 + 0.001. This FFV is higher than the value previously mea-
sured for Celazole” without 1-methylimidazole added to the casting
solution (FFV = 0.104) [11]. Since it is hypothesized that 1-methyli-
midazole evaporates during the initial solvent removal steps as the
glassy film is being formed, this increase in FFV is consistent with the
hypothesis that 1-methylimidazole leaves behind additional free vo-
lume when it evaporates, increasing permeabilities (cf., Fig. 9A). After
400 °C heat treatment, Celazole” density increased to 1.295 * 0.008 g/
cm?®, and FFV decreased to 0.103 # 0.001. This reduction in free vo-
lume is consistent with a more densified, size-sieving structure that
reduces permeabilities of larger gases (e.g., O, and CO,) with less effect
on smaller gases (e.g., H), thus increasing selectivities. PBI has a glass
transition temperature between 400 and 450 °C, so heat treatment at
400°C may provide enough thermal energy to anneal the polymer,
relax out excess fractional free volume, and permit chain restructuring
to form more highly ordered regions [61,62].
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3.4. Small and wide angle x-ray scattering

Celazole” is thermally stable at temperatures as high as 550 °C with
no observed mass loss in inert conditions [1,4]. However, previous
studies have observed insolubility in PBIs heat treated at high tem-
peratures (e.g., 450-500 °C) [63-65]. Crosslinking and/or chain scis-
sion are hypothesized to occur at these temperatures from free radical
reactions [63,66]. While FTIR analysis has indicated chemical changes
occur in PBI heated to temperatures as high as 350 °C in air, no changes
in FTIR spectra have been observed for Celazole” heat treated under
argon for 16 h at 400 °C [65,66]. Therefore, it is inconclusive whether
thermally-induced crosslinking is occurring in these blends in either or
both phases.

Another phenomenon may be contributing to decreased solubility in
DMAc and increased gas selectivities for the heat treated PBI blends.
Celazole® is known to be amorphous at room temperature [65]. When
treated at temperatures around 350 °C, Celazole” exhibits an increase in
structural order evidenced by x-ray scattering [65]. This increase in
structural order has also been observed by FTIR to occur at tempera-
tures at and above 400 °C, and an N—H stretching mode at 3420 cm ™!
has been attributed to these para-crystalline domains [42]. Potentially,
the presence of such additional structural order could impact properties
such as solubility.

Both small angle x-ray scattering (SAXS) and wide angle x-ray
scattering (WAXS) were measured for untreated and heat treated
samples of Celazole” and HAB-6FDA-CI films cast with 1-methylimi-
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compatibilized blends. Scattering intensities were normalized for film
thickness to permit quantitative comparisons between samples. SAXS
results are shown in Fig. 10. While no peaks were present in untreated
films, consistent with their amorphous behavior, a peak emerged at
around 0.29° for Celazole” and 0.38-0.42° for the 20 and 33% poly-
imide blends. Scattering peaks from crystalline regions in polyethylene,
poly(butylene terephthalate), and polyoxymethylene have been re-
ported between scattering angles of 0.3° and 0.7°, which are similar to
the values of 0.3-0.4° observed in this study [67-69]. Although the
SAXS peaks for heat treated Celazole® and polyimide/PBI blends are less
intense and less sharp than those observed in semicrystalline polymers
like polyethylene, this pattern nonetheless suggests the formation of
some para-crystalline regions in Celazole” and in the PBI phase of the
blends. No peak emerged in HAB-6FDA-CI after heat treatment, in-
dicating the polyimide does not undergo the same structural ordering as
PBI.

WAXS results for the same samples are shown in Fig. 11. The d-
spacing has often been ascribed to intermolecular distance between
polymer chains [70,71]. From the results in Fig. 11, d-spacing values
were calculated using Bragg's relation [70]:

_ni
2sin 6

@

where n is 1, A is the x-ray wavelength (1.5404 A for CuKa), d is the d-
spacing in A, and 6 is the scattering angle at the center of a broad peak.
Before heat treatment, a broad peak in Celazole” cast with 1-methyli-
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Fig. 10. Small angle x-ray scattering (SAXS) for: (A) Celazole” cast with 1-methylimidazole, (B) HAB-6FDA-CI cast with 1-methylimidazole, (C) 20/80 wt% HAB-
6FDA-CI/Celazole” compatibilized blend, and (D) 33/67 wt% HAB-6FDA-CI/Celazole” compatibilized blend. Green curves are for untreated films, and red curves are
for films treated at 400 °C. Intensities were corrected for film thicknesses to permit quantitative comparisons between samples. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

190



J.D. Moon, et al.

Journal of Membrane Science 582 (2019) 182-193

03— T T T T 040——T—— T T — Fig. 11. Wide angle x-ray scattering (WAXS) for: (A)
47 A A 6.2 A B Celazole” cast with 1-methylimidazole [42], (B) HAB-
< ) o | < | 6FDA-CI cast with 1-methylimidazole, (C) 20/80 wt%
§ ADCE txaatad § 0.30 400 °C treated HAB-6FDA-Cl/Celazole” compatibilized blend, and
b | | = (D) 33/67 wt% HAB-6FDA-CI/Celazole” compatibi-
"ﬁ 0.20 ‘ﬁ lized blend. Green curves are for untreated films, and
§ § red curves are for films treated at 400 °C. Intensities
£ € 0.20 1 were corrected for film thicknesses to permit quan-
i) Untreated 9 titative comparisons between samples. (For inter-
—g 0.10 % / pretation of the references to color in this figure le-
2 2 0.10 Untreated gend, the reader is referred to the Web version of this
< < article.)
0 00 1 1 1 1 1 1 L 1 1 1 0 00 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 5 10 15 20 25 30 35
20 (°) 20 (°)
0.30 — T T T T T T T T T 7 0.30 — T T T T L
C D
‘TA 59 A ‘Tﬁ 5.1 A
£ £
= 400 °C treated .
2 0.20F 1 2020 .
» ]
c c
2 2
= £
© Untreated © i 4
5 5 ntreate
2 0.10 5 0.10
] ]
o o
< <
1 1 i

0.00 1 1 1 1 1
5 10 15 20 25 30

26 (°)

0.00 ' :
5

35 10 15

Table 1

20 25 30 35

26 (°)

Mechanical properties of Celazole” and heat treated 20,/80 and 33/67 wt% HAB-6FDA-Cl/Celazole” compatibilized blends. Mechanical properties of HAB-6FDA-CI
before and after thermal rearrangement at 400 °C and Celazole” samples formed by compression-molding are provided for comparison [1,72].

Material Young's modulus (GPa) Elongation at break (%) Ultimate tensile strength (MPa) # samples
20/80 PI/PBI + 1-IM TR400 4.0 = 0.5 3.0 = 0.3 109 £ 6 3
33/67 PI/PBI + 1-IM TR400 39 + 1.2 3.0 + 0.4 110 = 1 2
Celazole” 3.8 + 0.4 - 94 + 4 5
Compression-molded Celazole” [1] 5.7 1.8 100 -
HAB-6FDA-CI [72] 3.5 7.1 153 -
HAB-6FDA-CI TR400 [72] 2.5 4.0 85 -

heat treatment, this peak became much sharper, which was previously
observed by Aili et al. for PBI treated for at least 10 min at 350 °C under
argon [65]. This peak was centered around 19°, which is very close to
the 20 value of 18° reported previously [65]. Additionally, the absolute
scattering intensity decreased at lower angles (i.e., higher d-spacings),
which may indicate a narrowing of free volume distribution toward
smaller free volume elements that would correspond with lower d-
spacing. This result is also consistent with the observed reduction in
FFV and increase in density for Celazole® after heat treatment.

An amorphous peak centered at a d-spacing of 6.2 A was observed
for HAB-6FDA-CI cast with 1-methylimidazole and its TR analog, which
agrees with the previously reported d-spacing of 6.2A for the same
polymer cast without 1-methylimidazole [38]. Amorphous peaks cen-
tered at d-spacing values of 6.1 and 5.9 A were observed for the un-
treated 20/80 and 33/67 wt% HAB-6FDA-CI/Celazole’ compatibilized
blends, respectively. After heat treatment, these peaks became sharper
and shifted to a slightly lower d-spacing of 5.9 A for the 20% polyimide
blend and to a rather lower d-spacing of around 5.1 A for the 33%
polyimide blend. After heat treatment, the 20% blend showed a de-
crease in absolute scattering intensities at higher d-spacing, similar to
Celazole®, while the 33% blend showed an overall increase in absolute
scattering intensity which was also observed for the HAB-6FDA-CI film.

Scattering plots for 20/80 and 33/67 wt% HAB-6FDA-CI/Celazole’
blends before and after heat treatment can be accurately reproduced
(R? > 0.98) by superimposing scattering peaks of their pure polymer
components weighted by their weight fractions in the blend (see sup-
porting information).

The similar changes in the WAXS spectra for Celazole” and the 20%
polyimide blend are consistent with the transport behavior of this blend
composition being influenced by densification and ordering of the PBI
phase. A reduction in free volume and a potential narrowing of the free
volume distribution in the PBI phase from high temperature annealing
reduced permeabilities of larger gases such as O, and CO, in the PBI
matrix phase with less effect on smaller gases such as H,. This behavior
increased gas selectivities of the PBI matrix phase which, in turn, in-
creased blend selectivity. As there was relatively little polyimide in this
composition, the thermal rearrangement of the polyimide contributed
little to the gas transport properties of the blend. Consequently, the gas
permeabilities of Celazole” and the 20% polyimide blend were similar
after heat treatment. On the other hand, the 33% polyimide blend ex-
hibited higher gas permeabilities before and after heat treatment than
Celazole” treated under the same conditions. The simultaneous increase
in permeability and selectivity after heat treatment of the 33% blend
occurred from the combination of increased permeability in the
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dispersed polyimide phase from the TR reaction and increased se-
lectivity in the PBI matrix phase from ordering and densification.

3.5. Mechanical properties

Tensile properties of pure Celazole” cast without 1-methylimidazole
and heat treated 20/80 and 33/67 wt% HAB-6FDA-CI/Celazole” com-
patibilized blends were determined by testing microtensile samples on a
universal tensile testing apparatus. Young's modulus, elongation at
break, and ultimate tensile strength for these samples are summarized
in Table 1. Untreated blend films with 20 or 33% polyimide were re-
latively brittle, and only a small fraction of die cut samples were use-
able. 50/50 wt% HAB-6FDA-CI/Celazole” blends were particularly
brittle without heat treatment and consequently could not be tested for
gas transport or mechanical properties. Elongation at break was not
reported for Celazole” because samples failed by tearing, which yielded
inaccurate elongation at break values.

The 20 and 33% polyimide heat treated blends exhibited a low
elongation at break of 3.0% which was similar to that observed in
thermally-rearranged HAB-6FDA-CIL. TR polymers are typically brittle
and prone to breaking upon bending [72]. While the heat treated blends
in this study had low elongations at break, they exhibited higher elastic
(Young's) moduli and ultimate tensile strengths than TR HAB-6FDA-CI
which were comparable to those of Celazole’. Unlike TR HAB-6FDA-CI,
the 20 and 33% polyimide heat treated blends were flexible enough to
be bent 180° without breaking. Additional mechanical tests such as
bending tests would be required to more fully understand the flexibility
and mechanical behavior of these materials.

4. Conclusions

Phase separated blends of Celazole” PBI and ortho-functional HAB-
6FDA-CI polyimide were prepared at compositions ranging from 20 to
80 wt% polyimide. The addition of 1-methylimidazole to casting solu-
tions improved the compatibility of the two phases and resulted in a
uniform, microscopically phase separated structure. Compatibilized
blends containing 20 to 33 wt% polyimide had a continuous PBI matrix
with submicron dispersions of polyimide. Heat treating these blends at
400 °C thermally rearranged the polyimide phase to a polybenzoxazole
structure at similar conversion to that observed for the pure polyimide.

H,/CO, selectivities at 35 °C for pure Celazole” and 20 to 33 wt%
polyimide compatibilized blends increased after heat treatment due to
densification and a decrease in free volume of the PBI matrix phase.
Heat treatment also resulted in formation of para-crystalline regions in
the PBI phase as evidenced by x-ray scattering. H, permeability in-
creased after heat treatment for the 33% polyimide compatibilized
blend, resulting in transport properties exceeding the 2008 upper
bound for both 20 and 33% polyimide heat treated compatibilized
blends. This behavior was due to the simultaneous densification of the
PBI matrix phase that increased blend gas selectivity and thermal re-
arrangement of the dispersed polyimide phase that increased blend gas
permeability.
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