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ABSTRACT: A novel synthetic strategy to fine-tune the cavity size and free volume distribution of
polyimide membranes via the formation of homogeneous pseudo-interpenetrating polymer networks (IPN)
is explored in this study. The transformation in the free volume characteristics of the pseudo-IPN can be
effectively exploited for achieving enhanced gas transport properties. The construction of the pseudo-IPNs
entails the in situ polymerization of azido-containing monomers with multireactive sites within rigid polyimide
molecular scaffolds. The intrinsic free volume of the host polyimide and the dimensions of the azido-containing
monomer predominantly influence the mean cavity size of the semi-IPN. The pseudo-IPNs assembled using
fluorinated polyimides and 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone (azide) display improved CO»/
CHy and H,/N, separation performance. The alterations in the gas permeability and gas pair permselectivity of
the semi-IPNs are adequately mapped to the variation in the free volume distributions characterized by the
positron annihilation lifetime spectroscopy. Depending on the functionalities of the host polyimides, chemical
cross-links are formed between the azide network and the preformed linear polyimide. The chemical bridges
in conjunction with the interpenetrating network restrict the mobility of the polymer chains and suppress

CO,-induced plasticization.

1. Introduction

The implementation and establishment of the membrane
technology for gas separation are dependent on the constructive
integration of membrane material advancement, membrane
configuration and module design, and process optimization.'
Indeed, the development of high performance membrane materi-
als is the vital aspect among these considerations."* Polymers are
attractive candidates for membrane fabrication due to the ease of
processability, good physiochemical properties and low produc-
tion costs.® In order to satisfy the demands from diverse
applications, the properties of polymers can be tailored by
various approaches. The molecular architecture of polymers by
the permutations of numerous monomers represents one of the
conventional approaches by membrane scientists to accomplish
this goal >’ Glassy polyimides have been extensively studied as
promising materials for gas separation membranes and the
molecular tailoring method has been particularly effective for
enhancing the CO,/CH, separation performance.'®”"* The in-
tegration of soft rubbery segments with hard glassy segments in
the form of block copolymers has been investigated and these
materials display recommendable CO,/N, and CO,/H, separa-
tion properties.'*'> The molecular design technique creates novel
polymers with robust separation performance and excellent
intrinsic properties but is less attractive from the economical
aspect as the approach is time-consuming and incurs substantial
costs.

The modification of existing polymers is an alternative route
for functionalizing either the selective layer or the bulk of the
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membrane. This is realizable by various techniques including
chemical modification, thermal annealing, ion-beam irradiation
and plasma treatment.'®~® Hayes proposed a diamine modifica-
tion approach as a post-treatment for polyimide membranes.'®
This technique was comprehensively examined by Chung and
co-workers for enhancing the CO,/CH,4 and H,/CO, separation
performance of polyimide membranes.'’!* The simplicity and
applicability to various polyimides and asymmetric hollow fiber
membranes are the merits of this approach but the reversible
nature of the reaction at high temperatures constitutes a major
concern.'®?° Wind et al. employed diol cross-linking at elevated
temperatures for polyimides containing carboxylic acid groups to
improve CO,/CHy selectivity and to suppress CO,-induced
plasticization of the dense membrane.*'** The diol cross-linking
technique has been implemented on hollow fiber membranes by
Omole et al. In their study, the diol-grafted polyimide is used for
fabricating the hollow fibers via phase inversion and the subse-
quent thermal annealing of the membrane leads to the formation
of diol cross-links.?> However, the diol cross-linking approach
is only applicable for polyimides containing carboxylic acid
groups. Bromination, sulfonation and metal-ions exchange are
other means to chemically modify polymers.>**> Despite the
potential use of ion-beam irradiation and plasma treatment in
altering the gas transport properties, the high cost and difficulty in
obtaining uniform modification may limit the industrial applica-
tion of this technique. Polymer modification is simple and may
produce significant changes in the properties of the resultant
organic matter. However, the long-term performance and stability
of the membranes may become questionable when subjected to
aggressive feeds and harsh operating conditions.

Polymer blending is a viable approach which may synergisti-
cally combine the merits of different materials.>’ ' Generally,
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polymer blends display varying degrees of miscibility and homo-
geneous blends are preferred for membrane fabrication since the
uniformity is a prerequisite for stable and reliable membrane
performance.”’*! The resultant polymer blends may exhibit
exceptional properties that supersede the respective native poly-
mers. Maeda and Paul studied the use of poly(phenylene oxide)/
polysulfone blends in gas separation and for specific blend
compositions, the resultant CO,/CHy selectivity exceeds that of
the pure component polymers.® Bos et al. developed Matrimid/
P84 blend membranes with anti-CO, plasticization characteris-
tics and good CO,/CHy separation performance.® The advan-
tages of polymer blending are simplicity, reproducibility and
relatively short development time since it utilizes the existing
polymer database. Nevertheless, one severe deficiency of polymer
blending is the issue of component miscibility. In fact, there is
limited availability of polymer pairs which are compatible with
each other and most blends exhibit phase separation at certain
compositions.

Interpenetrating polymer network (IPN) is a refinement of a
linear polymer blend where two different polymer networks
physically intermingle with each other in the same spatial region
without chemical bonds between them.** *® In distinction to a
linear polymer blend system where coarse phase separation
frequently occurs, the physical interconnections present in an
IPN greatly enhance the degree of polymer compatibility. A
network polymer that encompasses a linear polymer gives rise to
a pseudo- or semi-IPN.*? A pseudo-IPN is produced either by (1)
the polymerization of the precursors of a branched polymer in the
presence of a preformed linear polymer or (2) the formation of a
straight-chain polymer within a pre-existing network. One short-
coming of the aforementioned methods for producing pseudo-
IPNs is the extractability of the linear component from the
composite material.*> Therefore, attempts were made to immo-
blize the linear component within the semi-IPN via chemical
bonds with the networked polymer.**** This results in intercon-
nected pseudo-IPNs and it has been shown that such intralin-
kages greatly influence the structural properties of the resultant
materials. IPNs are novel and versatile composite materials for
many applications, including their prospective use as a barrier
material for gas separation. The interconnections between the
constituent polymers in an IPN possibly reduce the undesirable
swelling effects of polymers by highly condensable gases. This
favorable characteristic of IPNs may be exploited in natural gas
purification which involves plasticizing components like CO, and
H,0. Despite the merits of IPN materials and their potential use
in membrane gas separation, the studies devoted to this research
area are rather limited.”™**

In this article, a synthetic strategy for the construction
of pseudo-IPNs by the polymerization of multifunctional
azido-containing monomers within preformed linear polyimide
frameworks is explored. Considering the ability of 2,6-bis(4-
azidobenzylidene)-4-methylcyclohexanone (azide) to react
spontaneously in the presence of heat or UV light and its
rigid conjugated structure, it was chosen as the monomer for
creating the network polymer.*® Here, the network polymer
formed by the azide monomer is termed poly(azide). Polyimide
has not been extensively investigated as a component for forming
IPN materials. In view of its superior intrinsic properties, it is
worthwhile to explore its application in this area. Hence, fluori-
nated polyimides, poly(1,5-naphthalene-2,2"-bis(3,4-phthalic)
hexafluoropropane) diimide (6FDA—NDA) and poly(2,3,5,6-
phenylene-2,2-bis(3,4-carboxylphenyl) hexafluoropropane) dii-
mide (6FDA—TMPDA), with high free volume and rigidity were
selected as the host polymers for creating the pseudo-IPNs. The
high free volume provides the opportunity to manipulate the
cavity distribution of the resultant composite material upon the
formation of the branched poly(azide). The anticipated change in
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Figure 1. Chemical structures of (a) 2,6-Bis(4-azidobenzylidene)-4-methyl-
cyclohexanone, (b) 6FDA—NDA polyimide, and (c) 6FDA—TMPDA
polyimide.

the free volume distribution is likely to impact the gas transport
properties of the membranes. Aromatic polyimides with limited
chain mobility provide the ideal rigid frameworks for the polym-
erization of azide. A firm molecular scaffold is essential to
minimize the likelihood of generating a phase-separated semi-
IPN. This is attributed to the fact that when the azide monomers
react to form a polymer network, there is a tendency for the
branched macromolecule to push apart the existing linear poly-
mer chains. Hence, the susceptibility of the linear prepolymers to
the molecular force results in the formation of undesirable phase
separated domains.** 6FDA—based polyimide/azide membranes
with varying compositions are fabricated and characterized. The
chemical reactions occurring during the thermal treatment are
investigated in order to elucidate and validate the pseudo-IPNs
formation. Depending on the functionalities of the host polymer,
chemical cross-links may be formed between the linear and the
branched polymer, resulting in an interconnected pseudo-IPN.
The homogeneity and thermal properties of the semi-IPN mem-
branes are analyzed, and the changes in the free volume and free
volume distribution in relation to the gas transport properties of
the composite films are discussed. The CO,/CHy separation
performance and CO,—induced plasticization behavior of these
semi-IPN membranes are highlighted.

2. Experimental Section

2.1. Materials. The working polyimides were synthesized via
the chemical imidization approach. The monomers 4.,4’-(hexa-
fluoroisopropylidene)diphthalic anhydride (6FDA) and 1,5-
naphthalenediamine (NDA) were sublimated under vacuum
prior to use. 2,3,5,6-tetramethyl-1,4-phenylenediamine (TMPDA)
was purified by recrystallization in methanol at 55 °C. 6FDA,
NDA, and TMPDA were purchased from Clariant (Germany),
Acros Organics, and Sigma-Aldrich, respectively. 2,6-bis(4-
azidobenzylidene)-4-methylcyclohexanone (azide) from Sigma-
Aldrich was used without further purification. The chemical
structure of azide is depicted in Figure la. N-Methyl-2-pyrroli-
done (NMP) from Merck was purified via vacuum distillation
before use.

Equimolar amounts of dianhydride and diamines were dis-
solved in NMP under nitrogen atmosphere to form a viscous
solution of poly(amic acid). The total solid concentration was 20%
by weight. 3-picoline and acetic anhydride (molar ratio of 1:4)
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Table 1. Mass Compositions of Polyimide/Azide Casting Solutions

polyimide/azide mass of
composition (wt %:  polyimide®  mass of solvent’  mass of azide
wt %) (@ (2 ©)
100:0 1.149 21.83 0
90:10 0.128
70:30 0.492
50:50 1.149

“The polymer concentration in the solvent is 5 wt % and the azide
loading in the polymer varied from 0 to 50 wt %. ® The solvents used for
6FDA—NDA and 6FDA—TMPDA polyimides are DMF and DCM,
respectively.

were added to form the polyimide. The polyimide solution was
precipitated in methanol and dried under vacuum at 120 °C
prior to use. A detailed description of the polymer synthesis can
be obtained elsewhere.'® The chemical structures of 6FDA—
NDA and 6FDA—TMPDA are shown in Figures 1(b) and 1(c).
Dimethylformamide (DMF) and dichloromethane (DCM) were
used as solvents for 6FDA—NDA and 6FDA—TMPDA,
respectively.

2.2. Dense Membrane Fabrication. To prepare the film casting
solution, the azide monomer was first dissolved in the solvent
and stirred for 1 h. Subsequently, the polyimide was added to the
solution and stirred overnight. The polymer concentration in
the solvent is 5 wt % while the azide loading in the polymer
varied from 0 to 50 wt %. Table 1 shows the mass of the
respective chemical species constituting the casting solutions.
The solution was filtered using 1.0 um PTFE membrane before
ring casting onto a Si wafer plate. The casting of 6FDA—NDA/
azide and 6FDA—TMPDA /azide films was carried out at 55
and 25 °C, respectively. The casting temperature was selected
based on the volatility of the solvent and to allow slow solvent
evaporation for forming the polymer film. After approximately
5 days, most of the solvent has evaporated, leaving behind the
nascent film. Further heat treatment of the 6FDA —based poly-
imide/azide films was conducted under vacuum as follows: (1)
hold at 60 °C for 24 h, (2) increase to 250 at 12 °C/20 min, (3)
hold at 250 °C for 24 h, and (4) natural cooling.

2.3. Characterization. The chemical functionalities of
the polymeric membranes were monitored by the attenuated
total reflectance (ATR) mode using a Shimadzu FTIR 8400
spectrometer over the range 650—2000 cm™'. As the azide
monomer is in powder form, the sample was diluted with KBr
(i.e., 1 mg of azide with 100 mg of KBr) and compressed into a
pellet which was analyzed by the direct transmittance mode
using the same scanning range. The number of scans for each
sample was 32.

To examine the extent of chemical reactions occurring at
different temperatures, the nascent films were subjected to
thermal annealing (i.e., heating rate of 0.6 °C/min from 25 °C
to the desired baking temperature, hold for 2 h followed by
natural cooling). The final annealing temperatures were 55, 80,
100, 150, 200, and 250 °C. The gel content of these thermally
treated films was determined by immersing the films in the
original solvents (i.e., DMF for 6FDA—NDA /azide films and
DCM for 6FDA—TMPDA /azide films) for 5 days. DMF and
DCM are considered as relatively mild solvents. Therefore,
a much stronger solvent, NMP was used for analyzing the
extractability of 6FDA—TMPDA /azide (70—30) films annealed
at different temperatures. The extraction was performed at an
elevated temperature of 180 °C over 5 days. The effect of using
different solvent and extraction conditions on the gel content
will be presented. The remaining insoluble portions of the
membranes were dried under vacuum at 100 °C for 24 h to
remove the residual solvent before weighing. The gel content
was calculated by eq 1.

% gel content = M /M¢x100% (1)

Low et al.

where M| and M, are the mass of the insoluble fraction and the
original mass of the film, respectively.

The molecular weights of the 6FDA—NDA host polyimide
and the soluble portions of 6FDA—NDA/azide films were
determined using gel permeation chromatography (GPC). The
Waters GPC system comprises a Waters 2414 refractive index
detector and a Waters 1515 isocratic HPLC pump. The system
was allowed to reach stable equilibrium before analysis and
polystyrene standards were used for calibration. HPLC grade
DMF was used as the mobile phase. The flow rate of the mobile
phase was 1 mL/min and the injection volume was 50 uL.. The
testing temperature was set at 25 °C.

The glass transition temperatures (7,) of polymer films were
characterized by differential scanning calorimetry (DSC) using
a Mettler Toledo DSC 822 at a heating rate of 20 °C/min from 50
to 450 °C under nitrogen purge of 30 mL/min. Two heating-and-
cooling cycles were performed for each sample in order to
remove the thermal history of the film. The 7, was obtained
from the second heating curve. Dynamic mechanical analysis
(DMA) measurements were carried out for the pseudo-IPNs
with a TA Instruments DMA 2980 operating in a tension mode.
The testing samples are 35 mm by 6 mm and the experiments
were performed at a 1 Hz frequency and a heating rate of 3 °C min !
from 30 to 480 °C. The thermal decomposition behaviors of
the membranes were analyzed by thermal gravimetric analysis
(TGA) using a TGA 2050 thermogravimetric analyzer (TA
Instruments) at a heating rate of 20 °C/min from 50 to 800 °C
under nitrogen purge. The temperature at 5% weight loss is taken as
the decomposition temperature of the material.

The changes in the intersegmental properties of polymeric
membranes were investigated using an X-ray diffractor (XRD)
Bruker, D8 series, GADDS (general area detector diffraction
system). A Cu X-ray source of wavelength 1.54 A was used. The
average d-spacing was determined based on the Bragg’s law as
shown in eq 2

nA = 2d sin 0 (2)

where n is an integer, 4 denotes the X-ray wavelength, d
represents the intersegmental spacing between two polymer
chains and 6 indicates the diffraction angle.

The positron annihilation lifetimes of the host polyimides and
the pseudo IPNs were obtained using positron annihilation
lifetime spectrosco;)y (PALS). The positron source of approxi-
mately 25 uCi of *’Na was sealed by Kapton films and then
sandwiched between layers of polymeric membranes. The >*Na
source/polymer films assembly was wrapped in Al foil and
clamped in between two sets of plastic scintillators and photo-
multipliers which are aligned facing to each other. The positrons
emitted from the **Na source were absorbed by the polymer
samples and were eventually annihilated. The lifetime of each
positron terminates with the emission of two 0.511 MeV y-rays.
The generation of a 1.275 MeV y-ray marks the incipient
creation of the positron. The time difference between the detec-
tion of the start and end y-rays were recorded using a fast—fast
coincidence timing system. The resolution of the positron
annihilation lifetime spectrometer was determined by measuring
%0Co and the full width at half-maximum (fwhm) of the spect-
rum was 300 ps. All the lifetime spectra were binned into 1024
channels, with a channel width of 51 ps. The analyses were
conducted at 25 °C and two million counts were collected in
about 2 h for each PAL spectrum. A detailed description of the
PALS can be obtained elsewhere.*~*

2.5. Gas Permeation Tests. The gas transport properties of the
dense membranes were tested in the order He, H,, O,, N>, CHy4,
and CO,. The pure gas measurements were done using
a variable-pressure constant-volume gas permeation cell. A
detailed description of the permeation cell setup and testing
procedures can be obtained elsewhere.® H, permeation was
conducted at 3.5 atm while CO, was tested at 3.5 and 10 atm.
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Figure 2. (a) Reactions of nitrene with alkene C=C and C—H bonds, (b) generation of nitrene from azide, (c) reactions of nitrene with benzene C=C

and C—H bonds, and (d) reaction of nitrene with alkyl C—H bonds.

The remaining gases were tested at 10 atm. The operating
temperature was 35 °C. To investigate the CO,-induced plasti-
cization behavior of the films, the testing pressure was inter-
mittently ramped from 2 to 30 atm (i.e., 29.4 to 441 psia) and
pure CO, was used. The rate of pressure increase (dp/df) at
steady state was used for the calculation of gas permeability
according to eq 3 and the ideal permselectivity of gas A to gas B,
a was evaluated using eq 4

273 x 10'° VL dp
- (%) 3)

B 760 AT(pz % 121_67) dt

where P is the gas permeability of a membrane in barrer (1 barrer
=1x10"1%cm? (STP) em/cm? s cmHg), V is the volume of the
downstream chamber (cm?), A refers to the effective membrane
area (cm?), /is the membrane thickness (cm), 7 is the operating
temperature (K) and the upstream pressure is given by p, (psia).

Pa
“=F (4)

where P, and Pp are the gas permeabilities for A and B,
respectively.

Mixed gas permeation tests were conducted for the intrinsic
polyimide films and the pseudo-IPN membranes which exhibited
promising ideal CO,/CHy4 permselectivity. Binary gas tests using
90% CO, and 10% CH, feed at 10, 20, and 30 atm were tested. The
temperature was 35 °C. A detailed description of the facility used
for mixed gas permeation tests has been previously reported.”® The
gas permeability was determined using eqs 5 and 6 as follows:

273 x 1010 yco, VL dp
ofL__(4)
760 AT(%) (-VCOZPZ) ds

273 x 10'° yen, VL dp
CH: = 7760 76 dr ©)
AT <m> (xcH,p2)

where Pco, and Pcy, are the permeabilities (barrer) of CO, and
CH, respectively. p is the upstream feed gas pressure (psia) and p,
represents the downstream permeate gas pressure (psia). x and y
refer to the gas molar fraction in the feed and the permeate
accordingly (%). Subsequently, the mixed gas selectivity can be
simplified into the calculating equation as described in eq 4 due to
the negligible downstream pressure.
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Figure 3. FTIR spectra of 6FDA—NDA, 6FDA—NDA /azide films and azide monomer.

3. Results and Discussion

3.1. Chemical Reactions of 2,6-Bis(4-azidobenzylidene)-4-
methylcyclohexanone (Azide). In this study, the chosen azido-
containing monomer for creating the network polymer is of
complicated chemical nature due to the presence of various
reactive functional groups. This section aims to elucidate the
relative reactivity of different functional groups. The azido
group, N is a linear 1,3-dipolar structure which easily forms
nitrene in the presence of heat or ultraviolet radiation.
Nitrenes are highly reactive, short-lived nitrogen intermedi-
ates. The nitrogen atom has four nonbonded electrons which
accounts for the electrophilicity of nitrene. Nitrenes are
capable of insertion into C—H bonds and addition
to unsaturated C—C bonds (i.e., alkenes, alkynes, and
arenes).”! Figure 2 shows the formation of nitrene and the
possible reactions of the different functional groups with the
nitrene radical.

FTIR analyses were performed to verify the reactions
induced by the azide monomer. Figure 3 depicts the FTIR
spectra for the azide monomer and 6FDA—NDA /azide
films. Referring to the spectrum for azide, the strong band
in the region 2170—2080 cm™' is due to the asymmetric
stretching vrbratlon of the N=N=N group.>> The prominent
peak at 1664 cm ™ is attributed to C=0 stretching vibration of the
o[-, f/-diunsaturated ketone (ie., >C=C—CO— C—C<) 32
The C=C stretching vibration of this conjugated system glves rise
to a doublet at 1608 and 1598 cm ™. The series of bands in the
region 860—780 cm ™' result from the C—H out-of- plane v1bra-
tions of l,4—disubstituted benzenes.>? The peaks at 1438 cm™ ' and
1462 cm ™! reflect the alkane C—H deformation vibrations.” The
pristine 6FDA NDA film exhibits two peaks at 1719 cm ™' and
1789 crn !'which are attributed to the carbon 1yl group of the imide
ring." The characteristic peak at 1356 cm™ ' is due to the C—N
stretch of the imide group while the peak at1095cm ™ 'is 1ndlcat1ve
of the transverse stretch of C—N—C in the imide group." The
peak at 716 cm™ 1s due to the out-of-plane bending of C—N—C
in the imide group."

With the incorporation of azide to the polyimide host, the
characteristic peak of the N=N=N group is not observed.
This provides evidence for the formation of nitrene
(Figure 2b) and its subsequent reaction, i.e., polymerization
of azide. With reference to Figure 3, the addition of azide
results in the appearance of two strong peaks at 1600 and

1514 cm ™. The transformation of the original doublet at
1608 and 1598 cm ™' of the azide monomer to the single peak
at 1600 cm ™' for the 6FDA—NDA /azide films indicates
some changes in the chemical functionalities. The peak at
1600 cm ™' may be attributed to the presence of a.f-unsatu-
rated ketones with a f-amino group (Figure 2a, reaction with
C—H bond).”* This implies that the C—H bond at the
[B-position of the unsaturated ketone is susceptible to elec-
trophilic attacks by nitrenes. The intramolecular hydrogen
bonding between the amino and ketone group accounts for
the slight broadening of this peak. The peak at 1514 cm™ " is
representative of the N—H deformation vibration of second-
ary amines.>> Generally, the selectivity of C—H insertion
follows the reactivity pattern of tertiary > secondary >
primary C—H bonds.>' The alkane C—H deformation vibra-
tion of the azide monomer is not observed in the composite
polymeric films which support the C—H insertion of nitrenes
(Figure 2, parts a and d). Conversely, the series of bands
reflecting the C—H out-of-plane vibrations of the disubsti-
tuted benzenes are present with some slight changes in the
peak intensity and position. This is due to the coexistence of
1,4-disubstituted phenylene rings of the poly(azide) and the
naphthalene structure of the polyimide. Due to the stability
of the benzene ring which comprises the highly conjugated
electrons, the C—H bonds of the phenyl group are not easily
attacked by the nitrene radicals (Figure 2¢). The homolytic
bond dissociation energies for CH;—H and C¢Hs—H are 435
and 460 kJ/mol, respectively.’® This implies that the reaction
between nitrene and alkyl C—H bond is more feasible from
the thermodynamics aspect. The characteristic peak of ter-
tiary amine is not observed which indicates that the cycload-
dition of nitrenes to the phenyl ring and the C=C bonds has
not occurred (Figure 2c¢). The unfavorable addition of
nitrene to the C=C bonds has been reported by Kelman
et al. and Shao et al. where azido-containing compounds
were used to cross-link rubbery poly(1-(trimethylsilyl)-1-
propyne) (PTMSP) and poly(4-methyl-2-pentyne) (PMP),
respectively.”*> Similar results are obtained from the FTIR
spectra of 6FDA—TMPDA /azide films.

On the basis of the reaction chemistry of nitrenes and the
chemical functionalities of the host polyimides, the following
conclusions can be made. The azide monomer with multi-
reactive sites reacts with its own species to form a network
polymer. The nitrene radicals react with the C—H bonds of
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the (1) o, f-unsaturated ketone, (2) —CHj substituent group,
and (3) cyclohexanone structure. There is no reaction with
the alkene and benzene C=C double bonds due to the
presence of steric hindrance and the high stability of the
conjugated system. The higher bond dissociation energy of
the aromatic C—H bond makes its less vulnerable to nitrene
attack. For the two host polyimides, which are considered in
our study here, the main difference is the presence of —CHj;
groups in the diamine moieties. 6FDA—NDA does not
contain any functional group that potentially reacts with
azide while 6FDA—TMPDA with the methyl substituent
groups may reacts with azide. Hence, depending on the
chemical nature of the host polymer, the combination of
polyimide and poly(azide) may results in a pseudo-IPN or an
interconnected pseudo-IPN.

3.2. Validation of the Formation of a Pseudo-IPN and
Interconnected Pseudo-IPN. The gel content of 6FDA—
NDA /azide and 6FDA—TMPDA /azide films annealed at
different temperatures is shown in Figure 4. The existence of
the insoluble gel in the film reflects the formation of cross-
linked networks. Comparing the gel content of the mem-
branes with polyimide/azide composition of 90/10,
6FDA—NDA /azide films dissolve completely in the solvent
regardless of the annealing temperature. Conversely, for the
6FDA—TMPDA /azide film annealed at 100 °C, the gel
content is approximately 60 wt % and beyond an annealing

temperature of 150 °C, the film contains more than 90 wt %
of insoluble mass. The low extractability of 6FDA—
TMPDA /azide films implies that these two components
react with each other to form an interconnected pseudo-
IPN. The high gel content of 6FDA—TMPDA /azide (70/30)
film was further verified by using a stronger solvent (i.e., NMP)
for extraction at 180 °C. Referring to Figure 4b, the extrac-
tability of the film in NMP is higher than in DMF. Never-
theless, a high gel content of >90% is obtained for the film that
is annealed at 250 °C. On the basis of the discussion in section
3.1, the nitrene radicals react with the methyl C—H bonds of
6FDA—TMPDA to form chemical cross-links. Considering
the variation in the gel content of 6FDA—TMPDA /azide films
annealed at different temperatures, it can be inferred that the
incipient reaction of azide falls between 80 and 100 °C.

When 6FDA—NDA is used as the host polyimide, the
azide monomer solely reacts with its species to form a
polymer network which physically interlocks the linear
polyimide chains. At a low azide concentration of 10 wt %,
the degree of interpenetration between 6FDA—NDA and
the poly(azide) is limited. Thus, the resultant films dissolve
completely in the solvent. Referring to Figure 4a, at higher
azide concentrations, the gel content of the films increases
and for the 6FDA—NDA /azide films annealed beyond a
temperature of 150 °C, the gel content is >90 wt %. Hence,
the extent of interpenetration between 6FDA—NDA and the
in situ formed branched polymer improves significantly,
which makes it is difficult for the solvent molecules to extract
the linear polymer chains.

Since a significant portion of the 6(FDA—NDA /azide films
(90/10 and 70/30) is soluble in DMF (i.e., the solvent for
6FDA—NDA), it would be interesting to analyze the molec-
ular weights of the soluble components. It is believed that
most of the soluble mass should be contributed by the linear
host polyimide which has better extractability in the solvent.
The chromatograms obtained from the GPC analyses are
depicted in Figure 5. For 6FDA—NDA, the shoulder peak at
an elution time of approximately 24 min represents the
population of the polyimide with lower molecular weights.
With the addition of azide, the intensity of this shoulder peak
decreases considerably. Moreover, it can be seen that the
molecular weight distributions of the soluble components
progressively shift toward a lower elution time (i.e., higher
molecular weight) as the composition of azide increases.
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Figure 6. Schematics of (a) 6FDA—NDA/azide pseudo-IPN and (b) 6FDA—TMPDA /azide interconnected pseudo IPN: (—) host polyimide;

(gray bar) poly(azide) network; (black bar) chemical cross-links.

The shift in the molecular weights distribution may be
attributed to the entanglement of the linear polyimide with
the poly(azide) in the solvent. Atlow concentrations of azide,
the monomers are sparsely dispersed in the polyimide host
and the resultant membrane contains tiny domains of low
molecular weights poly(azide) embedded in the polyimide
matrix. The small domains of poly(azide) are easily extracted
together with the polyimide in the solvent and they probably
remain entangled in the solution. However, as the concen-
tration of azide increases, the size of the poly(azide) domains
becomes larger. Hence, the size of the extractable poly(azide)
in entanglement with the polyimide similarly increases.
The insoluble portions comprise of extensive networks that
physically interlock the linear chains effectively and block
the access of the solvent molecules. The conclusions drawn
from the FTIR, gel content and GPC analyses are
6FDA—NDA /azide forms a pseudo-IPN (Figure 6a) while
6FDA—TMPDA /azide results in an interconnected pseudo-
IPN (Figure 6b).

3.3. Physical Properties of the Pseudo-IPNs. The homo-
geneity of a material is an important requirement for its use
in all applications. For polymers that constitute two or more
components, the miscibility of the components determines
the overall homogeneity. The transparency of the polymer
film provides a preliminary indication of the degree of
miscibility, i.e., transparent films signify uniformity while
opaque films indicate possible phase separation between the
components. The 6FDA—NDA /azide films are completely
transparent even for a high azide composition of 50 wt %.
However, for 6GFDA—TMPDA /azide films, at an azide con-
tent of 50 wt %, the as-cast film is opaque and heteroge-
neous. This suggests the likely occurrence of phase
separation between the 6FDA—TMPDA and poly(azide)
phases. The variation in the degree of miscibility may be
attributed to the (1) difference in the solvent used, (2) film
casting temperature, (3) solvent evaporation rate, and (4)
chemical structure and functionalities of the host polyimides.

The polymeric membranes, with the exception of
6FDA—TMPDA /azide (50:50) film which is inherently brit-
tle, have good mechanical properties. The nonuniformity
and brittleness of the 6FDA—TMPDA /azide (50:50) film
limits its application and further characterization of this
membrane is unnecessary.

The glass transition temperatures of the composite poly-
meric films were investigated and the results are shown in
Figure 7, parts a and b. The presence of a single glass
transition temperature is taken as a proof of the blend
homogeneity for the pseudo-IPNs. For 6FDA—NDA, the
incorporation of azide brings about a significant decline in
the glass transition temperatures (7). An attempt was made
to cast a pure azide solution and it was found that it has poor
film forming properties. Upon solvent evaporation, only
small pieces of the poly(azide) samples remain. In order to
approximate the T, of poly(azide), DSC was conducted for
this sample. The poly(azide) shows a glass transition tem-
perature of 282.6 °C. Therefore, the lower T, of poly(azide)
compared to 6FDA—NDA accounts for the decrease in T,
after the addition of azide. The pristine 6FDA—NDA poly-
imide exhibits a sharp transformation in the exothermic heat
flow at the glass transition temperature while the change for
the 6FDA—NDA /azide films occurs over a broad tempera-
ture range. The broadening of the glass transition indicates
the coexistence of multiple nanodomains with varying com-
positions (i.e., nanohetereogeneities).*® Each of these nano-
domains has its own 7, and the resultant distribution of T's
accounts for the observed broadening at the transition. For
6FDA—TMPDA /azide films, the decrease in T, is less
drastic. The chemical cross-links formed between the poly-
(azide) and 6FDA—TMPDA restrict the chain movement of
the host polyimide and increase its 7. This partially counter-
acts the effect of lowering T, attributed by the poly(azide)
phases. A similar broadening of the glass transition
for 6FDA—NDA/azide films is observed for 6FDA-—
TMPDA /azide. DMA was conducted for the pseudo-IPNs
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Figure 7. DSC analysis of the (a) 6FDA—NDA /azide and (b) 6FDA—TMPDA /azide films.
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Figure 8. DMA of (a) 6FDA—NDA /azide and (b) 6FDA—TMPDA /azide films.

Table 2. Thermal decomposition properties of 6FDA —polyimide/

azide pseudo IPNs
sample temperature at 5% weight loss (°C)
6FDA—NDA 516.5
6FDA—NDA /azide (90—10) 468.4
6FDA—NDA /azide (70—30) 418.0
6FDA—NDA /azide (50—50) 381.3
6FDA—TMPDA 504.6
6FDA—TMPDA/Azide (90—10) 4323
6FDA—TMPDA /Azide (70—30) 394.1
poly(azide) 359.8

and the results are shown in Figure 8, parts a and b. The
tan O displays a single local maximum as a function of
temperature which further proves the homogeneity of the
material.

The thermal degradation properties of the pseudo-IPNs
were analyzed and the temperatures at 5% weight loss are
summarized in Table 2. The incorporation and polymerization

of azide within the polyimide frameworks decrease the
thermal stability of the membranes. This is attributed to
the lower degradation temperature of the poly(azide) do-
mains. Comparing the decomposition temperatures of the
pseudo-IPNs (i.e., 380—470 °C depending on the composi-
tion of azide) with other polymers, the thermal properties of
the composite materials are not inferior and are sufficient for
use in most polymeric membrane-based separations. The
derivative weight loss for all the pseudo-IPNs shows two
major degradation peaks, one in the range of 300—500 °C
and the other between 500 and 700 °C. The former is a due to
the decomposition of the azide domains while the latter is
attributed to the degradation of the polyimide domains.
There is no indication of reaction reversibility for both the
pseudo-IPNs at elevated temperatures.

The chain packing of the pseudo-IPNs and the free volume
distribution were investigated. Parts a and b of Figure 9 show
the results obtained from the XRD analyses of the
6FDA—NDA /azide and 6FDA—TMPDA /azide films. For
the 6FDA—NDA /azide films, the addition of azide leads to a
marginal decrease in the average d-space from 5.7 to 5.5 A.
Moreover, the intensities of the shoulder peaks at 20 =20 and
26° (corresponding d-spaces of 4.4 and 3.4 A) with respect to
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Table 3. Positronium Lifetimes, Intensities, Mean Free-Volume Radii and Fractional Free Volume for 6FDA—NDA/Azide and 6FDA—TMPDA/

Azide Films
sample 75 (ns) I (%) r3 (A) ves (A% FFV (%)
6FDA—NDA 2.9440.02 5.360.06 3.60+0.01 195.16 £ 1.67 1.88£0.04
6FDA—NDA /azide (90—10) 2.5740.03 2.6640.05 3.334£0.02 154.97 +2.36 0.7440.02
6FDA—NDA /azide (70—30) 2.59 £0.05 1.97+0.05 3.35+0.03 157.05+3.70 0.56 4 0.03
6FDA—NDA /azide (50—50) 2.5840.04 1.5540.04 3.34 £0.02 155.40 £ 3.40 0.43+0.02
6FDA—TMPDA 2.7040.02 6.1340.06 3.4240.01 168.13+1.56 1.86 +0.03
6FDA—TMPDA /azide (90—10) 2.60+0.03 4.4340.06 3.36+0.01 158.29 +2.02 1.26+0.03
6FDA—TMPDA /azide (70—30) 2.4740.03 3.87+0.06 3.26+0.02 144.574+2.13 1.014+0.03

the prominent amorphous peak show gradual increases at
higher azide contents. Similarly, for 6FDA—TMPDA /azide
films, the d-space changes from 6.0 to 5.7 A with the
incorporation of azide. The addition of azide alters the chain
packing of the original host polyimides and densifies the
polymer matrix.

The free volumes and free volume distributions of the
peudo-IPNs were probed using PALS. The raw data
obtained were resolved into three finite lifetime compo-
nents using the PATFIT program which assumes a
Gaussian distribution for the logarithm of the lifetime
for each component.’® The first component is due to the
annihilation of parapositronium (p-Ps) (77 =~ 0.125 ns),
the second is contributed by the free positrons (7, ~
0.4 ns) and the last component is attributed to the anni-
hilation of localized orthopositronium (o-Ps) in the poly-
mer free volume (z3 > 0.5 ns).*” Thus, 73 is a useful
parameter for determining the average cavity size in the
polymer and the corresponding intensity, /5 reflects the
quantity of cavities present. The mean free-volume radius
(r3 in A) can be computed using a semiempirical equation
based on a spherical infinite potential well model as
shown by eq 7.4

_ 1 . 2.7'[(]‘1)
I _9ol1= 3 L 3
& 3+Ar + 27 st 3+Ar

where Ar is an empirical constant (1.656 A) obtained
by fitting well-defined cavities with known dimensions
(e.g., zeolites). Since the cavities are assumed to be
spherical, the mean free volume of a cavity and the

()

relative fractional free volume are given by eqs 8 and 9,
respectively.*’

ys = aalry)’ ®

FFV = CI3V/'3‘L’3 (9)

where C is a material-dependent constant (0.001—0.003
for polymers). The positronium lifetimes and intensities,
and the calculated free volume radius and FFV are
summarized in Table 3.

Generally, the addition of azide to the host polyimides
decreases the 73 and /5 values. This means that the formation
of a poly(azide) network within the linear polyimide frame-
work leads to smaller cavity sizes and reduces the quantity of
free volume. A comparison between the pristine 6FDA—
NDA film and the pseudo-IPN with 10 wt % azide shows
that the 73 decreases from 2.94 to 2.57 ns while the corre-
sponding r; changes from 3.60 to 3.33 A. Further increase in
the azide content does not adjust the 73 and r; values. I3
which indicates the quantity of free volume, decreases from
5.36 to 1.55% as the azide content in the film increases from
0 to 50 wt %. The corresponding FFV changes from 1.88 to
0.43%. These demonstrate that a small amount of azide is
sufficient to fulfill the purpose of altering the free volume
cavity size while an overdose of azide merely leads to
diminishing free volume with no variation on the mean
cavity size. For the 6FDA—TMPDA /azide films, raising
the azide content from 0 to 30 wt % steadily decreases the
73 and I3 values. In other words, both the size and quantity of
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Figure 10. PALS analysis of the (a) 6FDA—NDA /azide and (b) 6FDA—TMPDA /azide films.

Table 4. Pure Gas Permeability of 6FDA—NDA/Azide and 6FDA—TMPDA /Azide Films Tested at 35 °C and 10 atm (Unless Otherwise Stated)”

gas permeability (barrer)

sample He H> 3.5 aum) 0O, N, CH,4 CO3 3.5 atm) CO,
6FDA—NDA 80.2 77.6 8.99 1.74 1.02 42.6 38.0
6FDA—NDA /azide (90—10) 43.9 38.6 3.27 0.54 0.26 14.7 12.9
6FDA—NDA /azide (70—30) 30.2 26.0 1.80 0.28 0.14 7.75 6.61
6FDA—NDA /azide (50—50) 24.4 21.1 1.38 0.20 0.11 5.87 4.99
6FDA—TMPDA 261 358 69.9 19.4 15.5 362 315
6FDA—TMPDA /azide (90—10) 153 186 29.3 7.12 5.29 155 133
6FDA—TMPDA /azide (70—30) 79.4 86.1 9.65 1.97 1.22 44.1 38.6

“Barrer=v 1x107'° cm® (STP) cm/cm? s cmHg =7.5005 x 10 ¥ m?s™ ! Pa™ .

the free volumes diminish gradually in the presence of more
poly(azide) domains.

To have a clearer picture of the free volume distribution of
the pseudo-IPNs, MELT analysis was utilized and the results
are illustrated in Figure 10, parts a and b.>” The peak
between 2 and 3.5 ns is attributed to the o-Ps annihilation
in the amorphous region of the polymeric films.*® Referring
to Figure 9a, the incorporation of 10 wt % azide to
6FDA—NDA shifts the peak to the left and a narrower
distribution is observed. For 30 and 50 wt % Azide, the
positions of the peaks remain essentially the same but the
peak intensities decrease. This is in agreement with the trend
of constant 73 and decreasing /5 concluded from the PATFIT
results. For 6(FDA—TMPDA /azide films, the incorporation
of 10 wt % azide similarly shifts the peak to the right and a
further increment to 30 wt % azide gives rise to a sharper
distribution. Therefore, an effective tuning of the free
volume cavities of the host polyimides can be achieved via
the addition of appropriate amounts of azide monomers.

3.4. Gas Transport Properties and Potential Application in
Membrane Gas Separation. The changes in the size and
quantity of the cavities, and the free volume distribution of
the pseudo-IPNs may be beneficial for the separation of
small molecules by polymeric membranes. Therefore, the
polyimide/poly(azide) composite films were analyzed for
their gas transport properties. The pure gas permeability
and ideal gas pair permselectivity of the pseudo-IPNs are
shown in Tables 4 and 5, respectively. From Table 4, it can be
seen that the gas permeability for both series of pseudo-IPNs
decrease in the following order: Py. > Py, > Pco, > Po, >
PN, > Pcp,. This trend is in accordagice to the kinetic
diameters of the gases where dy. (2.60 A) < dy, (2.89 A)
< deg, (3.30 A) < do, (3.46 A) < dn, 3.64 A) < dcn,
(3.80 A). The gas transport properties of the polymeric
membranes can be correlated to the free volume and free

volume distribution. PALS analyses have shown that the
addition of azide decreases the size and quantity of free
volume. This consequently reduces the available pathways
within the polymeric matrix for gas transport to take place
and thus the gas permeability decreases with increasing azide
loadings as shown in Table 4. For both series of pseudo-
IPNs, the increase in azide content decreases the relative
FFV. The natural logarithm of the gas permeability is
inversely proportional to the FFV which is in agreement
with the exponential relationship between gas permeability
and FFV proposed by Alentiev and Yampolski.*®

One point to highlight here is the gas permeability of the
polymeric membrane is dependent on both the mean cavity
size (i.e., r3) and the quantity of free volume (i.e., /3). PALS
analyses utilize positron with a dimension of 1.6 A to probe
the free volume.*® This means that cavity sizes larger than
1.6 A are considered in the free volume analysis. However,
the cavities with hole size in between 1.6 A and the kinetic
diameter of the gas are inaccessible to the gas molecules and
do not contribute to the overall gas transport. From Table 3,
the 3 and relative FFV for 6FDA—NDA are greater than
6FDA—TMPDA but the gas permeability of the latter is
more than three times higher than the former. One reason to
account for this discrepancy is the inaccessible free volume of
6FDA—NDA possibly makes up a major portion of the total
free volume probed by the positrons. Due to the complexity
of the o-Ps formation within the polymer membranes, the /5
value may be influenced by other parameters in addition to
the quantity of free volume. In fact, the o-Ps pick-off
annihilation intensity depends on the probability of o-Ps
formation which is related to the chemical environment
in which the o-Ps pickoff occurs. Both 6FDA—NDA and
6FDA—TMPDA consist of electrophilic imide rings but due
to the different diamine moiety that constitutes each poly-
imide, the degree of electrophilicity varies. The difference in
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Table 5. Ideal Gas Pair Permselectivity of 6FDA—NDA/Azide and
6FDA—TMPDA/Azide Films

permselectivity

sample 02/N2 CO2/CH4 Hp_/COp_ Hz/N2
6FDA—NDA 5.18 37.4 1.82 44.6
6FDA—NDA /azide (90—10) 6.06 49.5 2.63 71.6
6FDA—NDA /azide (70—30) 6.43 47.2 3.35 92.9
6FDA—NDA /azide (50—50) 6.90 45.4 3.60 105
6FDA—TMPDA 3.60 20.3 1.00 18.5
6FDA—TMPDA /azide (90—10) 4.12 25.1 1.20 26.1
6FDA—TMPDA /azide (70—30)  4.90 31.6 1.95 43.7

the electron density affects the probability of forming a
positronium i.e. bonding of a trapped positron to a free
electron. With these intervening parameters in play, a direct
comparison of the relative FFV obtained from PALS anal-
ysis for the two host polyimides may not be appropriate. For
the pseudo-IPNs, the presence of the poly(azide) similarly
changes the chemical environment. Nevertheless, for each
series of pseudo-IPNs, the chemical species present are the
same i.e. the host polyimide and the poly(azide). Hence, a
comparison of the free volume data within each series of
pseudo-IPNss is justifiable.

The incorporation of 10 wt % azide to 6FDA—NDA
considerably enhances the CO,/CHy selectivity from 37 to
50 which is attributed to the effective tuning of cavity sizes
i.e. r3 changes from 3.6 to 3.3 A and the free volume
distribution becomes narrower. The sharpening of the free
volume distribution eliminates the larger cavities where CHy4
transport takes place more favorably. From Table 5, it is
clear that further increase in the azide concentration brings
about a slight decrease in the CO,/CHy selectivity. The
additional azide does not alter the mean cavity size but
decreases the quantity of free volume for CO, transport i.e.
smaller /5. The decrease in the available free volume impacts
CO, transport more than CHy. The addition of azide from 0
to 50 wt % modifies the size and quantity of the free volume
effectively, resulting in an increase in H,/N; selectivity from
45 to 105. The improvement in H,/CO, selectivity is not
impressive as the transport of CO, is not effectively hindered.
For O,/N,, only a slight increase in selectivity is obtained
because of the close kinetic diameters of O, and N,.

For 6FDA—TMPDA /azide interconnected pseudo-IPNs,
the increase in the azide content from 0 to 30 wt % leads to
a steady increase in the CO,/CHy4 selectivity as the mean
cavity size decreases from 3.4 to 3.3 A. Atalow azide content
of 10 wt %, the free volume distribution shifts toward
the region of lower cavity sizes while a further increment to
30 wt % azide significantly sharpens the free volume dis-
tribution as shown in Figure 10b. Moreover, the formation
of chemical cross-links between the 6FDA—TMPDA and
poly(azide) phases enhances the chain rigidity of the polymer
chains, thereby enhancing the CO,/CHy selectivity. The
trends for the remaining gas pairs are similar to the
6FDA—NDA /azide films. As depicted in Figure 11, the
CO,/CH, separation performances of the polyimides and
the pseudo IPNs display typical trade-off relationship
between permeability and permselectivity.

A potential application of the polyimide/poly(azide) pseu-
do-IPNs is membrane-based natural gas sweetening. Mem-
brane technology is attractive for the industrial purification
of natural gas but one major limitation of using polymeric
membranes is the tendency for the polymers to swell in the
presence of plasticizing components, i.e., CO,, H,S, and
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Figure 11. Comparison between the CO,/CH, separation performance
of the polyimide/poly(azide) membranes with Robeson’s upper bound.

H>O. Plasticization results in pressure, temperature and time
dependency of the membrane separation performance. Thus,
polymeric membranes with antiplasticization properties are
desirable for reliable separation performance in the long run.
In view of these concerns, the CO,-plasticization behaviors
of the pristine polyimides and the respective pseudo-IPNs
with the most promising CO,/CHy selectivity were investi-
gated. The COs,-plasticization curves are depicted in
Figure 12, parts a and b. 6FDA—NDA with the highly rigid
naphthalene structures shows no sign of CO,-induced plas-
ticization up to a testing pressure of 30 atm and 6FDA—
NDA /azide (90—10) showed similar decline in CO, perme-
ability with increasing pressure. 6FDA—TMPDA is more
easily swelled by the condensable CO, and the onset of CO»-
induced plasticization is at 15 atm. The addition of azide to
6FDA—TMPDA effectively suppresses this undesirable
effect i.e. absence of CO,-induced plasticization up to 30
atm. The formation of denser interconnected pseudo-IPNs
restricts the chain movement and enhances the antiplastici-
zation property of the material.

Binary CO,/CHy tests were conducted for the pristine
polyimide films and the pseudo-IPN membranes with good
ideal permselectivity. A comparison of the gas separation
performance of the membranes at different pressures is
shown in Table 6. The results obtained from the mixed gas
tests are in agreement with the pure gas tests i.e. the addition
of azide improves the CO,/CH,4 permselectivity. Due to the
competitive sorption effects rooted from the coexistence of
two gas species in the feed stream, the gas permeability
obtained from mixed gas tests is lower. As shown in Table 6,
6FDA—TMPDA suffers from severe CO,-induced plastici-
zation which accounts for the increase in CO, permeability
and the significant loss of CO,/CHy selectivity at elevated
pressures. Conversely, 6FDA—NDA exhibits mild plastici-
zation response where the CO, permeability stays relatively
constant while the selectivity decreases. The incorporation
of azide effectively eliminates the undesirable effects of
COs-induced plasticization. The CO, permeability and
CO,/CHy selectivity of 6FDA—TMPDA /azide (70—30)
and 6FDA—NDA /azide (90—10) decrease as the pressure
increases. Thisis attributed to the saturation of CO, sorption
sites at higher pressures.

4. Conclusions and Future Work

The in situ polymerization of azide within rigid polyimide
frameworks creates homogeneous pseudo-IPNs with enhanced
gas transport properties. The tendency of the nitrenes to react
with C—H bonds is a potentially useful way of functionalizing
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Figure 12. CO, plasticization behavior of (a) 6FDA—NDA and 6FDA—NDA /azide (90—10) and (b) 6FDA—TMPDA and 6FDA—TMPDA /azide
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Table 6. CO,/CH, Separation Performance Obtained from Binary Gas Tests at 35 °C*

binary CO,/CH, (90:10) at 10 atm

binary CO,/CH,4 (90:10) at 20 atm

binary CO,/CH, (90:10) at 30 atm

sample Pco, (barrer) 0LCcOo,/CH, Pco, (barrer) 0co,/CH, Pco, (barrer) 0co,/CH,
6FDA—NDA 25.8 459 25.8 41.8 26.0 322
6FDA—NDA /azide (90—10) 18.2 56.5 16.2 47.1 12.0 37.1
6FDA—-TMPDA 246 24.8 254 18.1 276 9.3
6FDA—TMPDA /azide (70—30) 37.1 32.1 31.7 26.8 28.9 25.4

“Barrer = 1x10"'° cm® (STP) cm/em? s cmHg = 7.5005x 10" ¥ m?* s~ ! Pa™!.

unactivated C—H bonds that are present in numerous polymers.
The incorporation and polymerization of azide within the host
polyimide effectively manipulates the cavity size and free volume
distribution. The exploration of this synthetic approach on dense
flat membranes provides the fundamental understanding of the
pseudo-IPNs formation and their physiochemical properties. As
a continuation of this study, the future work should be devoted to
investigating (1) the feasibility of this approach on asymmetric
membranes, (2) the possibility of using other azido-containing
monomers for tuning the free volume distribution, and (3) the
potential use of this material for other applications.

The applicability of this approach to asymmetric membranes is
undeniably challenging due to the complexity of the pseudo-IPN
formation coupled with the phase inversion process. The forma-
tion of the pseudo-IPN prior to phase inversion may be required
if the extractability of the azido-containing monomer by the
external coagulant poses a problem. For the spinning of hollow
fibers, the preheating of the polymer dope in the syringe pump or
within the spinneret leads to partial formation of the pseudo-IPN.
This reduces the extractability of the azido-monomers from the
extruded fibers during precipitation. To fabricate flat asymmetric
membranes, the partial evaporation of the as-cast film at elevated
temperatures before immersing into the coagulant bath may be a
feasible approach. Instead of using thermal energy, UV light may
be utilized for the activation of nitrene reactions to form the
psuedo-IPNs. Another possible solution is the use of appropriate
coagulant which is a poor solvent for the azido-monomers. The
molecular dimensions of the azido-containing monomer greatly
influence the cavity size of the resultant pseudo-IPNs. The azide
monomer employed in our study has relatively large molecular
dimensions and thus there is a limit on the tuning of the free
volume distribution. The choice of other azido-containing mono-
mers with smaller dimensions may create pseudo-IPNs that are
beneficial for H,/CO, separation. It is also possible to create

pseudo-IPNs with multimodal free volume distribution via
utilizing appropriate combinations of monomers with different
molecular dimensions. Pseudo-IPNs with multimodal free
volume distribution may achieve simultaneous increase in both
permeability and permselectivity. Due to the nature of the nitrene
reactions, amine derivatives are formed which possibly alters the
hydrophilicity of the material. Therefore, the polyimide/poly-
(azide) pseudo IPNs may be useful in pervaporation (e.g., alcohol
dehydration) and vapor permeation applications.
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