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Summary

A set of copoly(ether-imide)s, formed by the reaction between an aromatic dianhydride
(BPDA), a polyoxyalkyleneamine (poly(ethylene oxide) diamino terminated) (PEO-
2000) and various aromatic diamines (PPD, BNZ, and ODA) under different thermal
treatments, has been obtained and characterized. The existence of phase segregation in
these copolymers has been confirmed by SAXS. It has also been proved that aromatic
diamines having a hinge group, such as ODA, produce bigger segregated domains while

short and rigid aromatic diamines give higher percentages of phase segregation.

A direct relationship between gas permeability and percentage, and size of the domains,
of the segregated phase has been obtained. Also, higher or similar selectivities have
been observed as a function of the thermal treatment. In such way, the use of high
temperatures during the thermal treatment, responsible of the improvement of the phase
segregation, enhances the gas properties, producing materials  with
permeability/selectivity values close to the Robeson limit. In the case of the CH4/N, pair
an interesting reverse selectivity has been observed probably due both to a specific
interaction of the gas with the polymer and to an increase in the solubility of CH, in the

soft segregated portions of the copolymer.
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The use of PPD as comonomer provides more phase segregation while the use of ODA
gives bigger segregated domains. In terms of permselectivity the performances, for all
the pairs of gases studied, follow the PPD>BNZ>0ODA sequence when relatively low
treatment temperatures are used whilst quite similar results for BNZ and ODA were
observed when higher treatment temperatures are employed. This seems to indicate that
the domains size is a key factor in the gas separation properties with a certain influence
of the percentage of segregation. An adequate balance of short length with limited

rigidity of the aromatic part should improve the properties of this kind of materials.

Keywords: Copoly(ether-imide) membrane; SAXS; Phase segregation; Thermal

treatment; Gas separation
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1. Introduction

Due to environmental concerns and economic interests, there is an imperative need for
new materials with improved properties for gas separation applications [1-4]. In
particular, the separation of CO, from its sources in power plants, steel, cement
production plants and the chemical industry, among other industries, has attracted
worldwide attention and an enormous amount of research due to that the greenhouse
effect, generated mainly by the burning of fossil fuels in the last two centuries, is not
being controlled. This greenhouse effect, which is accepted to be the reason of the
climate change, is caused by the emission of various gases, most notably carbon
dioxide. In the last years, it is mandatory and widely accepted to take account of it in
order to stave off or at least to minimize the adverse effects that are expected for the
next decades [5-9]. Thus, there is an imperative need of improving the efficiency in old
energy sources as coal plants, and in new ones as in the derived from the so-known
hydrogen economy, where a fossil fuel (mainly natural gas or coal) is reconverted into
hydrogen along with the formation of carbon dioxide. This improvement of efficiency,
combined with the position supported by many governments of taxing the emission of
greenhouse gases, is forcing both to the academy and the industry to make research in
the sequestration of CO,. Therefore, new technologies must be found in order to
separate such gases from diverse mixtures of gases in an efficient way. In this context,
the technology of gas separation by membranes is considered a viable option. Gas
separation membranes are very competitive attending to economical reasons, with good
mechanical properties and excellent gas productivity (flux and ability to separate
complex mixtures of gases), they are very easy to install and maintain and because of its

efficiency, membranes show small carbon footprint [10,11].

Consequently, all separations where CO; is involved have a high social and economical
interest because this gas is present as a contaminant or by-product in many industrial
processes. Even though many systems have been tested, some of them presenting
outstanding properties when compared with other ones developed 20 or 30 years ago, it
is crucial, in order to accomplish the challenges need to fit the requirements of the
industry, to study more thoroughly the chemical and physical properties of the materials
used to make gas separation membranes, and to shed light on the effect of these
properties in the separation of gases.
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Glassy polymers and in particular polyimides are well known for their excellent thermal
oxidative stability and exceptional mechanical properties, along with an extraordinary
ability of separating complex mixtures of gases in diverse applications [12-14]. Thus,
among all the polymeric membranes, it has been widely demonstrated that the use of
aromatic polyimides is one of the best alternatives [15-19]. However, the manufacture
of new polymeric materials tailored for more specific applications is needed today. With
regards to the separation of CO,, aromatic polyimides are close to the trade-off of gas
permeability versus gas selectivity obtained by Robeson in 1991 [19] but far away from
the new one established in 2008 [20]. It should be commented at this point that not
many materials have been capable to overpass and even to reach the cited 2008 Robeson
limit [22,23] and hence, in order to achieve more serious enhancements in this fields,

additional studies should be started.

There are a number of possible itineraries addressed to improve the permeability and
selectivity of gas separation membranes. One of them consists of optimizing the
structure of the polymer chains in solid sate to give high fractional free volume fractions
with a well tailored distribution of sizes and with restrictive or selective channels
communicating the voids in order to increase the diffusivity. Other possible approach
consists of attempting to increase the solubility introducing a certain chemical affinity
for a gas to make it to adsorb on certain moieties of the polymer [17,24]. The
introduction of polar groups that can interact favourably with CO,, such as amine [18]
or carboxyl [19] groups has proved to be a very efficient approach to increase the
CO,/N; or CO,/CHy, selectivity. In this regard, poly(ethylene oxide) (PEO) is a very
attractive polymer due to the strong affinity of CO, towards the oxygen of the
oxyethylenic segments [25-29]. Thus, recently, there have been some studies devoted to
the application of polymeric membranes containing PEO or similar polar ether segments
in carbon dioxide separations as a result of the enhanced CO,; solubility of the PEO
moieties [30-32].

The use of PEO, which as a very low Tg and a strong ability to crystallize, forces to
design materials where physical or chemical crossslinking appears in the polymer
material in order to improve the mechanical strength and the membrane stability along
the time. Okamoto et al, designed long ago a new generation of block aliphatic aromatic



©CO~NOOOTA~AWNPE

copolymers with PEO units where the aromatic parts are linked in solid state through
charge transfer complex, CTC, interactions (as in whole aromatic polyimides) what
produced materials with excellent mechanical properties and admirable ability to

separate carbon dioxide from other gases [33-37].

Under these assumptions, this paper studies a series of aromatic-aliphatic copolyimides,
in particular poly(ether imide)-segmented co-polymers consisting of micro-domains of
rubbery PEO segments and of glassy polyimide segments in such a way that permeation

occurs preferentially through rubbery PEO domains [33,34,38].

In previous papers, it has been demonstrated that, for copoly(ether-imide)s with long
poly(ethylene oxide) chains of 6000 g/mol, the phase separation morphology of these
copolymers can be largely improved by the use of thermal treatments [39-41]. This
thermal conditioning leads to an improvement on the gas permeation properties [40].
However, when these long PEO sequences segregate, PEO is able to crystallize which is
a serious drawback because permeability decreases. The crystallization process was
studied and a dependence of the amount of crystallized PEO with the temperature used
in the treatment was determined. In the work presented here, we have used a shorter
diamine terminated PEO, 2000 g/mol, as the soft segment, in order to avoid PEO
crystallinity. To build the hard segments, PEO-2000 and the rigid aromatic dianhydride
has been combined with three different aromatic diamines of different rigidity to study
the effect of the aromatic part on the phase separation and the resulting properties. The
PEO/aromatic amine ratio was fixed in 2/1 by weigth, resulting in a PEO weight percent
from around 35 to 44% in the final copolymer, proportion that has been considered high
enough to produce good permeation properties without compromising the superb

mechanical properties of the resulting copolyimides.

These aromatic-aliphatic copolymers behave as multi-block polymers that segregate in
two phases [38-41]. An exhaustive study of the properties of the synthesized
copolyimides (as films obtained by the deposition-evaporation method) containing
different aromatic diamines, has been carried out by ATR-FTIR, DSC, TGA, TMA, and
SAXS after thermal treatment at different temperatures. The corresponding
permeability, solubility, diffusivity and selectivity for different gases have also been

studied. This work is part of an intensive study of this kind of materials which will
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permit to design materials with improved capability to separate condensable gases and

in particular CO,.

2. Experimental

2.1. Chemicals

p-Phenylenediamine (PPD), 4,4'-diaminobiphenyl (BNZ), 4,4'-oxydianiline (ODA) and
3,3",4,4'-biphenyltetracarboxylic dianhydride (BPDA) were purchased from Aldrich.
These products were purified by sublimation at high vacuum just before being used.
Bis(2-aminopropyl) poly(ethylene oxide) 2000 (Jeffamine ED 2003) with nominal
molecular weight of 2000 g/mol was kindly donated by Huntsman (Holland). This
polyether was dried at 70°C in vacuum for 5 hours and stored in a desiccator under
vacuum until use. Anhydrous N-methylpyrrolidinone (NMP), to be used as
polymerization solvent, was purchased from Aldrich. Figure 1 shows the chemical

structure of the monomers.

2.2.  Synthesis of copoly(ether-imide)s

The polymer samples were synthesized by combination of the dianhydride BPDA with
the aliphatic diamine, PEO-2000, and the aromatic diamine (PPD, BNZ and ODA). The
procedure for the synthesis of all the polymers in this study was as follows:

a) A mixture of Bis(2-aminopropyl) poly(ethylene oxide) 2000 (x mmol), PEO-
2000, and the aromatic diamine (PPD, BNZ or ODA) (y mmol) in a weight ratio
2:1, was dissolved in anhydrous NMP ( (x+y)=5 mmol in 10 mL of NMP) in a
three-necked flask blanketed with nitrogen (see Table I).

b) The reaction mixture was cooled down to 0°C, and under mechanical stirring, a
stoichiometric amount of BPDA dianhydride (5 mmol) was added all at once
and the mixture was stirred overnight at room temperature. During this time the
dianhydride completely dissolved and the solution reached high viscosity.

c) The resultant viscous copolyamic acid solution was diluted with NMP to the
appropriate viscosity for casting, filtered through a nominal number 1 fritted
glass funnel, degassed, and cast onto levelled glass plates. The resulting films

were covered with a conical funnel to avoid a fast evaporation of the solvent,



©CO~NOOOTA~AWNPE

dried at 80°C overnight, and finally treated at 120°C for 6 hours in a oven under
vacuum.

d) Films were obtained of the copolymers with thickness in the range from 60 to
160 pum. Afterwards, thermal treatments under an inert atmosphere of nitrogen
were carried out at different temperatures.

The broad distribution of the thickness of the resulting membranes is a
consequence of the membrane preparation procedure that needs similar adequate
viscosities reached by using different concentrations of the casting solution of
each polymer. This variability in thicknesses is not uncommon in literature, and
even if we look only at the papers published on copoly(ether-imide)s we can
find this broadness frecuently as for example in the early paper of Okamoto et
al. [33], where the authors made films of 50-170 microns, to more recent papers
[38] where Hangzheng et al made films of 50-150 microns. It should be
commented that the thickness of the cast films has not any significant effect on

permeation.

The resulting copolymers can be named with the acronym cPIl before the starting
aromatic diamine: PPD, BNZ and ODA (cPI-PPD, cPI-BNZ, cPI-ODA). Aliphatic PEO
content in the final copolymer is 42.9, 43.7 and 34.6% by weight respectively.

2.3. Characterization Methods

Attenuated total internal reflectance-Fourier transform infrared analyses (ATR-FTIR)
were performed at room temperature using a PerkinElmer Spectrum One infrared

spectrometer equipped with an ATR accessory.

A Thermal Analysis Q500 instrument was used for thermogravimetric analysis (TGA).
Disc samples cut from films with weights between 5 and 15 mg were tested. When
running dynamic scans, it was done in High Resolution (HiRes) mode, where the
heating rate is automatically adjusted in response to changes in the rate of weight loss,
which results in improved resolution [42], with an initial heating rate of 10°C/min under

a flux of nitrogen.
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Differential scanning calorimetry (DSC) analyses were carried out in a Mettler Toledo
(DSC 822e) calorimeter equipped with a liquid nitrogen accessory. Disc samples cut
from films weighting 5-15mg were sealed in aluminium pans. Samples were heated
with the following cyclic method in order to monitor the changes in thermal properties
with thermal treatment: from 25°C, the sample was heated at 10°C/min to a target
temperature; once reached, the sample was cooled at the maximum cooling rate
accessible for the instrument to -90°C, held at this temperature for 15 min and reheated
at 10°C/min to the next target temperature. The procedure was followed until the last
treatment temperature was reached and a final run from -90°C to 80°C was performed.
In this way, in each heating run, the thermal properties for the copolymers, after
treatment to the previously reached temperature, were obtained.

Thermomechanical (TMA) tests were performed in a Rheometric Scientific instrument
model DMTA V. Rectangular test pieces of 3 mm width and 20 mm length were cut
from films. A distance of 10 mm was set between fixation clamps. Runs were carried

out from ambient temperature at 2°C/min with a static stress of 3 MPa.

SAXS measurements were performed at the beamline BM16 at the European
Synchrotron Radiation Facility (Grenoble, France). Wave length of the X-ray beam was
0.980 A. Detector calibration was done with silver behenate (AgCsyHs30,). Disc
samples cut from films were placed in a Linkam ® hot stage and heated at 10°C/min
while the SAXS spectra were recorded. Calibration of temperature gave a difference of
approximately 7°C between the temperature reading at the hot stage display and the real

temperature at the sample.

Tensile properties were measured in a MTS Synergie 200 testing machine equipped
with a 100 N load cell. Rectangular test pieces of 3.5 mm width and 25 mm length were
cut from films. A crosshead speed of 5 mm/min was used. Strain was measured from
crosshead separation and referred to 10 mm initial length. At least six samples were

tested for each copolymer at room temperature.

2.4.  Gas Permeation and Selectivity
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The permeability, P, for O,, N,, CO, and CH,4 were determined by using a permeation
device with constant volume and variable pressure which uses the time-lag operation
method. The measurements were carried out at 3 bar and 30 °C. A sketch of the device

used has been shown elsewnhere [43].

The strategy known as ‘‘time-lag’” method is attributed to Daynes et al. [44] and it is
especially appropriate to determine permeability and diffusivity of a sample by a
simple, rapid and accurate method working under transitory regime. The method has
been successfully applied to polymer permeation by many authors [45,46]. Its
theoretical framework, as well as the practical possibilities and limits of the time-lag
technique have been abundantly documented, [47]. It is nowadays an accepted method
to assess the permeability and diffusion coefficients of a gas through a polymer film. To
sum up, the classical treatment postulates, among other hypothesis, the Fick’s law to
hold with a constant diffusion coefficient for a constant thickness membrane thus
assuming no swelling of the membrane by the permeant. When these conditions hold,
the transitory response at the downstream part of a membrane to a pressure step at the
upstream part enables the time-lag, to, to be easily computed. This parameter is linked to

the diffusion coefficient, D, of the permeant through the simple expression [46]:

- (1)

° 6D
AX being the thickness of the membrane.

The amount of gas transmitted at time t through the membrane is calculated from the
permeate pressure, p,, readings in the low-pressure side. The inherent leak rate in the
downstream side determined after evacuating the system has been measured for each
experimental run. The permeability coefficient can be obtained directly from the flow
rate into the downstream volume upon reaching the steady state. Finally, solubility, S,

can be obtained from directly measured permeabilities and diffusivities as follows

S= )

P
D
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3. Results and Discussion

3.1.  Copoly(ether-imide)s imidization

Poly(ethylene oxide) chains are prone to oxidation [48], and therefore, a great care was
taken to carry out the imidization process. After casting the polymer solution, films
were dried overnight, and subsequently they were additionally dried on heating at 120°C
for 6 h. It is very important to note that after the 6 h heating at 120°C the solvent was
almost completely removed as proved by thermogravimetric analysis. Moreover, all the
copolymers resulted to be insoluble in DMF (N,N-dimethylformamide), DMAc (N,N-
dimethylacetamide), NMP (N-methyl-2-pyrrolidinone), hexane, toluene, THF
(tetrahydrofuran), CH,ClI; (dichloromethane) after this drying process.

Infrared spectra were recorded to check for the progress of imidization as shown for
example in Figure 2 for the copolymer from ODA (cPI-ODA). In this figure, the IR
bands centred around 3257, 2500, 1657, 1603 and 1538 cm™ strongly decrease or
disappear, and the bands at 1774, 1713, 1372 and 738 cm™ increase or appear after
imidization. It can be seen that imidization has been practically completed for these
copolymers after treatment at 120 °C. An additional treatment at 160°C for short time
produced the whole imidization of the polyamic acid to polyimide as it could be clearly
observed in the FTIR spectra. No differences appear in the FTIR spectra of samples

cured at 160°C and temperatures up to 265 °C.

This full imidization at relatively low temperatures is quite remarkable and has already
been found for copoly(ether-imide)s based on 6000 g/mol PEO segments [40]. For fully
aromatic polyimides, very high temperatures, generally above 300°C are necessary for
complete imidization. Two works, studying similar copoly(ether-imide)s to the ones
presented here, state that a thermal treatment at 170°C completely imidize the precursor
poly(amic acid)s to polyimides[33,37]. However authors did not show any FTIR
characterization to demonstrate the declared whole conversion. In other more recent
research, authors affirm, by using AFT-FTIR, that all synthesized poly(amic acid)s are
converted to PEO polyimides after a thermal treatment at 200 °C [38].

3.2.  Thermal Stability
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Thermogravimetric analysis was performed to evaluate the thermal stability of the
synthesized copolymers. Dynamic runs in Hi-Res mode, in a nitrogen atmosphere,
showed a weight loss pattern in several steps for all the samples after being treated at
160 °C for 2 hours (Figure 3).

The behaviour was similar for the different samples. The initial small loss (below a 2%
in weight, from ambient temperature to approximately 300°C) can be attributed to the
absorbed water and residual solvent in the sample. This initial loss was higher for the
samples treated at 120°C, where a significant amount of solvent is still retained. Other
authors have found the same results in similar copoly(ether-imide)s. In these works it
was shown, by TGA-FTIR, that residual solvent plus absorbed water were released after
curing at 200°C and vacuum [49], and 300°C were necessary to completely eliminate
the residual solvent [50]. The second step is thought to be due to the degradation of
bis(2-aminopropyl) poly(ethylene oxide) 2000, PEO-2000, included in the copolymer
composition, and it is therefore assigned to the loss of the polyether block sequences.
The differences between the weight losses should be due to the different mass
percentages of PEO in the copolymers. In effect, there was a good agreement between
the experimental weight loss (35, 41 and 44% losses for PPD, BNZ and ODA
respectively) and what should be expected according to the mass balances (34.6, 42.9
and 43.7% for PPD, BNZ and ODA, respectively). In similar copolymers with the same
poly(ethylene oxide) diamino terminated [41], and with longer PEO chains [40], the
selective degradation of the polyether chains has been clearly demonstrated.-The final
stage of weight loss is due to the thermal decomposition of the remaining aromatic

polyimide segments, leaving a relatively high amount of carbonaceous residue.

3.3.  Calorimetric Studies

The samples treated at 120°C for 6 hours were heated in a DSC instrument with a cyclic
method in order to monitor the changes in thermal properties after a thermal treatment
[40]. The changes in the T4 and Ty for PEO chains are shown in Figures 4 and 5
(respectively) as a function of the treatment temperature (the temperature
instantaneously reached by the DSC) for the three copolymers studied. No transition
related to aromatic polyimide hard segments was detected by DSC.
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From figure 4 was clear that T, changed when the sample was heated up to
approximately 200°C and it remained constant after higher T treatments. These changes
were ascribed to an improvement in the phase separation of the copolymers when
simultaneously all the remaining solvent was released as found by TGA, which led to
purer PEO domains with lower T4. The final Ty was similar for copolymers BNZ and
PPD, with values in the range of pure amorphous PEO, whereas for copolymer ODA,
the final Ty value was clearly higher. The Ty of amorphous PEO is reportedly in the
range -55 to -70 °C depending on molecular weight [51]. The higher rigidity of BNZ
and PPD diamines seems to produce, in principle, a better phase separated system and
therefore a purer PEO phase than the more flexible ODA diamine.

When samples were treated above 200°C, some PEO crystallinity appeared (see figure
5). This means that PEO domains were very pure, because only pure PEO was able to
crystallize. Melting temperature for PEO crystals is similar and very low for BNZ (cPI-
BNZ) and PPD (cPI-PPD) copolymers (approximately -5°C) whereas for ODA
copolymer (cPI-ODA) it is much higher (approximately 16°C) although still far from
the melting point of high molecular weight PEO homopolymer [52]. It seems surprising
that ODA copolymer, with less pure PEO domains according to the T, data, had a
higher Ty, for PEO crystals than BNZ and PPD. However, melting point was strongly
influenced by the size of the crystals, thus, higher melting point for ODA copolymer
seemed to mean that the size of the PEO domains was bigger than those for BNZ and
PPD copolymers, as it will be confirmed later by SAXS measurements.

If a value of 8.67 kJ/mol is taken for the melting enthalpy of PEO [52], the amount of
crystallized PEO, in the samples studied in this paper, appeared as almost negligible,
less than 1.5% of the PEO contained in the copolymers. When we compare the ODA
copolymer with the copolymer of the same structure and virtually the same PEO content
in the copolymer, but having longer PEO chains (BPDA 2/1 in reference 40),
crystallinity has been reduced after he thermal treatment at 300°C from 32% to 0.9% by
lowering the length of the PEO sequences. In addition, it is worth noting out that at the
temperature of measurement of permeabilities and selectivities, the PEO will be melted

and hence it will be in a completely amorphous state.
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3.4.  Thermomechanical Analysis

Thermomechanical analysis was also carried out in order to detect the glass transition
temperature of the aromatic polyimide hard segments, which were not detected by DSC.
The criterion to determine the T, of the polyimide segments was the temperature when
strain was 10 times that of the sample at 100°C [40].

The corresponding results for Ty and some temperatures of treatment are shown in
Table I1. As seen for the PEO segments by DSC, the treatment at higher temperatures
raised the Ty of the polyimide segments, what means that phase separation also
improved within the hard domains when the remaining solvent in the copolymer is
released. It was also evident that the use of the more flexible aromatic diamine, ODA,
gave the copolymer with the lowest T of this series, and that the bigger length of BNZ
seemed to increase the Ty over that of PPD for the rigid aromatic amines. For all the
copolymers, the Ty of the aromatic polyimide was well above ambient temperature,
although lower than the corresponding Tg for the pure aromatic homopolymer, due to
the lower number of structural units (polymerization degree) and, consequently, lower
length of the aromatic polyimide segments in the copolymer when compared with the
corresponding homopolymer, and also due to the possible inclusion of some PEO

segments in the polyimide domains [40].

3.5.  Small Angle X-ray Scattering

A single broad peak was obtained in the scattering curves (1(q)g? vs. q). Two parameters
can be calculated from the scattering curves: the relative invariant, Q’, as the integral
below the curve 1% vs. g, which is related to the extent of the phase separation; and the

maximum on the scattering curve, Qmax-

Q’ can be correlated with the electron density of the phases (assuming there are two of

them) as:

Q' =k(Ap) d(1-¢) 3)
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where ¢ is the fraction of one of the phases, Ap is the difference in the electron
densities of both phases and Kis a constant related to the experimental geometry
and the Thomson scattering factor. Changes in Q’ may arise from changes in the
extent of phase segregation or from changes in the density difference between the

phases.

Omax 1S related to the separation of domains or heterogeneities in the material or
length scale L. In the simplest analysis for lamellar phases, the scattering may be

treated according to Bragg’s Law and hence:

L= 21
qmax

(4)

For not truly lamellar morphologies a calculation from the curve | vs. g should be
preferred [53]. In our case we were not interested in the absolute value for this length
scale of the segregated phase but rather on the change of this scale with temperature.
Thus, this procedure will be followed attending to its higher accuracy on determining

the maximum of the scattering curve.

The obtained results for Q” and L, are represented in Figure 6 for the copoly(ether-
imide) containing ODA. In the curves shown in Figures 6-a and 6-b for the sample
treated at 120°C, there is a change (steep increase in both the relative invariant and the
characteristic length in the segregated phases) that appears in a range from 180 to 220 °
C, which approximately coincides with the decrease in Ty of the PEO phase as seen in
Figure 4, and is related to the release of most of the remaining solvent trapped in the

copolymers.

The evolution of both parameters stood until the end of the test temperature range, 300 °©
C. During cooling, this change in slope did not appear, demonstrating that the phase
separation was irreversible. The difference between heating and cooling curves for each
temperature should correspond to the net change occurred. For the sample heated at
160°C for 2 hours, the change in Q’ (not shown) was very small, meaning that this

treatment was enough to almost fully develop the phase separated structure in this
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copolymer. The change in L for this sample, Figure 6-b, took place above 220°C, after
Ty of the rigid polyimide segments was surpassed, and it was much lower than the
change exhibited by the sample treated at 120°C. This slower change above 220°C took

place after practically all the residual solvent had been released.

The same behavior was found for copolymers having BNZ and PPD treated at 120°C, as
seen for example in Figures 7-a and 7-b. Q’ and L increased from approximately 180°C
until the highest temperature of the test was reached. In the same graphs (crosses),
experimental data for samples treated in an oven at 120°C (6h), 160°C (2h), 180°C (2h),
200°C (2h), 220°C (2h), 250°C (1h) and 265°C (1h) and measured at ambient
temperature are included. For these samples, the same trends in Q” and L were found for

the samples heated in-situ at the Linkam hot stage.

Figures 8-a and 8-b show the evolution of Q’ and L with temperature for all the
copolymers. The samples were obtained in situ (SAXS cell) from polymer films
previously heated to 120 °C during 6 h. Note that, to eliminate the influence of the
different film thicknesses and electronic density, the relative Q’ = Q’(T)/ Q’(baseline at
T), is shown in Figure 8-a. Moreover, the influence of the different background and of
the differences in the corresponding base lines was also removed by this procedure.

It is seen that PPD containing copolymers gave higher proportion of separated phase
while those containing ODA gave bigger phase separated domains. The sequence of the
copolymers with increasing Q’; coincided with the decrease in length of the aromatic

diamine.

For the copolymers from BNZ and PPD, the spacing was very similar, and much lower
than for copolymer from ODA as shown in Figure 8-b. For these samples treated at
120°C, when heated up to more than 300 °C, L increased about a 25% when the
diamines are BNZ and PPD, whereas it increased about a 50% for the copolymer having
ODA. In summary, the size of the domains decreased with the rigidity of the aromatic

diamine used.

A comparison of Figure 5 with the evolution of L as shown in Figure 8-b shows that the
melting point increases with the size of the domains, L. This is in accordance with the
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predictions of the Gibbs-Thomson law which states that the melting-point of a
substance decreases when the curvature radius of cavities decreases (with a
proportionality constant depending only on the confined substance in question).

The spacing for copolymer from ODA after the thermal treatment until 300°C, was
about 10 nm when measured at ambient temperature. This value was much lower than
the spacing for the same copolymer built from a PEO having Mw= 6000 (L = 18.9 nm)
[35], showing that there is a dependence of L with molecular weight of the PEO for this
type of copolymers; the longer the polyether the larger the spacing.

3.6.  Mechanical Properties

SAXS, DSC and thermomechanical studies have shown the changes produced in the
morphology of the copolymers during thermal treatment and the changes in their
thermal properties. To complete the study on the physical properties of these
copoly(ether imide)s, mechanical properties were measured in tensile mode for the

copolymers treated at 160°C for 2 hours. The so obtained results are shown in Table I1I.

For copolymers from ODA and PPD, yielding of the samples took place at
approximately 10% strain. At this point, strain increases with tensile strength almost
unchanged until rupture. For copolymer from BNZ, rupture occurred very early,
probably because it is the thinnest film (60 pum) and the occurrence of defects is more
critical, triggering the rupture. The value of the modulus for ODA containing
copolymers was smaller than for the other ones, as expected, because from thermal data
it was confirmed a higher degree of mixing between the segments, and therefore, the
polyimide hard domains, responsible for the mechanical resistance at the early stages of
the test, were softer for ODA copolymer. If we compare the values for ultimate
properties for ODA and PPD copolymers, it is seen that the shorter the diamine (PPD),
the higher the tensile strength and the lower the ultimate strain. It is worth noting that in

all cases the mechanical properties of the material were reasonably good.

3.7.  Gas Permeation and Selectivity
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Gas permeation measurements showed an improvement in the permeation properties,
depending on the thermal treatment used, so that there is a direct relationship between:
treatment temperature, phase segregation and permeation properties. An example,
showing the increase in permeability of CO, with the treatment temperature, is
presented in Figure 9 for the BNZ containing copolymer. The permeability versus
treatment temperature trend was quite similar for all the copolymers and tested gases. In
all cases the increase in permeability was gradual for treatment temperatures up to
approximately 160 °C, according to the increasing release of the remaining solvent and

to the improvement in the phase segregation.

For all the copolymers, the selectivity versus diffusivity and the solubility-selectivity
term versus the diffusivity-selectivity term for the different pairs of gases and the
temperature treatments are shown in Figures 10 to 13. Also the PEO gas separation
properties, both for semicrystalline and amorphous PEO, [27] are shown for each gas in
these Figures. Note that semicrystalline and amorphous PEO showed the same
selectivity and the same kind of selectivity with the same balance of solubility and
diffusivity contributions, with a little more relevant contribution of the solubility-
selectivity term for both forms of PEO. This seems to indicate that gas separation is
fundamentally determined by the properties of the amorphous phase of PEO. Then, the
crystalline part of semicrystalline PEO should act as mere inert obstacles to the flux that
only reduce permeability [27]. In all cases, the observed tendency was to reach the PEO
balance of selectivity (both the solubility and diffusivity terms), as the temperature of
treatment increases; i.e. when the phase segregation proceeds. The thermal treatment
also approaches the gas permeability value of these copolymers to that of the

amorphous PEO.

The Robeson plots are shown in Figures 10-a to 13-a, for O,/N,, CO,/CH,, CO2/N, and
CH4/N,. Depicted arrows refer to the direction of increasing treatment temperatures.
The Robeson’s upper bounds are shown in these plots including both the old limit [20]
and the new one [21] when both exist. Nevertheless, note that no Robeson limit has
been determined for the CH4/N, gas pair because this selectivity is the opposite of that
determined by Robeson. This means that usually N is more permeable than CH4 while
our copolymers showed the opposed trend.
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For the CH4/N2 Robeson plot, some data taken from the literature [54-59] have been
shown in the graphic and a pseudo bond has been drawn based on these data only to

give an idea on the best selectivity versus permeability trade-off achieved so far.

The permeability of the gases as a function of the aromatic diamine always followed the
order: PPD, BNZ and ODA. Copolyimides from BNZ and ODA gave similar
permeabilities when the treatment temperatures were high. When only one of the gases
was a condensable one (CO,/N, and CH4/N, gas pairs), the selectivity increased with
the temperature of treatment while for the rest of gas pairs (O2/N, and CO,/CHy,),
selectivity decreased slightly with the temperature of treatment. In all cases the
tendency went towards the selectivity versus permeability characteristics of amorphous
PEO. An exception was observed for the CH4/N, pair where an increase in the phase
separation of PEO gives selectivity values over the characteristic gas selectivities of
both semicrystalline and amorphous PEO.

When permeabilities and selectivities for the copolymer from ODA were compared with
the same copolymer having longer PEO chains (6000 g/mole, PI-43 in reference 39)
after a thermal treatment at 250°C (when phase segregation has been well developed)
(see Table 1V), it was found that permeability values decreased between 30 and 45%,
whereas selectivity values increased between 10 and 19%. These differences can be
related to the better phase separation achieved for the copolymer with longer PEO
lengths, where, in addition, also the aromatic polyimide segments were longer. Thus,
the PEO domains seem to be the main responsible for the permeability, and therefore a
less perfect phase separation in the ODA copolymer leads to a reduction in
permeability. On the other hand, it could be presumed that polyimide segments
influenced the selectivity, and because a higher mixing of polyimide segments in the
PEO domains was expected for the copolymer from ODA, a small increase in

selectivity was to be expected.

Additional information for the behaviour of these copolymers as gas membranes could
be obtained from the analysis of the diffusivity and solubility parameters. It is well
established that the diffusivity should decrease with the kinetic diameter of the gas
while the solubility can be directly correlated with its critical temperature, [60,61].
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These data are shown in Table V, [62,63]. The so-obtained diffusivities and solubilities
followed these general trends with the exception of CO, that showed a much lower
diffusivity than that expected according to its kinetic diameter.

The solubility-selectivity term has been confronted versus the diffusivity-selectivity one
for all the membranes and gas pairs studied in Figures 10-b to 13-b. These selectivities
terms are defined according to:

P_ D;S; _
Qij _Fj_ Djsj _(aD )iJ' (ocs )ij (5)

These Figures show that the ideal selectivity, oj, is mostly determined by the solubility

term, (owp)ij, for almost all the copolymers and gas pairs.

It is interesting to observe how the effect of the diffusivity term increased in the ideal
selectivity except for the O,/N, pair in the ODA copolymer, which showed a lessening
of this term and an increment of the solubility term (as opposed to the other copolymers
from PPD and BNZ), when it was increased the treatment temperature. In all cases the
solubility and diffusivity contributions to the ideal selectivity approached those of the
amorphous PEO. However, the solubility-selectivity factor had a higher effect on the
ideal selectivity when there was at least a condensable gas in the studied gas pair. It is
curious to note that a tendency to reach the solubility and diffusivity terms of PEO was
shown also for the CH4/N, pair, which presents, in the Robeson’s plot, higher selectivity
values than PEO when higher temperature treatments are employed.

The reverse selectivity of the CH4/N,, seen in Figure 13-a, was probably caused by an
especially high enhancement of the CH,4 permeability when high temperature treatments
were used. This fact could be due to a specific affinity of CH, for the segregated
domains or their interfaces. In effect, the solubility parameter followed the same
sequence than the degree of segregation (PPD > BNZ > ODA), Figure 14-a, while
diffusivity followed the tendency observed for the size of the domains, L, Figure 14-b.

4, Conclusions
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A new series of copoly(ether-imide)s presenting good gas separation properties have
been prepared. These copolymers have been synthesized by the reaction between an
aromatic dianhydride (BPDA), a diamine terminated poly(ethylene oxide) having a
molecular weight of 2000 g/mole (PEO-2000) and various aromatic diamines (PPD,
BNZ and ODA).

FTIR showed that almost complete imidization was achieved at temperatures as low as
120°C, and that this process was wholly achieved after treatment at 160°C, which is well
below the temperature needed to imidize fully aromatic polyimides. Based on TGA
data, these copolymers are stable in inert atmosphere up to 300°C, with a selective
degradation of the polyether segments at higher temperatures. DSC, TMA and SAXS
experiments proved the existence of a phase separated morphology in these copolymers,
with an amorphous PEO phase at ambient temperature and an aromatic polyimide phase
with a Ty well above room temperature. The degree of segregation of the phases
followed the trend PPD > BNZ > ODA, whereas the size scale of the morphology
followed the reverse ODA > BZN ~ PPD tendency, showing that less rigid aromatic
diamines gave bigger segregated domains while more rigid aromatic diamines gave

better phase segregation.

Thermal treatment of the copolymers affects the morphology and, in consequence, the
physical properties. Initially, at intermediate treatment temperatures, the release of
practically all the remaining solvent in the imidized copolymers produces a fast
improvement in the phase separation, while treatments at higher temperatures (up to the
degradation temperature) produce a further improvement. The possible variations of
monomers, monomer percentages and treatment temperature open a wide range of
potential for the optimization of these copoly(ether imide)s and other analogous to tailor

materials with excellent functionality in different gas separation applications.

After complete imidization, all the samples show increasing selectivity for the studied
pairs of gases. This improvement is due to the high percentage and size of the domains
of the segregated phases that determine the extra permeability and selectivity shown at

higher treatment temperatures. For the case of CH4/N; an interesting reverse selectivity
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appears probably due to a higher selectivity of CHy in the soft segregated portions of the

copolymer.

The use of PEO-2000 in these aromatic-aliphatic copolyimides produced a significant
reduction in permeability and a slight increase in selectivity for all gases studied when
they are compared with the analogous copolymers having 6000 g/mol molecular weight
PEO, due to a less perfect phase segregation.

In terms of permselectivity, the gas performances, followed the aromatic diamine;
PPD>BNZ>0ODA sequence when relatively low temperatures of treatment are employed
whereas quite similar results for the copolymers from BNZ and ODA were obtained
when high temperature treatments were used. This indicated that the segregated
domains size seems to be the key factor along with a certain influence of the percentage
of segregation. An adequate balance of short length with limited rigidity of the diamine
responsible of the aromatic part should improve the gas separation results.

Finally, on comparing the permeability, solubility and diffusivity data with the data
referred in the literature for pure PEO, it was concluded that the tendency of these
parameters after the improvement of segregation is to approach the data exhibited by
pure amorphous PEO (an exception was seen for the CH4/N, gas pair that showed a

much larger improvement).
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FIGURE CAPTIONS

Figure 1. Chemical structure of the monomers.

Figure 2. Typical FTIR spectra showing the difference between imidized and not
imidized cPI-ODA.

Figure 3. TGA curves in dynamic conditions for copolymers from different aromatic

diamines treated at 160 °C for 2 hours.

Figure 4. Glass transition temperatures as a function of the treatment temperature.

Figure 5. Melting temperatures as a function of the treatment temperature.

Figure 6. Q’ and L as a function of the treatment temperature for the copolymer
containing ODA. In graph (b), L differences for membranes treated at 120 and 160 °C
are compared.

Figure 7. Examples of Q’ (PPD containing copolymer) (a) and L (BNZ) (b) as a
function of the treatment temperature. Crosses correspond to samples treated in an oven
at the temperatures depicted in the graph (samples were measured at ambient
temperature).

Figure 8. Evolution of Q’; and L as a function of temperature of treatment.

Figure 9. CO, permeability versus treatment temperature for the BNZ copolymer.

Figure 10. (a) Robeson’s plot for the O2/N; gas pair, (b) selectivity by solubility as a

function of the selectivity by diffusivity. Stars correspond to pure PEO values.

Figure 11. (a) Robeson’s plot for the CO,/CH, gas pair, (b) selectivity by solubility as a
function of the selectivity by diffusivity. Stars correspond to pure PEO values.
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Figure 12. (a) Robeson’s plot for the CO,/N, gas pair, (b) selectivity by solubility as a
function of the selectivity by diffusivity. Stars correspond to pure PEO values.

Figure 13. (a) Robeson’s plot for the CH4/N, gas pair, (b) selectivity by solubility as a

function of the selectivity by diffusivity. Stars correspond to pure PEO values.

Figure 14. Solubility and diffusivity of methane as a function of the temperature of

treatment.



©CO~NOOOTA~AWNPE

Table I. Synthesis details of aromatic-aliphatic copolyimides

TABLES

Reactants * Aromatic % PEO
Copolymer | BPDA | Aromatic PEO- amine/aliphatic amine by
amine 2000** Molar ratio weight
cPI-PPD 1.3026 0.4308 0.8614 8.98:1 34.6
cPI-BNZ 0.9445 0.4969 0.9968 5.25:1 42.9
cPI-ODA 0.9441 0.5336 1.0565 490:1 43.7

* Grams of reactants added in the synthesis for a 10 ml NMP solution. Molar ratio dianhydride : total
diamines = 1 : 1. Weight ratio PEO-2000 : aromatic diamine =2 :1

** Mn = 1942 (by titration, given by the supplier)




©CO~NOOOTA~AWNPE

Table I1. Hard segment T4 as obtained by TMA for some temperatures of

treatment.
Copolymer Treatment T /°C Tg/°C
cPI1-PPD 160 208
cPI-ODA 120 140
160 180
cPI-BNZ 120 150
160 242
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Table I11. Mechanical properties at ambient temperature for the films treated at

160°C for 2h.
Copolymer cPI1-PPD cPI-BNZ cPI-ODA
Maximum stress / MPa 61525 6.2+19 22117
Strain / % 26 +£10 1.1+0.3 115+ 53
Modulus / GPa 1.25+0.09 0.65%0.16 0.38 +0.04
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Table IV. Permeabilities and selectivities for copolymers with different PEO length
treated at 250°C*

P02 PN2 Pcoz PCH4 o Og/Nz o COZ/NZ (08 COZ/CH4
cPI- cPI- cPI- cPI- cPI- cPI- cPI-

P143 P143 P143 P143 P143 P143 P143
ODA ODA ODA ODA ODA ODA ODA
3.06 | 215 | 1.21 | 0.72 67 | 43.7 | 402 | 2.21 | 250 | 2.98 55 60.7 17 19.7

* P143 results taken from reference 39
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Table V. Kinetic diameter and boiling temperature of tested gases.

Gas kinetic diameter (A)

Critical temperature (K)

Carbon dioxide 3.30 304.2
Oxygen 3.46 154.6
Nitrogen 3.64 126.2
Methane 3.80 191.1
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Figure 1. Chemical structure of the monomers
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Figure 2. Typical FTIR spectra showing the difference between imidized and not imidized cPI-ODA .
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Figure 3. TGA curves in dynamic conditions for copolymers from different aromatic diamines treated at 160 °C for 2 hours.
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Figure 4. Glass transition temperatures as a function of the treatment temperature.
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Figure 5. Melting temperatures as a function of the treatment temperature.
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Figure 6. Q" and L as a function of the treatment temperature for the copolymer containing ODA. In graph (b), L differences for
membranes treated at 120 and 160 °C are compared.
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Figure 8. Evolution of Q’, and L as a function of temperature of treatment.
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Figure 9. CO, permeability versus treatment temperature for the BNZ copolymer.
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Figure 10. (a) Robeson’s plot for the O,/N, gas pair, (b) selectivity by solubility as a function of the selectivity by diffusivity. Stars
correspond to the PEO values.
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Figure 11. (a) Robeson’s plot for the CO,/CH, gas pair, (b) selectivity by solubility as a function of the selectivity by diffusivity. Stars

correspond to pure PEO values.
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Figure 12. (a) Robeson’s plot for the CO,/N, gas pair, (b) selectivity by solubility as a function of the selectivity by diffusivity. Stars
correspond to the PEO values.
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Figure 13. (a) Robeson’s plot for the CH,/N, gas pair, (b) selectivity by solubility as a function of the selectivity by diffusivity. Stars

correspond to pure PEO values.
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Figure 14 Solubility and diffusivity of methane as afunction of the temperature of treatment.





