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A set of linear polymers were synthesized utilizing an electrophilic aromatic substitution reaction (SEAr) between
biphenyl and ketone containing electron-withdrawing groups (isatin, IS; N-methylisatin, MelS; and 4,5-diazafluo-
ren-9-one, DF). Optimization of the polycondensation reaction was made to obtain high molecular weight
products when using DF, which has not previously been used for linear polymer synthesis. Due to the absence of
chemically labile units, these polymers exhibited excellent chemical and thermal stability. Linear SEAr polymers
were blended with porous polymer networks derived from IS and MelS, and both neat/mixed materials were

tested as membranes for gas separation. The gas separation properties of both pristine polymers and mixed
matrix membranes were good, showing some polymer membrane CO, permeability values higher than 200

barrer.

1. Introduction

One of the most fascinating topics in polymer chemistry is the dis-
covery of new polymer-forming reactions. Despite the wide variety of
available synthetic methodologies in organic chemistry, not all path-
ways can be used to make useful polymers. Almost a century ago, it was
observed that it is necessary to use very efficient (high yield) reactions to
obtain high molecular weight polymers [1-4].

Despite intense research in this field during the last few decades, the
search for new polymer-forming reactions continues to attract work,
such as the acid-catalyzed condensation of ketones and aldehydes,
having electron-withdrawing groups, with aromatic compounds, known
as hydroxyalkylation [5-7]. Olah suggested the concept of super-
electrophilic activation to explain the reactivities of some electrophiles
in superacidic solutions [8-10]. This activation has been proposed in
Friedel-Crafts-type reactions of 1,2-dicarbonyl groups, aldehydes,

Abbreviations: SEAr, Electrophilic Aromatic Substitution Reaction.

nitriles, ketones, and other systems [11,12]. However, the reactivity of
non-activated ketones species, even in the presence of a low pKa acid, i.
e., triflic acid (TFSA), does not proceed with high yields.

In the context of polycondensation processes, superacid-catalyzed
polyhydroxylakylation reactions of carbonyl compounds, having
electron-withdrawing groups substituents, with aromatic hydrocarbons
have been able to produce high-molecular weight polymers. In these
reactions, the intermediate alcohol moiety reacts with another aromatic
compound to give a diarylation product. Thus, Zolotukhin obtained high
molecular weight polymers by reaction of activated ketones, such as
[2,2,2-trifluoroacetophenone (TFAP), 1H-indole-2,3-dione (isatin, IS),
etc.], with several aromatic compounds (biphenyl, p-terphenyl, p-qua-
terphenyl, binaphtol, etc.), using superacids [6,13-15]. Because the
reaction produces aromatic spz-sp2 bonds, the thermal and chemical
stability of these polymers, when the monomers have been well chosen,
can be very high.
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Recently, our group has developed new porous organic polymer
networks (POPs) based on this synthetic methodology [16]. These
crosslinked materials, derived from IS, TFAP and 4,5-diazafluoren-9-one
(DF), exhibited high microporosity, excellent thermal and chemical
stability, and high CO, adsorption capacity. Consequently, these POPs
were studied for several applications: metal-catalysis [17],
organo-catalysis [18] and also as fillers in mixed matrix membranes
(MMMs) for gas separation [19-24].

The search for higher performing materials in gas separation is
essential nowadays to mitigate the effects of global warming on human
health. More efficient membrane materials are sought for greenhouse
gases capture (mainly CO2) while improving energy efficiencies of cur-
rent industrial separations [25,26]. Additionally, polymer materials that
perform well in aggressive environments and high temperatures are
particularly demanded by the industry [27,28]. In this work, six linear
aromatic polymers and copolymers were made by reacting biphenyl
(BP) with three ketones, namely isatin (IS), N-methylisatin (MelS) and 4,
5-diazafluoren-9-one (DF). These polymers showed high molecular
weight and adequate mechanical properties to be employed as gas
separation membranes.

MMMs were prepared from these linear polymers by including 20%
w/w loadings of POPs derived from 1,3,5-triphenylbenzene (135TPB) or
triptycene (TRP) and IS or MelS.

Gas transport properties of linear polymers and MMMs were
measured to assess their potential application in gas separation.

2. Experimental
2.1. Materials

Biphenyl (BP) (99.5%), 1H-indole-2,3-dione (isatin, IS) (97%) and
1,3,5-triphenylbenzene (135TPB) (97%) were supplied from Sigma-
Aldrich and triptycene (TRP) (97%) was supplied from ABCR. All of
them were used without further purification. 4,5-diazafluoren-9-one
(DF) was obtained using a procedure previously reported [17,29]. De-
tails of the synthesis of 4,5-diazafluoren-9-one (DF) and N-methylisatin
(MelS) are provided in the supplementary information section (Section
1, SD).

Anhydrous chloroform (CHCl3) and trifluoromethanesulfonic acid
(triflic acid, TFSA) were obtained from Merck and Fluorochem,
respectively, with a purity higher than 99%.

2.2. Synthesis of polymers and copolymers

A series of linear polymers and copolymers were prepared by a
superacid catalyzed polyhydroxylakylation reaction of carbonyl com-
pounds with aromatic hydrocarbons [11,13,30-33]. The reaction yield
for all the polymers and copolymers was above 95%. They were man-
ufactured using a stoichiometric ratio of electrophilic (ketone) to
nucleophilic (benzidine) monomers (1/1 for monomers and 1/1/2 for
copolymers).

As an example, the synthesis of the BP-DF-MelS copolymer is
described as follows:

A mixture of dried monomers (8.2 mmol of BP, 4.1 mmol of DF and
4.1 mmol of MelS) and 6 mL of anhydrous CHCl3 were added to a 50 mL
three-neck flask, mechanically stirred under a static nitrogen atmo-
sphere. After the monomers became fully dissolved, the reaction flask
was immersed in an ice-water-salt bath at —5 °C and then TFSA (12.4
mL) was dropwise added by an addition funnel for 20 min. Subse-
quently, the reaction was maintained at 5 °C for 11 days. In the case of
the polymers not having the DF monomer, the ice-water-salt bath was
maintained for 30 min after the addition of TFSA and then the reaction
was maintained at room temperature for 10 h.

Finally, the reaction products were poured into a methanol-water
(2:1) mixture and stirred overnight. The precipitated polymer was
washed in basic water (pH around 10), methanol-water (2:1), hot water,
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and finally in methanol. The product was collected by filtration and
dried at 150 °C in a vacuum oven overnight.

2.3. Synthesis of porous polymer neworks, POPs

The porous polymer networks shown in Fig. 3 were obtained through
methodology previously described by us [16,17]. Reaction yields for all
POPs were higher than 95% (Table 1). The proportion of the trifunc-
tional monomer to the bifunctional monomer was kept at a 2:3 M ratio.
As an example, the synthesis of the TRP-MelS (POP2) is described as
follows:

An oven-dried, 50 mL three-necked Schlenk flask equipped with a
mechanical stirrer was charged with triptycene (3.49 g, 13.8 mmol),
MelS (3.35 g, 20.8 mmol) and CHCl3 (15 mL). The mixture was stirred at
room temperature under a nitrogen blanket until the monomers reached
complete dissolution. The flask was then cooled to 0 °C and tri-
fluoromethanesulfonic acid (30 mL) was slowly added for 15-20 min
using an addition funnel. The reaction mixture was allowed to warm to
room temperature and stirred for 5 days. The product was poured into a
water/ethanol mixture (3:1), filtered, and consecutively washed with
water, acetone, chloroform, and again with acetone. The product was
then dried in a vacuum oven at 150 °C for 12 h. The observed yield was
97%.

2.4. Membrane preparation

Membranes were prepared using the polymers from 10% (w/v) so-
lutions. All solutions were filtered through a Symta® glass-fiber filter
with a pore size of 3.1 pm and carefully spread on a leveled glass plate at
30 °C (60 °C when the solvent used was DMACc). The solvent was then
allowed to evaporate at this temperature for 12 h, and then at 60-80 °C
for another 12 h. Finally, the membranes were subjected to a series of
thermal treatments in a vacuum oven: 80 °C/30 min, 100 °C/1 h,
120 °C/30 min, 150 °C/1 h, and 180 °C/12 h. Homogeneous films were
obtained with thickness values between 40 and 60 pm.

To prepare the MMMs with POPs loadings of about 20% w/w
(relative to the polymer weight), the POP filler was previously heated at
180 °C in a vacuum oven and stored under vacuum. Some polymer
networks (POP1 and POP2) were CO; plasma treated to modify their
surface, with the idea of improving the interfacial compatibility between
the polymer matrix and the filler. Details of the plasma treatment are
given in the characterization methods section.

As an example, the preparation of a MMMs is described as follows:

A suspension of POP (100.0 mg) in 4 mL of CHCl3 was stirred for 24 h
at room temperature, followed by sonication for 20 min with a 130 W
ultrasonic probe (Vibra Cell 75186) operating at 50% of its maximum
amplitude. The procedure consisted of 40 cycles where the ultrasound
(US) source was 20 s on and then 10 s off. It was observed that these US
cycles achieved an excellent dispersion of the particles. Then, 1.5 mL of a
filtered polymer solution (600 mg of polymer in 4.0 mL of CHCl3) was
added to the suspension with stirring. The suspension was sonicated for
2 min before adding the rest of the polymer solution and stirring for 10

Table 1
Reaction yield and porosity parameters of POPs.

Acronyms Yield*”  Sgpr Viota©  Vamiero©  Microporosity' (%)
TRP-IS: POP1 >95 867 0.50 0.31 62
TRP-MelS: POP2 >95 866 0.55 0.31 56
135TPB-IS: POP3 >95 1033  0.64 0.37 58
135TPB-MelS: POP4 >95 906 0.55 0.32 58

2 The reaction was maintained at room temperature for 1 h, and 60 °C for 96 h.
b Reaction yield (%).

¢ Specific surface area (m? g~ 1).

4 Total pore volume (cm® g™ 1).

¢ Micropore volume (cm® g1).

f Microporosity = 100x (Viicro/Viotal)-
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min. The films of MMMs were cast following the procedure described
above for linear polymers.

The polymer acronyms are shown in Table S1 in section 2 of sup-
porting information.

2.5. Characterization methods

H and '3C nuclear magnetic resonance (NMR) spectra were
collected on a Bruker Avance 400 MHz or an Agilent MR-500 MHz
spectrometer. Samples were prepared at 30 mgml ™! using CHCls-d or
DMSO-dg. Attenuated total reflectance-Fourier Transform Infrared
(ATR-FTIR) spectra were collected on a PerkinElmer Spectrum
spectrometer.

POPs porosity was characterized via Ny adsorption—desorption iso-
therms measured at —196 °C (77 K) using an ASAP 2010 device
(Micromeritics). The relative pressure (P/P) varied from 107%to 0.995.
The minimum equilibrium time (both for the adsorption and desorption)
was 300 s. Before testing, samples were degassed at 125 °C for 18 h
under vacuum to remove any absorbed humidity or other gases. The
adsorption branch of the isotherms was used to obtain the apparent
surface area (Sggr) by applying the Brunauer— Elmmett—Teller method
for P/Pg from 0.01 to 0.2 and for a micropore volume (Vpicro) (using the
Dubinin—Radushkevich (DR) equation) from 0.001 to 0.2 of relative
pressure. The total pore volume (Viota) was found from the volume of
liquid nitrogen adsorbed at 0.975 relative pressure.

Thermogravimetric analysis (TGA) was performed on a TG-Q500
analyzer, using nitrogen gas flow (60 mL/min). The samples were
heated at 20 °C/min from 30 to 850 °C using the Hi- Res method, with
sensitivity and resolution parameters of 1 and 4.

Differential scanning calorimetric (DSC) analysis was run using on a
DSC Q-2000 Analyzer (TA Instruments). Experiments were conducted
using approximately 6 mg of sample in hermetic aluminum pans at a
heating rate of 20 °C min~! under nitrogen. DSC thermograms were
collected from 50 °C to 375 °C.

Wide angle X-ray scattering (WAXS) patterns were recorded using a
Bruker D8 Advance diffractometer equipped with a Goebel Mirror and a
PSD Vantec detector in the reflection mode at 30 °C. The scattering
angle, 20, was measured between 3 and 60°.

The solubility of the polymers was tested with different solvents in a
test tube (1-2 mg of polymer in 0.1 mL of solvent). Each solution was
magnetically stirred for 24 h. If the polymer sample did not dissolve after
24 h, it was heated to the boiling point of the solvent, and solubility was
checked.

Inherent viscosities were measured at 30 °C using a Lauda iVisc
device and an Ubbelohde viscometer. The viscosities were measured
using CHCl3 or DMAc as solvents, at 0.5 g dL. ! concentration.

Polymer density (p) was determined using a top-loading electronic
XS105 Dual Range Mettler Toledo balance which is coupled with a
density kit operating on Archimedes’ principle. The samples were
sequentially weighted in air and in high purity isooctane at room tem-
perature. The density was calculated from the following equation (1):
Wair — Wiiquid

P = Priquia X . @
where piiquid is the density of isooctane, wy;, is the weight of the sample
in air and wi;qyiq is its weight when it was submerged in isooctane. Four
density measurements were run for each sample.

The density data were used to evaluate chain packing using the
fractional free volume (FFV), which was calculated using the following
equation (2):

. — 1.3V,
FFV:7V 3 2)
vV

e

where V. is the polymer specific volume and Vy, is the van der Waals
volume. Molecular modeling of the polymer repeating units was run
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using the semiempirical Austin Model (AM1) in the Biovia Materials
Studio program [34]. The optimized repeating units were then used to
determine the molecular volume by constructing a 20-unit polymer
structure using the Builder Polymers and Atom Volumes and Surface
algorithms.

Computer simulations were carried out by first drawing the mole-
cules in Hyperchem [35] and then optimizing the molecular and inter-
mediate structures at the AM1 level [36]. Subsequently, electronic
energies of the optimized geometries were calculated by density func-
tional theory (DFT) (without any geometrical constraint (use of Opt
keyword) for starting molecules and final molecules) using the Becke’s
three-parameter hybrid function with the 6-31G (d,p) basis set
(B3LYP/6-31G (d,p)) [37] by means of the Gaussian 09 program [38,
39]. Molecular depictions were created using the Gaussview 5 program
[40].

DF protonation (mono- or di-) was determined by calculating the
DFTB3LYP/6-31G (d,p) electronic energies of a DF model and their
protonated moiety (Scheme S1, section 12 SI). It was observed that the
first protonation of DF model was highly exoergic (—72.2 kcal/mol),
while the second one was endoergic (20 kcal/mol). Therefore, in the
calculations of atomic volumes it was considered that the protonated
form of DF polymers was DF-1H.

Scanning electron microscopy (SEM) images were taken with a
Philips XL-30 ESEM on Au-Pd metalized samples operating at an ac-
celeration voltage of 25 kV in high vacuum. The samples were cryo-
fractured in liquid nitrogen. Mechanical properties were evaluated
under uniaxial tensile tests at room temperature using an MTS Synergie-
200 testing machine equipped with a 100 N load cell. Pneumatic clamps
were used, and an extension rate of 5 mm/min was applied with a gauge
length of 10 mm.

Some MMMs were prepared using POPs previously subjected to a
COq-plasma surface treatment to test the possible effect of this treatment
on the filler compatibility with the polymer matrix, and consequently,
on gas transport properties. The COs-plasma surface treatment of the
POP was carried out on 1.0 g of the material using a Harrick PDC-002
plasma-cleaner device, where the sample was positioned in the me-
dium of the quartz plasma cylinder and treated for 30 min. The oper-
ating radio-frequency power was kept at 10 W (medium position), and
the chamber pressure was kept at 200-250 Torr with a CO, flow of 25
mL/min.

2.6. Gas transport properties

He, O3, N3, CH4 and CO,, permeability was measured at 35 °C using a
constant volume barometric device, with a feed upstream pressure of 3
bar. Prior to the measurements, the membrane was maintained under
vacuum for about 12 h to remove any trace of humidity or residual
solvent. Then, a pressure of 3 bar was applied to the membrane and the
increase in permeate pressure was recorded as a function of time.

Gas permeability was obtained from the following equation (3):

273,15 VI dp,
P= Py 3
76 2eTp,  dt 3)

where V is the volume in cm® in the permeate compartment, 1 is the
membrane thickness in cm, nr? is the membrane area in cmz, T is the
temperature in K, py is the feed pressure in bar and dp/dt is the rate of
pressure change in the downstream volume in units of mbar s~ 1. P is
expressed in barrer [1barrer = 10710 (cm3(STP) cmem 257! cmHg’l)].
Scalar factors are included to reference the molar flux at standard
pressure and temperature (76 cmHg and 273.15 K). The permeability
experimental uncertainty is about 10% based on standard deviations
from 2-samples.

The ideal gas selectivity (or gas permselectivity), as,p, for a pair of
gases A and B was calculated from the gas permeability ratio:
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_ Pa
Aa/B = E (4)

3. Results and discussion
3.1. Monomer reactivity

The synthetic methodologies described for making polymers derived
from IS and MelS were used for the ketone DF [11,41]. However, low
molecular weight polymers were obtained [30]. Under these results, we
proceeded to optimize the SEAr reaction for the DF monomer.

First, differential reactivity tests were performed to determine the
relative kinetic rates for the formation of mono- and di-coupling of ar-
omatic rings. Second, the competitive reactions between a mixture of
two electrophile monomers (IS/MelS or IS/DF) with an aromatic com-
pound were studied.

The nucleophile of choice was fluorobenzene (FB) due to the ease of
characterization of the complex reaction mixtures by NMR (*H NMR, '3C
NMR, and '°F NMR). It should be noted that FB produces a product
mixture when reacted with activated ketones, in which >90% of the
condensation reaction occurs at the 4-position (para-product) and <10%
at the 2-position (ortho-product). Using °F NMR, the regioselectivity of
the reaction could be easily assigned.

The differential reactivity study proceeded as follows:

T1 study. In a magnetically stirred flask placed in a bath at 35 °C, the
electrophile monomer (IS, MelS, or DF) and TFSA (TFSA/electrophile,
10 mol/1 mol) were mixed with an equimolar amount of FB (FB/elec-
trophile, 1 mol/1 mol) in CHCl3 (CHCls/electrophile, 5 mol/1 mol).
After 24 h, the reaction mixture was poured into water (pH = 8, using
NaHCO3). The aqueous portion was extracted three times with CHCl3,
and the combined CHCl; solutions were dried with MgSOy, filtered, and
concentrated in a rotary evaporator. The organic reaction products were
analyzed by 'H NMR,C NMR and '°F NMR spectroscopy (NMR spectra
are shown in Section 4 of the supporting information section).

It was observed that the electrophilic monomer was always present
in the reaction product mixture. More interestingly, no NMR peaks
associated to the mono-coupled entity 1 (Fig. 1) were observed (within
the sensitivity of NMR). It seems logical to think that as soon as entity 1
is formed, the reaction progresses rapidly towards entity 2, leading to
the total formation of the di-coupled compound.

T2 study. An equimolar mixture of electrophile monomers (IS/MelS
or IS/DF, 1 mol/1 mol) was placed in a reaction batch at 35 °C. FB was
added in equimolar ratio to the total number of electrophiles (FB/elec-
trophile, 2 mol/1 mol). (The same synthetic methodology for the T1
study was employed). Characterization of the reaction mixture was
performed by 'H NMR,'3C NMR and !°F NMR spectroscopy.

A molar ratio of almost 1:1 of di-coupled compounds was observed
for the IS/MelS reaction, while for the IS/DF monomer mixture the
amount of di-coupled IS compound was much higher (around 4-5 times)
than that of the di-coupled DF compound.

Therefore, it could be stated that.

a) The reaction for these three monomers (IS, MelS and DF) with FB led

exclusively to the formation of the di-coupled derivative (entity 2 of
Fig. 1).

0 H*

entity 1

(mono-coupled compound)

R
EW
o
Keq1 R'
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b) IS and MelS showed similar reactivity with FB, much higher than
that of DF. Thus, the reactivity scale found for these three electro-
philic monomers was as follows: IS > MelS >DF.

Due to the clear kinetic differences between the first reaction (i.e.,
reaction of the ketone with the aromatic ring) and the second one (i.e.,
reaction of the formed hydroxy derivative with the other aromatic ring),
it is possible to obtain linear, non-cross-linked polymers using non-
stoichiometric conditions [30]. Thus, reaction tests at 5 °C were car-
ried out for the formation of DF polymers using an excess of electrophile
(5% molar excess). Using this non-stoichiometric methodology, the
formation of a high-viscosity solution was achieved in a short reaction
time (a few hours). However, all reactions produced a certain degree of
cross-linking, which made it difficult to know at what time these re-
actions should be stopped. Therefore, it was considered convenient to
use a stoichiometric Carothers methodology at 5 °C for long times. This
modification produced soluble, high molecular-weight polymers by
maintaining the reaction for 10-12 days..

The synthesis scheme of polymers, and copolymers, is shown in
Fig. 2. The chemical structures of POPs are shown in Fig. 3.

The apparent surface area (Sggr), the micropore volume (Viyjcro), and
the total pore volume (Viota)) of POPs were studied. The porous polymer
networks exhibited Sggr values between 800 and 1000 m?> g’l. The Sggt
values are listed in Table 1 while the N, adsorption/desorption isotherm
graphs can be found in Fig. S47 of the supporting information.

To obtain MMM, the polymer BP-IS was combined with POP1 and
POP3 (polymer networks derived from IS, Fig. 3), whilst the polymer BP-
MelS was combined with POP2 and POP4 (polymer networks derived
from MelS, Fig. 3).

3.2. Characterization of polymers and membranes

Polymers were characterized by 'H Nuclear Magnetic Resonance (‘H
NMR) and '3C Nuclear Magnetic Resonance (*3C NMR) using DMSO-dg
or chloroform-d/TFA (for DF polymers) as solvents. As an example, the
'H NMR spectrum of the linear polymer BP-IS is shown in Fig. 4, (NMR
spectra are provided in section 3, SI).

BP-IS; 'H NMR (500 MHz, DMSO-de): 8y (ppm); 10.80 (s, 1H), 7.57
(d, J = 8.3 Hz, 4H), 7.26 (m, 6H), 6.98 (m, 2H)-'>*C NMR (101 MHz,
DMSO-dg): & (ppm) = 178.42, 141.87, 141.49, 138.96, 133.37, 129.07,
127.26, 62.18.

Polymer solubility was tested in methane sulfonic acid (MSA), N,N-
dimethylacetamide (DMAc), N-methyl-2-pyrrolidinone (NMP), formic
acid, CHCl3 and a mixture of CHCl3 and TFA (10% w/w TFA/CHCls). As
shown in Table S2 (Section 7, SI), the homopolymers derived from IS
and MelS easily dissolved in aprotic polar solvents, while those derived
from DF did not. BP-DF homopolymer and their copolymers only dis-
solved in acidic solvents (BP-DF and BP-DF-MelS were soluble in formic
acid and MSA, whilst BP-DF-IS was only soluble in a mixture of chlo-
roform and TFA). Therefore, BP-DF, BP-DF-IS, and BP-DF-MelS films
were obtained in the protonated form (i.e., the bipyridine moiety was
protonated in the solvent) and therefore an additional deprotonation
step had to be performed by immersing the polymeric films in basic
water (pH = 9) for 24 h. Both protonated and deprotonated membranes
were tested in this work. The protonated films have been denoted by

R' R EWG
G H+
: SRS
Keq2 R' R'
entity 2

(di-coupled compound)

Fig. 1. T1 reactivity scheme.
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BP-DF-MelS

Fig. 2. Synthesis of polymers and copolymers.

adding “pt” to the end of the nomenclature.

Viscosity values of the polymers that could be dissolved in non-acidic
solvents were determined. The results are provided in Table S3, section
8, SI. Since polymers were not soluble in the same solvent, their vis-
cosities values could not be compared. It should be noted that although
the viscosity of BP-DF-MelS in CHCl;3 is low, this polymer gave mem-
branes with mechanical properties good enough to permit its testing as a
gas separation material.

Neat polymer membranes and MMMs were characterized by ATR-
FTIR. The neat linear polymer spectra are shown in Fig. 5. FTIR
spectra of BP-IS exhibited the characteristic bands of the 5-member
lactam rings at 3390 (N-H st), 1710 (C=O st), and 1600 (N-H &) and
the typical bands at 1610, 1495 and 1470 cm ™! assigned to stretching
vibrations of aromatic carbons (C,—C,; st). In the case of the FTIR
spectrum of BP-MelS, the previous two bands related to the N-H bond
did not appear and the band at 1495 cm ™! increased in intensity due to
its overlapping with the bending vibration of methyl groups (CHs 6). The
BP-DF spectrum showed a characteristic band at 1400 em ™!, which was
assigned to the bending vibration of C,~H bond (Cy—H 5) of the
bipyridine moiety [17]. In the case of the copolymers, the characteristic
IR bands of DF and IS or MelS were identified according to their

chemical structure.

The ATR-FTIR spectra of MMMs are displayed in Figs. S40 and S41
(section 10.1, SI). The spectra of MMMs were compared with those
corresponding to neat linear polymers. Unfortunately, since POPs and
linear polymers share the same functional groups (lactam rings), accu-
rate FTIR characterization was not possible.

The WAXS patterns of the SEAr polymer membranes are shown in
Fig. 6. All of the membranes showed an amorphous halo with at least
three main intensity maxima appearing approximately at 20: 12.2, 16.4,
and 22.0°. The most probable intersegmental distances (d) in the poly-
mer chains’ packing were determined from the Bragg’s equation (A =
2dsin®), and thus, three intersegmental distances were obtained from
the position of the maximum: 0.72, 0.54 and 0.40 nm. The shape of the
patterns of the membranes indicated that the contribution of the largest
distances to the amorphous halo was higher for BP-MelS, followed by
BP-IS and then BP-DF. This result could be related to the fact that the
MelS moiety would introduce more FFV than IS and DF ones. On the
other hand, the addition of POP particles to the polymer matrix did not
cause significant change in the patterns of MMMs relative to the corre-
sponding neat membranes, as seen in Fig. S44 for BP-IS and BP-MelS
based membranes (graphics are provided in section 10.3, SI).
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Fig. 6. WAXS patterns of membranes (curves were normalized to the maximum
that appears at 22°).

Fig. 7. SEM micrographs of the cross-section of MMMs.

MMMs cross-sections were characterized via electron microscopy
(SEM) (cf. Fig. 7). The morphologies of MMMs from POPs having
135TPB (POP3 and POP4) revealed a more homogeneous dispersion of
the POP particles than those from triptycene-based POPs (POP1 and
POP2), suggesting better compatibility between polymer matrix and
filler. Furthermore, BP-MelS + POP4 showed a smooth homogeneous
morphology in which neither agglomerates nor particles were distin-
guished, which may be due to the presence of very small POP particles.

The mechanical properties of pure polymer and MMM films (tensile
strengths, Young’s module, and elongations at break) at room temper-
ature are listed in Table S5 (section 10.4, SI). The addition of POP in the
BP-IS polymer matrix caused an increase (1.3 times) in Young’s modulus
and a slight reduction in elongation at break (1.07 and 1.53 times for
POP1 and POP2 respectively). This embrittlement is most likely caused
by small defects in the membranes produced by the presence of small
POP agglomerates or by cracking caused by the cutting of the probes
[19]. It was observed that the deprotonation of DF polymers did not
decrease their mechanical resistance.

DSC thermogram (cf. Fig. S39, Section S6.6, SI) showed that most of
the polymer films did not exhibit any transition up to 375 °C. For the

Polymer 267 (2023) 125647

protonated membranes, an endothermic peak below 250 °C is visible,
which is associated with the deprotonation of the bipyridine group.
The thermal stabilities of neat polymers, porous polymer networks,
and MMM films were studied via dynamic TGA under a nitrogen purge
(Figs. 8 and 9 and S42-5S43, supporting information). The first weight
loss below 150 °C was related to the desorption of humidity from the
material. The second weight loss, between 250 and 400 °C, of the MMMSs
could be associated with residual solvent trapped in the membrane. The
weight loss above 500 °C was associated to the polymer degradation.

3.3. Thermal and chemical stability of SEAr-derived polymeric
membranes

An isothermal TGA study up to 450 °C was performed to test the
thermal stability of these polymeric materials in long-term applications.
Chemical stability was determined by placing the films in very low and
very high pH solutions; changes in chemical structure, if any, were
checked by ATR-FTIR.

(a) Isothermal TGA study.

In this case, the film samples were studied using the following
isothermal TGA program:

250 °C/30min (to dry the samples and remove solvent and other
residues)//350 °C/60min.//450 °C/60 min.

Isothermal TGA (Fig. 10 and S32-S38, included in section 6, SI)
revealed weight losses before 300 °C (weight losses due to the solvent
and water trapped in the material). Between 350 °C and 450 °C, the
isothermal weight losses for all the polymer matrixes and MMMs did not
exceed 2%.

Therefore, it can be stated that the thermal stability of these mate-
rials is excellent.

(b) Chemical stability study

Membrane samples were immersed in two solutions, one at pH = 10
(potassium hydroxide solution) and another at pH = 2 (hydrochloric
acid solution). These solutions were refluxed for 48 h and subsequently,
the samples were collected and repeatedly washed in hot distilled water.
Finally, they were dried at 180 °C (as described in Section 5, SI) and
ATR-FTIR was performed. It should be noted that for the DF-derived
membranes, the acid treatment of the membranes resulted in proton-
ation of the bipyridine groups, so the samples were treated in a basic
solution (pH = 8) for 30 min to deprotonate them.

The polymers are mostly composed of aromatic moieties linked by
non-labile bonds, (the only labile groups could be the lactam groups
present in the IS- and MelS-derived structures). In a previous work, it
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Fig. 8. TGA of linear polymer films.
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Fig. 10. Isothermal TGA plot of BP-MeIS + POP2.

was observed that these lactam units present in porous polymer net-
works were chemically stable [16]. This fact could be explained by the
extraordinary rigidity of these materials, which makes the opening of

Table 2
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the lactam thermodynamically unfavorable. If the opening were to
occur, the lactam units would be restored during the drying phase [16].

The FTIR analysis (Figs. S27-S31) in the supplementary information
section shows that the acid treatment did not produce any significant
change in the polymer’s structure, i.e., FTIR spectra of these films
matched that of the non-treated membranes. Noteworthy, the FTIR of DF
polymer films that were not neutralized after the acid treatment coin-
cided with the FTIR of the protonated DF polymer films.

For polymers treated in very basic solutions (Fig. in section 5, SI), no
significant differences were observed in the FTIR plots for the homo-
polymer derived from DF after drying at 180 °C.

The basic treatment broadened the FTIR absorbances between 3750
and 2500 cm™! when the drying treatment was not performed on ho-
mopolymers and copolymers derived from IS and MelS. However, all
cast membranes treated at 180 °C showed quite similar FTIR
fingerprints.

In conclusion, we can state that these polymer materials exhibit
excellent chemical and thermal stability.

3.4. Gas transport properties

Pure gas He, Og, No, CH4 and CO; permeabilities and ideal O2/No,
CO2/Ny, and CO,/CHy4 selectivities are shown for each membrane in
Table 2.

The gas permeability for the homopolymer membranes decreased in
the following order: BP-MelS > BP-DF > BP-IS. The increase in perme-
ability of BP-MelS was higher for the largest gases than for the smallest
ones; for instance, the increase in permeability was 3.94 times for CH4
and 2.67 times for O, relative to BP-IS. This result is consistent with the
higher FFV in the BP-MelS membrane compared to BP-IS and BP-DF, as
suggested by WAXS (Fig. 6). Relative to the BP-IS membrane, BP-MelS
and BP-DF showed CO; permeability about 1.75 times higher than He.
This fact is usually observed in high FFV materials [42-46].

The protonation of the bipyridine moiety considerably increased the
permeability of BP-DF; for instance, the permeability increase was 3.49
times for CH4 and 2.63 times for Oy, when compared to the deprotonated
form. In addition, the CO5 permeability was 2.10 times higher relative to
He permeability. In an attempt to explain the increase in permeability
due to protonation of bipyridine moiety, the FFV was estimated from the
bulk density of the membranes (the methodology used in the estimation
of FFV is discussed in the characterization methods section. In that
section, a DFT calculation is also included to justify that the bipyridine

Permeability and ideal selectivity of homopolymer and copolymer membranes and MMMs at 3 bar and 30 °C. Uncertainties were calculated from multiple sample

measurements [47].

Membrane Permeability (barrer) Selectivity

Homopolymer He (073 Ny CHy4 CO, 02/Ny CO2/Ny CO,/CHy4
BP-IS 40 + 2 7.3+0.3 1.41 £ 0.07 1.50 + 0.08 42+ 2 5.2+ 0.3 30+2 28 +2
BP-MelS 67 +3 19.4 £ 0.6 45+0.2 5.9+ 0.3 120+ 8 4.3+0.2 27 +£2 20+ 2
BP-DF 49 +2 14.6 £ 0.7 3.2+0.2 3.7+0.2 86 +5 46+04 27 +2 23+2
BP-DF _pt 100 + 3 38+ 2 9.7 £ 0.5 13+1 219 +13 3.9+03 23+2 17 £ 2
Copolymer He 0, N, CH,4 CO,, 03/Ny CO2/N, CO,/CH,4
BP-DF-IS 60 + 3 14.7 £ 0.8 3.0+ 0.2 3.4+0.2 82+5 4.9 +0.4 27 £2 24 +2
BP-DF-IS_pt 69 +3 18+1 4.0 +£0.2 4.8+0.3 106 + 7 4.5+0.3 26 + 2 2242
BP-DF-MelS 63 +3 19+2 3.8+ 02 4.0+ 04 97 +7 5.0 £ 0.6 26 +£2 24+ 3
BP-DF-MelS _pt 63 + 2 19+2 3.8+0.3 4.4+04 100 +9 5.0 £0.7 26 +3 23+3
MMM He 0, N, CH,4 CO, 0O2/N2 CO2/N2 CO,/CH4
BP-IS + POP1 81+3 13.6 £ 0.8 2.6 +£0.2 3.1+0.2 70 + 4 5.2+ 0.5 27 +3 23+2
BP-IS + POP1_pl 49 + 2 89+ 0.5 2.0+0.1 2.0+0.1 44 + 2 45+ 0.4 22+1 22+1
BP-IS + POP2 20+ 1 1.6 £0.2 0.359 + 0.005 0.22 + 0.03 7.4 +0.7 4.5+ 0.6 21+2 34+6
BP-IS + POP2 pl 85+2 21+1 6.1 +0.4 5.1+0.3 106 +£ 6 3.4+0.3 17+ 2 21 +2
BP-IS + POP3 72+ 2 17.5+ 0.7 3.6 £0.2 4.0 £0.2 100 + 5 4.8 +0.3 28 +£2 25+ 2
BP-MelS + POP2 111 +1 38+2 9.4+ 0.5 12.4 £ 0.7 228 +12 4.0 £ 0.3 24+ 2 18+1
BP-MelS + POP2 _pl 67 + 4 16 +1 4.3+0.3 5.4 + 0.4 81+5 3.7+0.3 19+2 15+1
BP-MelS + POP4 84 +2 302 7.4+ 0.4 10.4 + 0.6 200 £+ 10 4.0+0.3 27+ 2 19+1
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unit undergoes only one protonation). The values obtained are listed in
Table S4 in the supporting information section. However, this analysis
was not conclusive since the membranes exhibited density and FFV that
are within experimental error of each other.

As expected, the permeability values of the copolymer membranes,
BP-DF-IS and BP-DF-MelS were between their two homopolymer
membrane counterparts. In contrast to what was observed for BP-DF,
protonation of the bipyridine moiety in the copolymer membranes BP-
DF-IS pt and BP-DF-MelS pt did not cause significant changes in
permeability, relative to their deprotonated form.

Overall, the MMMs showed higher permeabilities than the pristine
polymeric membranes, with no significant change in selectivity.

Unexpectedly, the BP-IS + POP2 membrane, which incorporated the
POP derived from MelS (POP2), showed a gas permeability that was
80% lower relative to the BP-IS-based MMMs. It was considered that this
anomalous result might be due to undesirable effects such as polymer
chain rigidification and partial pore blockage. In previous research,
analogous POPs were modified by using a COy-plasma treatment to
make their surfaces more hydrophilic, and it was seen that the gas
separation properties of the corresponding MMMs were improved [20].
In an attempt to overcome this drawback, the surfaces of POP1 and
POP2 were modified using the same plasma treatment, and BP-IS +
POP1 pl, BP-IS + POP2 pl, and BP-MeIS + POP2_pl MMMs were pre-
pared. However, the results were not evident, as the gas permeability of
BP-IS + POP1 and BP-MelS + POP2 (MMMs derived from the POPs
sharing the ketone group with the polymer matrix) was reduced by
0.60-0.77 and 0.36-0.45 times, respectively, after the COs-plasma
treatment. However, the permeability of the BP-IS + POP2 was
increased for all of gas types, especially for CH4 gas (23-folder higher
after the plasma treatment).

The permeability was decomposed in its elementary diffusivity and
solubility contributions using the time-lag analysis discussed in section
11.2 of the SI. Tables S6 and S7 (supporting information section 11.2)
summarize the diffusivity and solubility coefficients for all membranes.
The diffusivities of BP-MelS and BP-DF_pt were higher than those of BP-
IS and BP-DF. Similar to permeability, the increase in diffusivity was
higher for larger gases. Thus, the ideal selectivity seems to be controlled
mainly by the diffusivity selectivity. In the case of the MMM, diffusivity
also showed the largest contribution to permeability and was somewhat
higher for the membranes derived from BP-IS-derived membranes.

The gas separation performance for neat linear polymers and MMMs
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Fig. 11. CO/CH,4 Robeson diagram for neat polyimide and copolyimide
membranes and MMMs. Solid lines represent the 1991 and 2008 upper bounds
Data for reference polymer used in gas separation were taken from Ref. [50]:
Matrimid and poly (phenyl oxide) (PPO). The standard deviations from
repeated measurements are shown as error bars.
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were compared to other standard polymers used in gas separation
membranes (i.e., Matrimid and PPO). The results are shown in the
Robeson diagrams for several gas pairs: CO5/CHy4 in Fig. 11, CO/N3 in
Fig. S45, and O2/N3 in Fig. S46. Both the 1991 and 2008 Robeson upper
bounds are included [48,49]. In general, it was observed that the use of a
POP load led to an increase in permeability (between 50 and 100%). For
COy/CH4 and Oy/N; gas pairs, the MMMs were closer to the 1991
Robeson upper-bound. For the CO5/Nj gas pair, the selectivity was quite
similar for both neat polymer membranes and MMMs.

4. Conclusions

A new set of gas separation polymer materials was prepared via the
hydroxyalkylation reaction (SEAr) between biphenyl, and ketones con-
taining electron-withdrawing groups (isatin, IS; N-methylisatin, MelS,
and 4,5-diazafluoren-9-one, DF). Since these polymers have no labile
groups, they exhibited high chemical stability under very acidic or basic
conditions.

Mixed matrix membranes (MMMs) were prepared by combining
these linear polymers with porous organic polymers (POPs) having a
similar chemical structure. The MMMs showed good compatibility and
mechanical properties. All of these materials exhibited thermal stability
above 450 °C and no glass transition temperature below 375 °C.

Both the neat polymer/copolymer membranes and MMMs were
tested in gas separation applications. In general, the gas separation
productivity of both pristine polymers and MMMs was good. For the
homopolymer derived from DF, protonation of the bipyridine increased
gas permeability with a slight reduction in selectivity. For MMMs
derived from MelS, CO, permeability values higher than 200 barrer
were achieved.

Finally, the combination of a linear polymer (BP-IS) and a POP
derived from MelS (POP2: TRP-MelS) resulted in an inhomogeneous
MMM with poor gas separation properties. This drawback was alleviated
by treating the POP using CO, plasma. After plasma treatment, the gas
separation properties improved.
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