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Abstract

Syntheses of semi-interpenetrating polymer networks (semi-IPNs) with polyetherimide/bismaleimide (PEI/BMI) chromophore
composites showing molecular sieve characteristics are reported. A tunable and compatible chemical structure with fine morphology was
obtained through in situ controlled sol—gel polymerization, crosslinking, chemical modification and membrane fabrication. The novel semi-
IPN synthesized and assembled using ethanol as polar protic modifier and pore former, had superior structure and morphology for making gas
separation membranes. These semi-IPN membranes gave 15 times higher gas flux than those membranes prepared from pure PEI without
significant decrease in gas selectivity. The chemical structures of these novel semi-IPNs were elucidated by FTIR, XPS and SEM. It appears
that in situ simultaneous ethoxylation, anionic polymerization of BMI and imide modifications were responsible for creating the new
chemical structure and molecular morphology that was different from traditional BMI resins. In addition, these chemical processes give

superior structures using green chemistry techniques such as ambient temperature reaction and polymerization without initiators.
Crown Copyright © 2005 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Most commercial asymmetric membranes are fabricated
from engineering plastics using different techniques to
obtain ultra thin skin layer and high microporosity for
improved productivity. However, achieving ultra thin skin
layer in itself is not sufficient to increase the membrane
productivity and researchers have explored a mixed matrix
polymeric network to increase the microporosity of
membrane materials [1]. The need for material improve-
ment and development has been emphasized by leading
scientists [2]. Incorporation of one or more different
components (organic or inorganic) into a polymeric material
to increase the microporosity suffers from many obstacles
such as creation of defects particularly in ultra thin films,
incompatibility among different phases and the lower
stability. Therefore, it is still a challenge to form a highly
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microporous polymeric network that is free of defects and
has higher stability than the base polymer. Formation of
interpenetrating polymer network (IPN) could be one of the
most important ways for material development as indicated
in vast engineering literature, patents and commercialized
products reported since 1951 [3]. Using in situ polymeriz-
ation and appropriate processing led to a revolutionary
success in creating polymeric nano-scale multidomain
blends having new extraordinary properties as reviewed
elsewhere [4,5]. It was reported that gas transport
characteristics correlated with the chemical structure and
matrix morphology, might be tailored by controlling the
conditions of IPN formation as illustrated elsewhere [6].
However, these polyurethane—polystyrene IPNs were not
used to prepare commercial gas separation membranes.

As a class of IPN semi-interpenetrating polymer net-
works (semi-IPNs) were also recognized not only to tune
composite material properties but also to control material
morphology with a desirable balance between homogenous
and heterogeneous structures [7] required in gas separation
membranes. For example, BMI/polysulfone semi-IPN was
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prepared from N-methylpyrrolidone casting solution and
anionic initiator. However, the morphology of the cured
films examined by optical microscopy (magnification 1200
times) showed a phase separation [8]. This undesirable
phase separation might be attributed to heating the stagnant
cast film at curing temperatures that were higher than glass
transition temperature of PSF before and during polymeriz-
ation of BMI as illustrated elsewhere [9,10]. On the other
hand, it was reported that a homogenous semi-IPN could be
achieved by mixing BMI oligomer/polyimide in a rotary
roller for 24 h within a highly viscous NMP/polyimide
solution. BMI oligomers act as a plasticizer for polyimides
that led to the formation of semi-IPNs containing
microphase domains that were smaller than 0.25 pm,
which is beyond the resolution limit of optical polarized
microscopy [11]. However, this work was aimed to prepare
semi-IPNs suitable for microelectronic industry and was not
used to prepare gas separation membranes. In a more
relevant patent, formation of semi IPN type polymer alloy
and fabrication of asymmetric membranes has been
described [12]. The procedure involved curing at ambient
temperature in the presence of a photoinitiator and
ultraviolet ray to make hydrophilic ultrafiltration mem-
branes. However, one major disadvantageous of these
membranes was that a very small flux was obtained for a
low molecular weight cut-off membrane. Therefore, their
route of IPN synthesis might not be suitable to prepare
highly microporous gas separation membranes. In their
method, polymerization of vinyl monomers was carried out
inside a stagnant film of a thermoplastic polymeric solution,
which might lead to formation of a gel within the polymeric
solution before water coagulation and membrane formation.
Termination of polymerizing vinyl monomers to control the
size of growing microphase at different polymerization
stages was not considered in their method and enhancement
of component dispersion by mixing was not used. It is
possible that structuring and enhancing the dispersion of the
thermoset/thermoplastic semi-IPNs and termination of
monomer polymerization at a controlled stage might be
combined with appropriate membrane formation to produce
a highly permeable and homogeneous structure that would
be suitable for gas separation membranes. This work reports
a green chemistry approach for the fabrication of novel PEI/
BMI semi-IPNs asymmetric membranes and their gas
transport characteristics.

2. Experimental
2.1. Materials

Aromatic polyetherimide (PEI) Ultem® 1000, was
supplied by General Electric Plastics, USA in pellet form
and was dried in an oven at 150 °C for 8 h before use.
Anhydrous 1-methyl-2-pyrrolidinone (NMP), Aldrich, 99.
5%, reagent grade, (water <0.005%), anhydrous isopropanol

99.5% and 1,1’-(methylenedi-4,1-phenylene) bismaleimide
(BMI) 95% were supplied by Sigma-Aldrich Canada Ltd.
Chemical structures of PEI, BMIand NMP are givenin Table 1.
Anhydrous ethyl alcohol was received from Commercial
Alcohols Inc., Ont., Canada. Hexanes of ACS reagent grade
were supplied by VWR, Canada. All solvents were used as
supplied under a dry nitrogen atmosphere. Ultra high purity
helium and medical air were supplied by BOC Gases Canada
Ltd and used as received without further purification.

2.2. Membrane preparation

Samples of polyetherimide (PEI) with and without 1,1'-
(methylenedi-4,1-phenylene) bismaleimide (BMI) were
prepared as flat asymmetric membranes by sol-gel
technique [13]. Polymerization of BMI monomer was
carried out in polymeric solutions containing anhydrous
1-methyl-2-pyrrolidinone (NMP) as an aprotic dipolar
solvent and one of the non-solvents, anhydrous ethyl
alcohol (EtOH) or isopropyl alcohol (i-PrOH). The PEI
was selected because it provides a hydrophobic shield [14]
and acts as an ion stabilizer, i.e. as a catalyst for an electron
transfer shuttle process [15]. The two protic non-solvents
were selected because they act as diluents for forming the
porous structure [16] and as a proton donor to enhance BMI
polymerization. In addition to these criteria, i-PrOH and
EtOH have different polarity and dielectric constant that
may influence BMI polymerization process to a varying
degree. The ratio (w/w) of BMI to PEI was selected to be
11% because a higher value led to a brittle polymer network.
The weight percent of the non-solvent was kept at one-fifth
of NMP weight so that the final solution was close to its
clouding point [17]. Based on these criteria four different
polymer solutions with compositions shown in Table 2 were
prepared by mixing PEI and BMI in NMP. After PEI and
BMI were completely dissolved, the non-solvent was mixed
in this solution. Mixing of these solutions was continued
under normal light for 30, 60 and 80 days.

To prepare membrane films, homogenous solutions with
compositions shown in Table 2 were cast at room
temperature on clean glass plates placed in a glove box
equipped with a gas filter. After casting each sample with a
doctor knife having a gap of 250 pum, the plate was quickly
immersed in distilled water at ambient temperature. The
membrane films were left in water for 3 days then washed
and stored in an anhydrous EtOH bath for 1 day. Membranes
were subsequently placed in hexanes for 1 day before
leaving them in a fume hood for 1 day. Drying was carried
out at 80 °C in air-purging convection oven for 1 day and
finally in vacuum oven at 80 °C and 725 mmHg vacuum
pressure for 2 days. Three circular coupons of 7.4 cm
diameter were cut from each sample to be used in the
permeation test while other pieces were cut from the same
cast membrane for characterization.

Membranes used in the permeation test were coated with
silicon rubber. A solution of 3% Sylgard-184 (with a
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Table 1
Chemical structure of PEI, BMI and NMP
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catalyst to base rubber ratio of 1:10) in n-pentane was
sprayed as a thin layer on the top surface of the membrane
and the solvent was allowed to evaporate. Application of
four coatings was found to be adequate for making a gas
separation membrane. Finally, the coated silicon rubber was
cured in air purging convection oven at 80 °C for 1 day.

2.3. Chemical structure analysis

Membrane samples without silicon rubber coating were
examined by scanning electron microscopy (SEM) using
JEOL 840A equipment at an accelerating voltage of 10 kV.
Samples were prepared by cutting a strip from membrane,
freezing in liquid nitrogen and fracturing to obtain a
representative sample. They were mounted on carbon tape
on 45° SEM stubs and sputter coated with gold. Photographs
were taken at a magnification of 5000.

Fourier transform infrared attenuated total reflection
(FTIR-ATR) analysis was performed using a SuperCharged
ZnSe single-bounce ATR crystal with a tensor FTIR
spectrometer (Bruker IFS 66). The spectra were taken
with 200 scans at a resolution of 4 cm ™" in the range 400—
4000 cm ', For X-ray photoelectron spectroscopy (XPS)
experiments, each sample was mounted on a piece of
conductive carbon tape. The samples were analyzed, as
received, using the Kratos AXIS Ultra XPS (X-ray
photoelectron spectroscopy) equipped with a hemispherical
analyzer, a DLD (delay line detector), charge neutralizer
and a monochromatic Al K, X-ray source. Analyses were

Table 2
Compositions of polymeric solutions used in this study

performed using an accelerating voltage of 14 kV and a
current of 10 mA. Survey scans were performed at a pass-
energy of 160 eV. Species detected by survey scan were
then analyzed at a pass-energy of 40 eV and quantified. The
FTIR and XPS experiments were carried out on all
membrane samples before coating with silicon rubber.

2.4. Permeation test

A cross-flow test cell having a permeation surface area of
9.6 cm” was used. Medical air was used at feed pressure of
665 kPa guage (498.8 cmHg) and the retentate was set at a
flow rate of 6.6ml (STP)s~' while the permeate was
discharged to atmosphere. The permeate flow rate was
measured by a soap bubble flow meter while oxygen
concentration of permeate was determined by gas
chromatography.

3. Results and discussion

Preliminary experiments were performed to explore and
set appropriate experimental procedures. It was found that
BMI undergoes a slow reactive substitution and/or self-
polymerization at ambient temperature in the presence of
both light and a proton donor when it is incorporated into a
dissolved glassy polymer having an electron acceptor group
such as phthalimide or sulfone in dipolar aprotic solvent
such as NMP. This chemical process does not need

Samples Composition, percent (w/w) of the total solution

PEIL NMP BMI EtOH i-PrOH
PEI-EtOH 19.5 67.2 0 133 0
PEI-i-PrOH 19.5 67.2 0 0 13.3
PEI-BMI-EtOH 17.6 67.2 1.9 133 0
PEI-BMI-i-PrOH 17.6 67.2 1.9 0 133
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complicated initiators for polymerization and have the
advantage of using green chemical components such as
EtOH, i-PrOH, NMP, BMI and PEI. We observed that color
and viscosity of these polymeric solutions changed after
mixing for a long period of time, which indicated that BMI
due to its reactivity might be involved in some kind of
reactions. When EtOH is used as a proton donor, the color of
the polymeric solution gradually changed from brown-
yellow to a bright crimson color (bright bloody red color)
accompanied with an increase in the observed viscosity of
the solution. It took 30 days to notice the change in the color
and approximately 60 days to reach its brightest color and
then the solution starts to be cloudy, less transparent with a
decrease in brightness and changed the color to a more
brownish. Phase separation was clearly observed indicating
the appearance of two polymer phases. The last phenom-
enon is well known in literature for the phase separation of
thermoset/thermoplastic polymeric blends [18,19] and
particularly for BMI/PEI blends [20]. This phase separation
was also observed by scanning electron microscopy as
shown in Figs. 1-3. It is clear that an increase in the size and
number of cavities has taken place from Figs. 1-3 as the
mixing time increases. The sizes of these approximately
rounded cavities, which appear partially filled by another
solid phase, exceed 1 um for membrane cast after 80 days.
Usually these membranes were not suitable for gas
separations due to the presence of cavities and particularly
for an ultra-thin skin asymmetric membrane as they are
more prone to have these defects than thick flat films.
Similar observations were made when isopropanol was
used as a proton donor instead of EtOH. However, the
change in the color was from brown-yellow to a darker
yellow. This indicates that a different composite structure
was synthesized in the case of isopropanol. The red color of
the polymeric solution was attributed to a carbanion when
nanocrystalline titania was used as a catalyst to polymerize
BMI as discussed elsewhere [21]. This color was also
reported to indicate the occurrence of anionic
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Fig. 1. Micrograph of PEI-EtOH membrane obtained by SEM (< 5000).
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Fig. 2. Micrograph of PEI-BMI-EtOH membranes casted after 60 days
obtained by SEM (X 5000).

polymerization of BMI [22]. Absence of red color in the
case of isopropanol indicates that BMI probably undergoes
a free radical polymerization as reported elsewhere [23].
Additional experiments showed that the above process
could be accelerated if temperature was increased to 50 °C
or solution was irradiated with ultra-violet light. However,
as the BMI polymerization process advanced slowly, it was
possible to watch and control the thermoset phase size and
separation in the semi-IPNs as a case study. Stopping the
polymerization and phase separation processes at different
periods of time could be achieved by polymer gellation
through casting and membrane formation.

We also conducted similar experiments to polymerize
BMI in the presence of proton donor and light but in the
absence of PEIL. After 80 days, we did not observe any
change in the BMI solutions indicating that PEI has an
important role as a catalyst in BMI polymerization. As a first
explanation, we suggest that phthalimide groups in PEI acts

Fig. 3. Micrograph of PEI-BMI-EtOH membranes casted after 80 days
obtained by SEM (X 5000).
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as a polymerization catalyst because these groups are
excitable by light. The role of PEI as a catalyst could be
similar to the role of nanocrystalline titania in catalytic
anionic polymerization of BMI. Additional experiments
were conducted to polymerize BMI in PEI/NMP solutions
but without ethanol as a proton donor. After 80 days, no red
color was observed indicating that ethanol plays a vital role
in anionic polymerization of BMI. However, characteriz-
ation of the chemical structure of the gelled network
resulted from polymerization of BMI in PEI solution might
provide more information about this chemical process. It is
worth noting that the novel semi-IPN membranes formed in
this work showed an enhanced solvent resistance, as they
are partially soluble in chloroform while PEI is completely
soluble in chloroform.

3.1. Chemical structure analysis

3.1.1. FTIR analysis

Fourier transform infrared attenuated total reflection
(FTIR-ATR) spectra for PEI-EtOH, PEI-BMI-EtOH-S,
PEI-BMI-EtOH-L, and PEI-BMI-i-PrOH-S membranes in
the range of 700-1900 cm ™' are shown in Fig. 4. The
additional S and L symbols refer to solutions that were
mixed for 30 and 60 days, respectively. Spectra for all
membranes were adjusted to have the same base line and to
pass through at wavelength 1850 cm ™' where no peak
would be expected. Spectra were also normalized to an
invariant reference peak at 1600 cm ™', which might be
assigned to aromatics found in both PEI and BMI with
slightly different concentrations. This normalization was
useful for qualitative comparison of various spectra.

The FTIR spectrum of membrane PEI-i-PrOH was

1.2 4

0.9 1
0.8 1

0.7 1

Absorption, A.U

0.6 1

0.5 1

0.4 ~

0.3 T T

similar to that of PEI-EtOH while the spectrum for PEI-
BMI-i-PrOH-S was similar to that of PEI-BMI-i-PrOH-L.
Therefore, these spectra were deleted, as they did not
provide any additional information. Comparing the FTIR
spectrum of PEI-EtOH membrane with commercial Ultem
1000 [24], the same peaks were observed particularly in the
fingerprint region (900-1300 cm™ ') as defined elsewhere
[25]. As shown in Fig. 4, FTIR spectra of PEI-BMI-EtOH S
and L were significantly different from those of PEI-EtOH
or PEI-BMI-i-PrOH membranes. This might be attributed
to significant changes in the structure of these membranes.
Through data analysis, we have considered the influences of
incorporation of BMI or possible complexation with some
of the used solvents on the spectra, as each component has a
different stoichiometric atomic concentration for each
elemental chemical state as shown in Table 3. Assignments
for FTIR peaks for contributions that were responsible for
the differences between spectra of PEI-EtOH and PEI-
BMI-EtOH membranes were summarized in Table 4. These
peaks might also be representing other contributions as will
be described in the following paragraphs.

The peak at 850 cm ~ ' labeled (a) was mainly assigned to
C-H out-of-plane bending of para-substituted aromatic ring
[26]. The small increase in the intensity of this peak in
spectra of PEI-BMI-EtOH S and L might be attributed to
the out of plane NH deformation as seen in Table 4 [27] that
may result from the cleavage of the imide ring and
formation of the amide group. It could possibly be attributed
to the deformation of cyclobutane ring [28] that might form
as a result of BMI polymerization [29]. These possibilities
might be ruled out for PEI-BMI-i-PrOH as its spectrum
showed a decrease in the intensity of this peak. A new peak
at 881 cm ™! labeled (b) was observed in spectra of PEI-

— PEI-EtOH

—— PEI-BMI-EtOH-S

— PEI-BMI-EtOH-L

—— PEI-BMI-i-PrOH-S

1900 1700 1500

1300 1100 900 700

Wavelength, em’!

Fig. 4. FTIR spectra of polyetherimide-based membranes in the range 700-1900 cm ™ .

1
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Table 3

Stoichiometric atomic concentration of different elemental chemical states for different components and their binding energies

Component Formula Total atoms  Theoretical atomic concentration (%)
Carbon Oxygen Nitrogen
CC, CH Ar C=C CN, CO 0OC=0, carbonyl Ether or OH  Imide
NC=0
PEI C37N,04 45 6.7 53.3 13.3 8.9 8.9 4.4 4.4
BMI C, 104N, 27 3.7 51.8 74 14.8 14.8 0 74
NMP CsO0|N; 7 28.6 0 28.6 14.3 14.3 0 14.3
i-PrOH C50, 4 50 0 25.0 0 0 25.0 0
EtOH C,0, 3 333 0 333 0 0 333 0
Binding 285 285 286.2 288.7 532 533.6 400.6

energy (eV)

BMI-EtOH S and L which could be attributed to ethoxy
group as illustrated elsewhere (Table 4) [30]. This peak (b)
might also be attributed to O=C-O or O=C-N in amide
group [31]. Due to the absence of this peak in PEI-EtOH
spectrum, it appears that BMI has a major role in the ethoxy
substitution, which probably occurred with the maleimide
group in addition to the formation of amic acid (amide +
carboxylic acid) resulting from imide cleavage. This
simultaneous ethoxylation and imide cleavage might be
supported through the well-known oxa-Michael ethoxyla-
tion process, which was illustrated and reported elsewhere
[32]. The intensity of this peak was higher for PEI-BMI-
EtOH-L than that for PEI-BMI-EtOH-S, which might be
attributed to an increase in reaction time.

A significant increase was also observed in the intensity
of two neighboring peaks in the spectra of PEI-BMI-EtOH
(S and L). The peak at 1076 cm ™ ! labeled (c) was assigned
to imide ring deformation [33] as well as to symmetric aryl
ether [26] and the peak at 1105 cm~ ! labeled (d) was
assigned to p-phenylene CH in-plane bending [34].
According to del Arco and co-workers [35], the two peaks
are formed upon dissociative adsorption of ethanol on acid—
base sites of the MgAIW/500 solid. Around this wavelength

Table 4
Some FTIR contributions responsible for differences in spectra of PEI-
EtOH and PEI-BMI-EtOH membranes

1

Wavelength (cm™ ") Assignment

PEI-BMI-  PEI-EtOH

EtOH

3268/3178 - N-H stretch (amide)

- 1778 C=0 symmetric stretch (imide)

- 1722 C=0 asymmetric stretch (imide)
1670 - C=O0 stretch (complexed NMP)
1618 - C=0 stretch (amic acid)
1446-1454 - N-H and OH bend (amic acid) with H-bond
- 1357.7 C-N-C symmetric stretch (imide)
- 1240 Diarylether asymmetric stretch
1211 - NH asymmetric bend (amide)
1105 - C-O stretch (ethoxy group)

1076 - C—C-0 asymmetric stretch

881 - C-C-0 symmetric stretch

850 - Out-of-plane NH deformation

range (1055 cmfl), Cardenas and Acuna [36] observed the
C-O stretching in primary saturated alcohol adsorbed on Ni.
Therefore, the significant increase in these two peaks might
be attributed to additional substituted ethoxy groups or/and
existence of coordinated ethanol in the PEI-BMI-EtOH S
and L membranes. This might also support the possibility of
ethoxy presence as discussed above. A small decrease in the
intensity of these two peaks for the spectra of PEI-BMI-i-
PrOH was probably due to the absence of ether group in the
structure of the incorporated BMI.

The peak at 1173 cm ™' labeled (e) could be mainly
assigned to the CH symmetric bending of meta- and para-
substituted aromatic rings [37] as well as asymmetric C—N—
C stretching vibration mode [26,38]. The increase in the
intensity of this peak for PEI-BMI-i-PrOH might be
attributed to higher imide nitrogen in BMI than that in
PEI as seen in Table 3. The formation of succinimide in this
membrane might be possible as this peak could be assigned
to C-N-C stretching in succinimide structure [4,38].
However, the decrease in the intensity of this peak in
spectra of PEI-BMI-EtOH (S and L) might be attributed to
imide cleavage. The shoulder peak at 1216 cm ™ labeled (f)
and the peak at 1240 cm ' labeled (g) were reported to be
twin peaks [39] and could be assigned to asymmetric
stretching in diarylether (Table 4) [26,40]. The peak (f) was
observed to shift to a lower frequency (1211 cm ™ ') with an
increase in the intensity for PEI-BMI-EtOH (S and L)
spectra. This might be attributed to additional contribution
from the asymmetric C—-N-C vibration mode of succinimide
[41] or/and amide-out-of-plane N-H deformation [42]. Both
possibilities could be resulting from BMI polymerization to
form succinimide and imide cleavage to form amic acid.
The intensity of peak (g) in PEI-EtOH spectrum was
observed to decrease and shift to lower frequency
(1236 cm ™ ') in spectra of other membranes. As the major
contribution was due to arylether without significant overlap
by other type of structures, the decrease in the intensity of
peak (g) might be attributed to the absence of ether group in
the incorporated BMI.

The peak at 1357.7 cm ™ ! labeled (h) was assigned to C—
N-C symmetric stretching [33] and CH; symmetrical
bending umbrella mode in gem-dimethyl group [40]. The
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decrease in the intensity of this peak might be attributed to
opening of the imide ring especially for PEI-BMI-EtOH-L
membranes. However, there was no significant difference in
spectra of PEI-EtOH and PEI-BMI-i-PrOH membranes
because incorporation of BMI led to an increase in atomic
percentage of imide groups but a decrease in concentration
of dimethyl groups.

The peak at 1446 cm ™! labeled (i) was assigned to the
scissoring CH, symmetric bending [43] as well as to CHj;
asymmetric bending [40]. The increase in the intensity of
the peak (i) with the appearance of a shoulder at 1454 cm ™"
might be attributed to amide N-H bending [42] and OH
bending [44] involved in hydrogen bonding (Table 4).
Therefore, we might suggest the presence of amide in amic
acid group in the structure of PEI-BMI-EtOH S and L
membranes. The peak at 1618 cm™' labeled (j) was
assigned to aromatic C=C stretch [45] and the increase in
this peak might be attributed to additional contribution from
the carbonyl stretch in the amic acid [46]. The peak at
1670 cm ™' labeled (k) was assigned to the carbonyl stretch
in a complexed NMP [11]. The presence of NMP in PEI-
BMI-EtOH-L might indicate association with amic acid.
This conclusion might be explained by the high affinity of
NMP to form a complex with amic acid as illustrated
elsewhere [37]. The peaks at 1722 cm ™! (L) and 1778 cm ™!
labeled (m) were assigned to the asymmetric (out-of-plane)
and the symmetric (in-plane) cyclic imide C=O0 stretching
(Table 4) [11,37,40]. The decrease in these two peaks might
be attributed to imide cleavage that led to the formation of
amic acid. This possibility might also be supported by the
presence of amic acid as indicated by other peaks in PEI-
BMI-EtOH (S and L) spectra.

In the functional group region shown in Fig. 5, significant
change was observed in two peaks at 3178 and 3268 cm ™~ ',
which were higher for spectra of membrane containing BMI
and particularly for PEI-BMI-EtOH (S and L) compared to
PEI-EtOH. The increase in these two peaks might be
attributed to NH stretching in amide group [4] (Table 4)
resulting from hydrolysis and cleavage of imide groups,
which have a higher concentration in BMI than PEI
(Table 3). The remaining peaks were similar to the
commercial PEI (Ultem 1000) film and had two major
weak peaks at 2967.35 and 3067.21 cm ™' in addition to
a very weak peak at 3521.9cm” ' as described
elsewhere [24].

3.1.2. XPS analysis

The X-ray photoelectron spectroscopy (XPS) provides
useful information about the chemical composition of the
surface of membrane materials. The XPS core-level spectra
for PEI-EtOH, PEI-BMI-EtOH-S, PEI-BMI-i-PrOH-S,
PEI-BMI-EtOH-L membranes were shown in Figs. 6-8 for
elemental carbon, oxygen and nitrogen, respectively. The
core-level spectra for PEI-i-PrOH and PEI-BMI-i-PrOH-L
membranes were not shown as the first one was similar to
PEI-EtOH membranes and the second to PEI-BMI-i-PrOH-S

with some insignificant differences. The spectral data for
PEI (Ultem® 1000) film prepared from chloroform solution
[47] were added in these figures for comparison. The linear
baselines were set to the same value for all spectra in all
figures. The charge correction of the binding energy scale
for all actual experimental XPS data was achieved by
shifting the total spectra for all elements by the same value
in order to have the most intense peak for elemental carbon
which was assigned in Table 3 at binding energy (BE) of
285 eV as described in literature [48]. The spectral data of
PEI obtained from literature [47] was rescaled for
comparison with the spectral data in this work. The total
area of all peaks assigned for all elements in the XPS spectra
of PEI was scaled to have the same total area as in the XPS
spectra of PEI-EtOH membrane. We have also kept the
percentage ratio for the areas of the elemental carbon,
oxygen and nitrogen as in the reference source [47].
Therefore, these rescaled spectra can reproduce the same
percentage atomic concentration of the assigned peaks
exactly as in the source reference.

The core-level spectra of elemental carbon were shown
in Fig. 6. Three types of carbon having binding energies
with maximum located at 285, 286.2 and 288.7 eV were
assigned as listed in Table 3 [47]. A fourth peak with
maximum energy located at 291.4 eV was assigned to the
shake up satellite of phenyl groups from 7 to w* [47]. The
slight decrease in the first peak at 285 eV in spectrum of
PEI-EtOH compared to PEI film dried from chloroform
might be attributed to residual solvents. Additional decrease
for the intensity of this peak might be attributed to
incorporated components such as BMI, NMP, EtOH or/
and i-PrOH that contain a higher stoichiometric ratio of
oxygen or nitrogen atoms to carbon atoms than that of PEI
as seen in Table 3. These results could also be supported by
the increase in the spectral intensity for binding energy
between 286 and 287 eV where contribution from a
relatively larger number of carbons having a single bond
to nitrogen or/and oxygen is important [48]. An increase in
the intensity of spectra of PEI-BMI-EtOH S and L might be
attributed to the incorporation of a slight amount of NMP or/
and EtOH into the final composite structure that might be
enhanced by the possible presence of amic acid moieties
resulting from imide cleavage. The binding energy between
287.4 and 288.4 eV was assigned to carbonyl carbon in the
amide moiety [49] and between 288.5 and 288.8 eV to
carbonyl carbon in the imide moiety [49]. The increase in
the intensity within the 287.4-288.4 eV range for the
spectra of PEI-BMI-EtOH S and L might be attributed to
the formation of the amide group resulting from the
cleavage of the imide moiety that leads to formation of
amic acid, which has greater ability than imide group for
complexing with NMP, as discussed earlier. The binding
energy peak between 288.8 and 289.5 eV was assigned to
the carbonyl carbon in the carboxylic acid moiety [48]. The
increase in the peak intensity in this range led to a shift in
the imide peak from 288.6 to 288.8 eV, which indicated the
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Fig. 5. FTIR functional group region spectra of polyetherimide-based membranes.

formation of a carboxylic group. Therefore, these results
suggest the cleavage of the imide group and the formation of
polyamic acid in PEI-BMI-EtOH S and L membranes. The
decrease in the intensity of the weak broad peak between
290 and 294 eV assigned to the shake up satellite of phenyl
groups from 7t to 7v* [47] might indicate that the PEI-BMI-
i-PrOH has a lower donor—acceptor charge transfer
complexation compared to other membrane materials [50].

The core-level spectra of elemental oxygen were shown
in Fig. 7. Two main peaks were found in the range 530.5-
532.4 eV assigned to carbonyl oxygen [51] and 533.2—
534.0 eV assigned to ether oxygen [51]. The increase in the
intensity of the first peak and a decrease in the second in the
spectra of PEI-BMI-EtOH S and L might be mainly
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8000 -

attributed to BMI, which contains higher carbonyl oxygen
than PEI and no ether oxygen as seen in Table 3. The
presence of amide in PEI-BMI-EtOH S and L might be
indicated by the increase in spectrum intensity around
531.5 eV in both membranes [52]. Another possibility for
increased peak intensity of carbonyl oxygen and decreased
ether oxygen could be additional residual NMP that contains
no ether but carbonyl oxygen at a higher concentration than
PEI (Table 3).

It was observed that in the spectra of PEI-BMI-EtOH-S
membrane, the ether oxygen peak almost disappeared
or/and overlapped with the carbonyl oxygen peak, which
became more intense than the one in other spectra. This
could be explained by the possibility of the shift of ether
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295 294 293 292 291 290 289 288 287 286 285 284 283 282
Binding energy, ev

Fig. 6. High-resolution XPS core-level spectra of elemental carbon for polyetherimide-based membranes.
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Fig. 7. High-resolution XPS core-level spectra of elemental oxygen for polyetherimide-based membranes.

oxygen peak to a lower binding energy due to formation of
negative charge on the ether oxygen upon complexation
with cationic site or through hydrogen bonding [53,54].
Although, PEI-BMI-EtOH-L and PEI-BMI-EtOH-S were
prepared from the same ingredients, the ether oxygen peak
appeared again in PEI-BMI-EtOH-L spectra with a
decrease in intensity of carbonyl oxygen peak. We might
attribute these changes to an increase in time of reactions in
which ether groups were incorporated at the expense of
carbonyl oxygen. The possibility of ethoxy presence in
these membranes as discussed through FTIR results might
indicate occurrence of slow ethoxylation reaction with a
higher rate in L than in S membranes. The slight decrease in
the intensity of carbonyl oxygen peak for the spectra of PEI-
BMI-i-PrOH was not clear and might require further study.
The broad weak peak around binding energy 538.2 eV was
assigned to the oxygen shake up [47]. The decrease in the
intensity of this peak for PEI-BMI-i-PrOH and PEI film
might be attributed to the lower donor—acceptor charge
transfer complexation than other membrane materials [50].

The core-level spectra of elemental nitrogen were shown
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L L L

5800 -
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in Fig. 8. The binding energy in the range of 399.3—
400.2 eV was assigned to amide group as reported else-
where [44,49,55]. The increase in the intensity within this
range for PEI-BMI-EtOH (S and L) membranes might be
attributed to amide groups resulted from imide cleavage.
The binding energy between 400.4 and 401.1 eV was
assigned to imide moieties as reported elsewhere [55]. The
increase in the intensity of imide peak for PEI-BMI-EtOH
(S and L) was attributed to incorporation of BMI that
contains higher stoichiometric imide concentration than PEI
(Table 3). The complexation with NMP might also lead to
an increase in imide concentration for the same reason. The
increase in the intensity of PEI-BMI-EtOH S and L spectra
at binding energies higher than 401 eV might be explained
through many examples found in literature. The H-bonded
or positively charged amines have a binding energy at
401.7 eV [55]. An increase in the binding energy from 399.7
to 401.6 eV was observed when amide nitrogen in Nylon-6
was grafted with polyacrylic acid [44]. The presence of
electron-withdrawing group such as carbonyl moiety and
neighboring amine group lead to an increase in the positive

Ultem
—— PEI-EtOH
\ = = =PEI-BMI-EtOH-S
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Fig. 8. High-resolution XPS core-level spectra of elemental nitrogen for polyetherimide-based membranes.
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charge on nitrogen atom, which results in an increase of BE
by 1.0eV [56]. Therefore, the additional increase in
intensity of PEI-BMI-EtOH S and L spectra between
400.7 and 401.7 eV might be attributed to the presence of
positively charged nitrogen atoms particularly in amide
group that might involve in hydrogen bonding or complex-
ing. The binding energy at 401.7-402.0 eV range was
attributed to nitrogen involved in oxidized environment
[57]. The BE at 402.3eV could be assigned to a
succinimidyl substituent [58]. Therefore, the increase in
the peak intensity for PEI-BMI-EtOH (S and L) within BE
between 401.7 and 402.3 eV might indicate membranes
containing succinimidyl substituents involved in oxidized
environment.

3.2. Gas transport characteristics

The fine morphology including sieving properties of the
novel semi-IPNs was analyzed through gas permeation test.
Gas permeance and O,/N, selectivity for separation of
oxygen from air were shown in Table 5. It was clear that the
BMI/PEI semi-IPN prepared using ethanol showed the
highest permeance (505 GPU) amongst all structured
materials studied. Although permeance was increased by
approximately 15 times over the PEI-EtOH membranes, the
0,/N, selectivity remained same. The increase in gas
permeance could be attributed to the increase in the free
volume or pore number in membrane materials or an
increase in pore size. Considering that the O,/N, selectivity
was not decreased, presence of larger pores was ruled out.
Another possibility for increasing gas permeance could be a
decrease in the thickness of membrane skin due to different
material properties that influence the dynamics of mem-
brane phase inversion. In any case, the high performance
suggests that the novel BMI/PEI semi-IPN is a very
promising polymeric material suitable for preparation of
gas separation membranes.

Comparing the performance of these novel membranes
with reported patents, it was clear that at a high O,/N,
selectivity of 4.3, the oxygen permeance would usually not
exceed 34 GPU [59]. Although we used an old Sylgard 184
silicon rubber coating technique [60], the BMI/PEI semi-

Table 5
Gas permeance vs O,/N, selectivity for the separation of oxygen from air

IPN membrane showed air separation performance that was
comparable to a recent patent [61], which aimed to develop
the coating technique but not the membrane materials. It
was also noticed that the gas permeances of the membranes
reported elsewhere [61] drop significantly when drying time
was increased from 30 to 75 s. It was not clear from this
patent if the drying for longer time would change membrane
performance or if an additional drying might be required
to have stable membranes. The BMI/PEI semi-IPN reported
in this work was tested again for air separation after one
month and showed the same performance indicating its
good stability.

3.3. Formation of the BMI/PEI semi-IPN

Incorporation of BMI into PEI solutions containing
i-PrOH as a proton donor in the presence of light leads to a
free radical polymerization as shown in Scheme 1 without
the need for an initiator (catalyst) or heating to a
temperature greater than 180 °C as reported elsewhere
[62]. The observed gradual and slow increase in solution
viscosity and changing of its color to bright yellow indicated
the occurrence of BMI polymerization at ambient
temperature.

However, when EtOH was used instead of i-PrOH, the
color of polymer solutions was changed to bright red
indicating anionic polymerization mechanism. A possible
new mechanism for this anionic polymerization under
conditions used in this work could be proposed based on the
presence of ethoxy group and amic acid (amide-+
carboxylic) in PEI-BMI-EtOH S and L semi-IPNs as
identified by FTIR and XPS in addition to possible
occurrence of oxa-Michael addition that is usually
accompanied by imide cleavage as illustrated elsewhere
[32]. Ethoxy group was substituted in the double bond in
one of the maleimide terminal leading to the formation of
carbanion (indicated in literature by presence of red color as
previously discussed) and proton radicals that may cause
initiation and polymerization of BMI as shown in Scheme 2.

As seen in Scheme 2, substituent ethoxy occupies one of
the two active sites in the maleimide double bond terminal
leading to polymerize this terminal with another maleimide

Membranes Total permeance GPU* Oxygen permeance GPU* Selectivity O,/N,
PEI-EtOH 33 23 2.3

PEI-i-PrOH 45 31 2.2
PEI-BMI-EtOH-Short 126 87 2.2
PEI-BMI-I-PrOH-Short 130 88 2.1
PEI-BMI-EtOH-Long 505 341 2.1
PEI-BMI-I-PrOH-Long 481 300 1.7

Composite membrane [60] - 332 43

Composite membrane dried for 30 s [61] - 266-826 2.0-2.1
Composite membrane dried for 70 s [61] - 143-334 2.2-23

# Gas permeation unit, GPU=1X 107° (cm® (STP)/cm? s cmHg).
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Scheme 1. Radical homopolymerization reaction of BMI, where wwww» represents the rest of the molecule (BMI in this case).
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Scheme 2. Ethoxylation reaction, formation of anionic and proton radicals and anionic polymerization of BMI, where wwww» represents the rest of the

molecule.

terminal instead of two terminals as in the case of free
radical polymerization of BMI shown in Scheme 1. This
might lead to a decrease in the crosslinking density and
therefore, PEI-BMI semi-IPN formed by using EtOH might
have a lower density structure than the one formed by using
i-PrOH. This appears to be plausible as the decrease in the
density was consistent with an increase in gas permeation as
discussed in Section 3.2. It is worth noting that the
combination of many chemical processes such as ethoxyla-
tion with in situ polymerization of BMI and imide chemical
modification was the reason for formation of new generation
of BMI resins that may have lower density structure. This
imide chemical modification was indicated by the presence
of amic acid, however, as described in literature, the
cleavage of imide groups requires an alkaline medium [63]
or oxidizing acids such as chromic acid and perchloric acid
[64] or catalyst such as Amano PS [65]. As XPS results

indicate the formation of positive charges on imide nitrogen
particularly in PEI-BMI-EtOH-S membranes might
suggest that the free proton or proton radical produced
after ethoxylation process was responsible for imide
cleavage in PEI-BMI-EtOH-S and L membranes. The
protonation of imide nitrogen weakens the imide-carbonyl
bond and therefore, its subsequent cleavage. Further it
appears that NMP might be complexed to the PEI-BMI-
EtOH S and L membranes. The complexation or substi-
tution of NMP into the new structure might be similar to
NMP complexation with polyamic acids as discussed
elsewhere [37]. Based on this discussion, we suggest that
imide cleavage and NMP complexation could be occurring
for imide group and reactions might be illustrated as shown
in Scheme 3.

It should be noted that the above two simple reactions are
not the only possible reactions within such complex

o)
O\ NMP__ _
“OH
o4
N H
electron + NMP
m«ww< >—NH
! .
© NP O

Scheme 3. Imide cleavage that leads to formation of amic acid and then complexation with NMP, where wwww» represents the rest of the molecule.
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BMI/PEI systems. The presence of two domain phases
within submicron scale might represent more complex
structure of composite materials. Aging, drying and
annealing conditions might also influence the amount and
presence of various complexes in such composite structure.

4. Conclusions

It was concluded that BMI could be polymerized at
ambient conditions in the presence of PEI/NMP and a
proton donor without an initiator or catalyst. It was shown
that polymerization of BMI in PEI/NMP in the presence of
i-PrOH, might have happened through free radical
polymerization without imide cleavage. However, replacing
i-PrOH by EtOH, imide cleavage and oxa-Michael
ethoxylation might have occurred as indicated by FTIR
and XPS spectra. It was possible that oxa-Michael
ethoxylation of one terminal maleimide group prevented
polymerization with two other maleimide terminals leading
to a decrease in material density and improved membrane
gas permeation. It was shown that the phase separation and
stage of termination of BMI polymerization are the keys to
produce semi-IPN structures suitable for gas separation
membranes. The PEI-BMI-EtOH-L prepared in this work
had 15 times higher permeance than membranes prepared
from pure PEI without any significant decrease in the
selectivity for separation of oxygen from air.
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