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Polymers of intrinsic microporosity containing
aryl-phthalimide moieties: synthesis, modeling,
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High-performance polymers for membrane gas separation require the careful design of the structure-
porous relationship. In this work, five phthalimide-based polymers of intrinsic microporosity (PIMs) were
obtained via the double nucleophilic aromatic substitution with the commercially available 5,5',6,6'-tetra-
hydroxy-3,3,3",3'-tetramethylspirobisindane (TTSBI) monomer. The phthalimide monomers were syn-
thesized considering different sizes and positions of the alkyl-substituents to evaluate their influence on
the physical properties of the polymers and their potential use as gas separation membranes. Four poly-
mers were soluble in the low-boiling solvents chloroform and tetrahydrofuran, facilitating the casting of
self-standing films to evaluate their gas separation properties. The thermally stable membranes showed
5% weight lost between 537 °C and 549 °C. As powders, these four polymers showed apparent BET
surface areas ranging from 434 to 661 m? g’l. The experimental BET surface areas correlated with those
obtained by molecular simulation models of the synthesized polymers. A linear function is proposed as a
tool to predict, with a known uncertainty, the surface area values of this type of polymer from the corres-
ponding computational models. As a trend, increasing the volume of the ortho-substituent in the aryl-
phthalimide group increases the permeability of the membranes, reaching generally better performances
than Matrimid® and close to those of PIM-1, considering their place on the Robeson diagrams of the O,/
N,, CO,/CH,4 and CO,/N, gas pairs. Aging studies between 63 and 122 days showed a decrease in per-
meability, accompanied by the typical increase in selectivity that tends to move the data parallel to the
upper Robeson limits.
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academic and industrial world. There are microporous in-
organic materials, including zeolites, activated carbons, or
silica, as well as microporous inorganic-organic materials like
metal-organic framework (MOFs)' and microporous organic
materials including hypercrosslinked polymers (HCPs),>
covalent triazine frameworks (CTFs),> conjugated microporous
polymers (CMPs)," porous aromatic frameworks (PAFs),’
covalent organic frameworks (COFs)°® and polymers of intrinsic
microporosity (PIMs).”® In general, microporous materials
exhibit high surface areas and pore sizes comparable to a small
molecule, showing potential applications in catalysis,"* " water
treatment,"* adsorbents for organic compounds,'® energy and
gas storage'®'” and gas separation membrane,"® >

PIMs are a class of solution-processable polymers, having
the ability to form robust films. The solubility of these
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materials is due to their contorted structure, which facilitates
the interaction between solvent and highly rigid chains. In
addition, the rigidity and contortion of the molecular structure
cause an inefficient packing of the chains, generating
microporosity.*?

From a synthetic point of view, the first PIM synthesized
(PIM-1) was obtained from the double nucleophilic aromatic
substitution reaction between a tetraol (5,5',6,6"-tetrahydroxy-
3,3,3',3-tetramethylspirobisindane (TTSBI) and 2,3,5,6-tetra-
fluoroterephthalonitrile (TFTPN) in the presence of potassium
carbonate, N,N-dimethylformamide as a solvent at low temp-
erature (60 °C).>> However, Guiver et al. prefer to perform the
reaction at higher temperatures (120 °C).** PIM-1 showed
excellent performance in the gas separation field for a wide
range of commercial gas pairs.*

Other polymerization reactions could be used to prepare
PIMs based on forming fused ring structures or free-rotating
restricted fragments by steric hindrance. These include
CANAL-type polymerization,®® Troger’s base formation,”” and
catalyzed cross-coupling reactions.?® Nevertheless, polymeriz-
ation using dibenzodioxins formation is the most popular and
versatile procedure due to the number of monomers (biscate-
chol and tetrahalide derivatives) available that organic syn-
thesis offers. In this sense, aromatic tetrahalide-containing
monomers must have electro-withdrawing groups on strategic
positions of the aromatic ring, favoring the success of the reac-
tion. Some of these groups are nitrile, sulfone, phenazine,
fluorine, trifluoromethyl, carbonyl, and phthalimide (Fig. 1).

Makhseed et al. prepared a series of phthalimide-based
microporous polymers from the commercial TTBSI and several
synthesized 3,4,5,6-tetrafluoro-N-R-phthalimides (structure F,
Fig. 1), where the R substituent was phenyl, hexyl, 4-methoxy-
phenyl, 3,4,5-trimethoxyphenyl, 4-tert-butylphenyl, 2,6-diiso-
propylphenyl and 1-adamantyl.** Those polymers provided
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surface areas between 595-889 m” g~' and were soluble in
CHCIl;, making them good candidates for gas adsorption and
gas separation. Moreover, the authors prepared a transparent
self-standing film obtained from 3,4,5,6-tetrafluoro-N-2,6-diiso-
propylphenylphthalimide, which could be tested as a gas sep-
aration membrane; however, they do not perform gas per-
meation measurements.

Due to the complexity of determining the three-dimen-
sional structure of PIMs, computational chemistry simulations
have been widely used to understand their molecular struc-
tures and to probe the pore morphology.'*?°** Despite the
challenge of creating amorphous models, it is a great advan-
tage to predict relevant properties related to gas separation
processes at a minimal cost. With the help of extensive
exploration using molecular models, it has been possible to
suggest adjustments to the structures of the monomeric units
such that they confer greater rigidity to the polymer.*®*?
Nowadays, macromolecular packing models can be obtained
systematically and at a relatively low cost using the Polymatic
simulated polymerization algorithm, followed by a com-
pression/decompression scheme over the amorphous periodic
unit cell.*>****** The models are then used for estimating
properties such as surface area, the fractional free volume
(FFV) and the distribution of cavity sizes.

Inspired by the Makhseed et al. work, we propose to deepen
the understanding of the structure-microporosity relationship of
the phthalimide-based polymers as the direct route to design
better polymers for gas separation by membranes. We aim to
answer whether gas transport depends on the size and position
of the alkyl-substituent groups on the aryl-phthalimide. One
question came to us: does gas transport depend on the size and
position of the substituent groups on the phthalimide?

To respond to above question, we prepared three new
3,4,5,6-tetrafluoro-N-R-phthalimides, where the R substituent

CN 0=8=0 F F 0=8=0
R Ph
A B c D
R
o=.N_o

Fig. 1 Aromatic tetrahalide-containing monomers bearing electro-withdrawing groups.
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Fig. 2 Tetrafluorophthalimide monomers synthesized for this study.

was 2,6-dimethylphenyl, 2,4,6-trimethylphenyl and 2,6-diethyl-
phenyl (Fig. 2; IM2, IM3 and IM5, respectively), and syn-
thesized two of the tetrafluorinated monomers (R: phenyl; 2,6-
diisopropylphenyl) reported by Makhseed et al. (Fig. 2; IM1
and IM4, respectively). Each tetrafluorinated monomer was
reacted with TTBSI to obtain five PIMs. Solubility, thermal pro-
perties, BET surface area, ability to form free-standing film,
gas transport properties and physical aging were established
and discussed.

We also took the advance of the Polymatic algorithm to
simulate amorphous polymeric structures and made molecular
models of the synthesized PIMs. Bulk density, surface area,
and fractional free volume were calculated for the amorphous
periodic cell models and the resulting data were compared to
those obtained from the experiments.

Experimental
Instrumentation and measurement

FT-IR spectra were obtained using a PerkinElmer Spectrum-
Two spectrometer (PerkinElmer Inc., Waltham, MA, USA) with
a coupled Universal Attenuated Total Reflection (UATR) unit
over the range of 4000-450 cm ™', "H NMR (400 MHz) and **C
NMR (101 MHz) spectra were recorded on a Varian AV Agilent
(Agilent Tech., Santa Clara, CA, USA) instrument operated at
400 MHz for 'H and 75 MHz for **C or a Bruker Avance Il HD
(Bruker Corporation, Karlsruhe, Germany) spectrometer using
DMSO-dg or CDCl; as solvents. Viscosimetric measurements at
single point (inherent viscosity) were made in a Desreux-
Bischoff type viscosimeter at 30 °C (c = 0.5 g dL.”") in chloro-
form. An average of five measurements was reported. A Fisons
EA 1108-CHNS-O equipment (Thermo Scientific, Waltham/MA,
USA) used to make the elemental analysis.
Thermogravimetric analysis (TGA) was performed to powder
samples using a Shimadzu TGA-50 (Columbia, United States)
instrument under a nitrogen atmosphere with a heating rate of
10 °C min™" from room temperature to 850 °C. Wide-angle
X-ray diffraction (WAXD) was conducted to powder samples on
a Bruker D8 ADVANCE A25 advanced diffractometer equipped

was
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with a Goebel mirror and using CuKo radiation (1 = 1.542 A) as
the radiation source and a LYNXEYE detector (Bruker,
Billerica, MA, USA). The diffractograms were recorded in the
26 range of 5° to 40°, with a measurement time of 0.5 s per
each step of 0.02°. The average d-spacing was calculated using
Bragg’s Law equation:

_nd
" 2sin6

(1)

where 6 was assigned from the broad amorphous peak
maximum, 4 is the X-ray wavelength, and » is an integer (n = 1
for the first order diffraction).*> The thickness of the mem-
branes was determined as an average of 15 measurements at
different points using digital micrometres (Fischer
Instruments S. A. Windsor, United States). Nitrogen adsorp-
tion/desorption measurements were performed on a
Micromeritics 3Flex apparatus at 77 K between 10°® and 0.99
relative pressure. Powdered samples were degassed at 120 °C
for 12 h under a high vacuum before analysis. The specific
surface area of each polymer was calculated by the Brunauer-
Emmett-Teller (BET) equation, and the micropore size distri-
butions were calculated from the low-pressure adsorption iso-
therms using the Horvath-Kawazoe (H-K) method.

Gas permeation measurements

Uniform film samples with a thickness in the range of 75—
130 micrometres were affixed on brass drilled discs using
epoxy adhesive and protected with fiberglass filter paper. Pure
gas permeability coefficients were determined using a constant
volume/variable pressure apparatus based on the “time lag”
method, at 35 °C and an upstream pressure of 3 bar, as
described elsewhere.'® Before starting the permeability tests,
the membrane samples were left overnight under a vacuum
inside the permeation cell. First, helium permeability
measurements were carried out at three different pressures (1,
2 and 3 bar) to verify the absence of pinholes in the membrane
before performing the measurements with the following gases:
N,, O,, CH, and CO,. All membranes were stored under
ambient conditions during the aging process and thoroughly
degassed before measuring them again. The gas permeability

Polym. Chem., 2023, 14, 2363-2373 | 2365
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coefficient (P) was calculated from the increase in the perme-
ate pressure (p,) as a function of time (¢) in the pseudo-steady
state, according to the expression:

B dp)\ R-T-A-py-P 2
ptfpl+(a)l~7vivml (t—@ 2)
thus,
p_ V-V L [(dpss\  (dp (3)
R-T-A-py|\ dt ), \dt/,

where V is the constant permeate volume, V;,, is the molar gas
volume at standard temperature and pressure conditions, L is
the thickness of the film, R is the universal gas constant, T is
the absolute temperature of the measurement, A is the
effective area of the membrane, p, is the pressure of the feed
gas in the upstream, (dpss/dt) is the gas pressure increase
with time in pseudo-steady state and (dp/dt), is the leak flow
rate, which is generally negligible but can be corrected if
required. The diffusion coefficient (D) was calculated accord-
ing to eqn (2) from the time-lag (6), defined as the time inter-
cept with the tangent line in steady state:

LZ

="
6D

(4)
According to the solution-diffusion model, the solubility
coefficient (S) was calculated from the expression:

P=DxS (5)

Then, the ideal selectivity a(i,j) of a membrane for the sep-
aration of a mixture of two gases was calculated as the ratio of
the membrane permeabilities to each pure gas:

P _Di S

a(i,j) = 17] = Ej X 5; (6)
where, by convention, P; is higher than P, and afij) can be
decoupled into diffusivity-selectivity and solubility-selectivity.

Computational method

According to the experimentally evaluated polymers, we set out
to obtain representative models of the PIM-SBI-IM(2-5) poly-
mers, including the model of the PIM-1 as a reference. The
polymerization of the respective repeating units, including all
possible stereoisomers, was performed with the Polymatic
algorithm. To sample the structures, eleven independent
models of each polymer were generated by randomly packing
forty-eight repeating units in a cubic periodic box, whose side
was defined to provide an initial packing density of 0.3 g cm™>,
According to previous reports, this initial density was required
to obtain a higher percentage of polymerization.*® Within the
simulation box, four configurations with different stereo-
chemistry were considered for PIM-SBI-IM(2-5) models, twelve
repeating units of each one. In the PIM-1, twenty-four repeating
units of each of the two configurations with different stereo-
chemistry that are present in the polymer were packed. Forces
on atoms were calculated by considering the general AMBER

2366 | Polym. Chem., 2023, 14, 2363-2373
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(GAFF)"” and the Transferable Potentials for Phase Equilibria
(TraPPE-UA) force fields*®™® to describe bonding and non-
bonding interactions, respectively. Atomic charges were esti-
mated from the electrostatic potential using a grid-based
method for a model with two units of each monomer optimized
at the HF/6-31G* level of theory by the Gaussian package.’ For
PIM-1 models, previously reported atomic charges were used.*’

During the simulated polymerization, bonds were formed
between the reactive atoms at a distance less than or equal to
6 A. The reactive sites were the carbon atoms initially bonded
to the fluorine atoms and the oxygen of the hydroxyl groups.
In addition, geometric restrictions were used for forming the
bonds, as proposed by Polymatic for this type of simulated
reaction.?® The structure was minimized after a new bond was
formed, and for every five new bonds, intermediate molecular
dynamics (MD) steps were performed. MD steps were per-
formed with the LAMMPS package,® at 1000 K temperature,
during 10 ps using 1 fs of time step. The Ewald sum was used
to calculate the long-range electrostatic interactions, described
by the Coulomb potential. The Lennard-Jones (L]) potential
was used to represent the short-range van der Waals inter-
actions. The cut-off distance for the LJ interactions and the
real part of the Ewald sum was set to 15 A. The repeating units
used for PIM-1 and the PIM-SBI-IM(2-5) polymers are shown
in ESI Fig. 1-5,7 and the atom types and the partial charge of
the atoms are shown in ESI Tables 1-5.}

Through 21 compression/decompression steps performed
by MD, each polymer was obtained with a density that simu-
lates the experimental value. This is an established protocol
for generating structures of microporous polymers. In this pro-
tocol, MD steps alternate between canonical ensemble (NVT)
and isobaric-isothermal ensemble (NPT), using a maximum
temperature and pressure of 1000 K and 50 000 bar to reach
the balanced structure at a final temperature and pressure of
300 K and 1 bar, respectively. Constant temperature and
pressure were maintained using a Nosé-Hoover thermostat
and barostat during MD steps as implemented in LAMMPS.*°

The five optimized models of the polymers with the highest
density were used to analyze the structure and estimate pro-
perties. The fractional free volume and the surface area were
calculated using the “Atom Volumes and Surfaces” tool of the
Materials Studio computational package.*® The procedure is
based on measuring the Connolly surface using a spherical
probe, where the probe is imaginarily rolled over the entire
structure. Guided by the experimental measurement of the
BET surface area, the probe for the calculation of this magni-
tude was defined with a radius of 1.82 A, corresponding to the
kinetic radius for N,, and empirically, the van der Waals radii
of the atoms in the structure were scaled by a factor of 1.35
(vdW scale factor).”® A 1.65 A radio probe was used to calculate
the free volume, according to a previous report.”” The frac-
tional free volume was estimated by the ratio between the free
volume and the volume of the simulation cell. In addition, the
structural analysis of polymers was supplemented by comput-
ing the radial distribution function between pairs of atoms
using the Visual Molecular Dynamics (VMD) program.>®

This journal is © The Royal Society of Chemistry 2023
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Reagents, intermediates, monomers and solvents

Aniline (99%); 2,6-dimethylaniline (98%); 2,6-diethylaniline
(98%) 2,6-diisopropylaniline (97%); 2,4,6-trimethylaniline (98%)
and 3,4,5,6-tetrafluorophthalic acid (98%) were obtained from AK
Scientific, Inc. (San Francisco, USA). Anhydrous N,N-dimethyl-
formamide (DMF, 99.8%); anhydrous potassium carbonate
(99%); anhydrous tetrahydrofuran (THF, 99.9%); chloroform (for
analysis); isopropanol (for analysis); methanol (for analysis);
5,5',6,6"-tetrahydroxy-3,3,3',3-tetramethylspirobisindane ~ (TTSBI,
96%) and thionyl chloride (99.5%) were purchased from Merck-
Sigma Aldrich Chile. TTSBI was washed in chloroform, recrystal-
lized in isopropanol and dried in a vacuum oven at 80 °C for 24 h
before use. All other reagents and solvents purchased were used
without further purification. 3,4,5,6-Tetrafluorophatalic anhydride
was synthesized according to a published procedure.’® Details of
the synthesis are given in the ESL¥

Synthesis of monomers and polymers: general procedure

Monomers IM(1-5). The appropriate amine (14.6 mmol) was
dissolved in glacial acetic acid (20 mL) with stirring at room
temperature. Subsequently, 3,4,5,6-tetrafluorophatalic anhydride
(15.0 mmol) was added, and the system was refluxed for 16 h.
The mixture was poured into an aqueous hydrochloric acid solu-
tion (9%, 400 mL) and stirred vigorously for 1 h. The suspended
solid was collected by filtration under vacuum, washed with
plenty of water and dried in a vacuum oven at 110 °C for 24 h.
Details of the individual monomers are given in the ESL

Polymers PIM-SBI-IM(1-5). A  mixture of TTSBI
(3.000 mmol), the appropriate tetraflurophthalimide monomer
(3.000 mmol) and anhydrous potassium carbonate (24 mmol)
in dry N,N-dimethylformamide was stirred under nitrogen
atmosphere for 72 h at 65 °C. The reaction crude was cooled to
room temperature and poured into water with stirring. The
precipitate was collected by filtration, washed with water,
acetone and methanol, and then dried in a vacuum oven at
110 °C. Details of the individual polymers are given in the
ESL+

Membrane preparation

Thin flat films were prepared from a 2-4% w/v solution of the
polymers in THF (typically 500 mg in 20 mL of solvent). Each
solution was filtered through a 5 pm nylon syringe filter and
poured into a 7 cm diameter Petri dish. The membranes were
formed by slow evaporation of the solvent (usually for four
days) at ambient conditions. The dense membranes were
peeled off and immersed in methanol for 24 h just before
measuring the gas transport properties. The thickness of the
membranes ranged from 75-130 pm.

Results and discussion

Synthesis and characterization of tetrafluorophthalimide
monomers IM(1-5)

Monomers IM(1-5) were synthesized by modifying the pro-
cedure reported by Makhseed et al*® First, the commercial

This journal is © The Royal Society of Chemistry 2023
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3,4,5,6-tetrafluorophthalic acid was dehydrated to 3,4,5,6-tetra-
fluorophatalic anhydride by using thionyl chloride. Then, each
aniline derivative was put to react with a slight excess of
3,4,5,6-tetrafluorophthalic anhydride in glacial acetic acid
resulting in a high purity grade of each phthalimide derivative.
In this type of reaction, it is usual to use an excess of amine;
however, this reagent was not removed quantitatively during
the isolation process, even after many washes with acidic
water. When an excess of the anhydride was used, the presence
of amine was not detected by NMR, while the anhydride was
removed by washing with acidic water and then with water,
transforming it into carboxylic acid, which was soluble in
water at room temperature. Finally, the purity of each
monomer was verified by elemental analysis.

The successful reaction of amines A(1-5) to tetrafluor-
ophthalimide monomers IM(1-5) was confirmed by IR and
NMR spectroscopies. In the IR spectra, the characteristic imide
group absorption bands were observed in the range of
1790 cm™" and 1710 cm ™" due to asymmetrical and symmetri-
cal carbonyl stretching vibrations, respectively. Additionally,
the successful conversion was corroborated by the absence of
any broad band in the 3600-3000 cm™" zone. In this region,
the N-H and O-H stretching vibrations associated to amic acid
structures could be observed if the imide group was not
obtained. The chemical structures of the monomers, as well as
the complete conversion from amine to imide, were also con-
sistently demonstrated by NMR spectroscopy. Details of the
spectroscopic characterization, including the complete assign-
ment of all signals in the '"H NMR spectra, are given in ESI
Fig. 6.1

Synthesis and characterization of polymers

Polymers, labeled as PIM-SBI-IM1, PIM-SBI-IM2, PIM-SBI-IM3,
PIM-SBI-IM4, and PIM-SBI-IM5, were synthesized from a com-
bination of tetrafluorophthalimide monomers with commer-
cial bis-catechol TTSBI, according to a procedure reported by
Neil Mckeown et al>® (Scheme 1). Briefly, both monomers
reacted in the presence of anhydrous potassium carbonate and
DMF as a solvent at 65 °C for 72 h under a nitrogen atmo-
sphere. Chain growth occurs via double nucleophile aromatic
substitution forming dioxin rings.

The chemical structure of the polymers was firstly estab-
lished by IR and 'H NMR spectroscopies. The polymers all
retained their two characteristic bands related to the asymme-
trical and symmetrical carbonyl stretching vibrations of the
imide groups around 1770 cm™" and 1710 cm™", respectively.
Additionally, the absence of the O-H stretching absorption
bands in the range of 3600-3000 cm ™" provides clear evidence
that the reaction of the tetrafluorophtalimides with TTSBI was
significantly efficient. PIM-SBI-IM1 demonstrated poor solubi-
lity in all common deuterated solvents tested, preventing
characterization by solution NMR; therefore, it was only spec-
troscopically characterized by IR technique.

The other four polymers (PIM-SBI-IM2, PIM-SBI-IM3,
PIM-SBI-IM4 and PIM-SBI-IM5) were soluble in deuterated
chloroform enabling characterization by solution 'H NMR.

Polym. Chem., 2023, 14, 2363-2373 | 2367
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F F
A(1-5) IM(1-5)

1:R1,R2,R3=H 2:R1,R2=Me; R3=H

3:R1,R2=Et;R3=H

(ii)

PIM-SBI-IM(1-5)

4:R1,R2=/Pr;R3=H 5:R1,R2, R3 = Me

Scheme 1 Synthesis of tetrafluorophthalimide-containing monomers IM(1-5) and microporous polymers PIM-SBI-IM(1-5). Reagents and con-
ditions: (i) Glacial acetic acid, reflux 16 h. (ii) Anhydrous DMF, anhydrous K,COs3, 65 °C, N, (g), 72 h.

The precise assignment of the signals in the "H NMR spectra
was carried out with the help of the "H NMR spectra of corres-
ponding monomers. The broad aromatic and aliphatic signals
in the "H NMR spectra indicate the formation of long poly-
meric chains, where the chemical shifts of the protons occupy-
ing the same position in the repeating unit may have small
differences due to magnetic anisotropy effects, causing a
broadening of the signals. Details of the spectroscopic charac-
terization are given in ESI Fig. 7 and 8.7

PIM-SBI-IM2, PIM-SBI-IM3, PIM-SBI-IM4 and PIM-SBI-IM5
were soluble in chloroform and THF, while PIM-SBI-IM1 was
not soluble in any commonly used solvent, not even in quino-
line, which is often used as a last resort to prepare PIMs films.
As a result, it was not possible obtaining a film of
PIM-SBI-IM1, while the other four polymers were able to form
self-standing films by slow evaporation of THF. The
PIM-SBI-IM(2-5) solutions exhibited high inherent viscosity
values (1.21-1.41 dL g™ "), which is indicative of high molecular
weights. ESI Fig. 9 shows a robust self-supporting film indi-
cating that molecular weights of these polymers were adequate
to obtain good quality films.

Properties of polymers

Thermogravimetric analysis (Fig. 3) proved the complete
removal of residual solvents and humidity from the mem-
branes. Mass decreases were not detected for any polymer
below 450 °C, and the 5% weight loss due to thermal
decomposition was in the range of 537-549 °C. In addition, all
four polymers were more resistant to thermal degradation
than PIM-1, as shown in Table 1. This higher thermal stability
is due probably to the high content of fused aromatic rings
and the presence of the imide group in the repeating units of
the polymers.

Wide angle X-ray diffraction (WAXD) analysis (Fig. 4) evi-
denced the amorphous structure of these materials since very
broad signals were observed in the diffractograms. Three well-
defined peaks were observed, corresponding to different inter-
chain distances estimated from the Bragg’s Law. However, the
WAXD results do not allow to distinguish structural differences
between polymers. The smallest distance, at approximately
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Fig. 3 Thermogravimetric analysis of the PIM-SBI-IM(2-5) membranes.

5 A, is due to the more compactly packed regions of the struc-
ture. The signal near to 7 A can be attributed to regions with
inefficient packing of the polymeric chains, due to their rigid
and contorted structure and bulky side groups. Finally, the
signal near to 10 A should be mainly related to spaces gener-
ated between the spiro-centers.®® This last idea is in agreement
with the spirocenters-spirocenters radial distribution functions
(ESI Fig. 15%) obtained for the computational polymeric
models of PIM-SBI-IM(2-5).

The nitrogen adsorption/desorption isotherms at 77 K for
all polymers in powder form was carried out. (Fig. 5A). The
polymers showed the characteristic shape of microporous
materials with an isotherm type I. Apparent BET surface areas
were calculated, ranging from 434 to 661 m> g~ (Table 1).
PIM-SBI-IM4 showed the highest surface area. Apparently, the
two isopropyl groups close to imide ring increase the fractional
free volume in the solid state, which may result in a less
efficient packing of the polymer. Pore size distribution was cal-
culated according to the Horvath and Kawazoe (HK) model
(Fig. 5B). The values were around 0.7 nm indicating a great
contribution of ultramicropores.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Experimental and simulated properties of the PIM-SBI-IM(2-5) and PIM-1: surface area (SA), fractional free volume (FFV), density and

degradation temperature (T)

Experimental Computational simulation
Polymer SAger (m*g™")  Density” (gem™)  Ty,500 (°C) Amorphous unit cell”  SAgm, (m*g™")  Density (g cm™)  FFV
PIM-SBI-IM2 471 1.202 549 721 + 89 0.963 + 0.017 0.253 + 0.015
PIM-SBI-IM3 434 1.166 549 767 + 64 0.935 + 0.009 0.264 + 0.012
PIM-SBI-IM4 661 1.056 537 935+ 113 0.898 + 0.022 0.289 + 0.018
PIM-SBI-IM5 495 1.158 541 820 + 65 0.935 + 0.005 0.271 + 0.008
PIM-1 760 [ref. 61] 1.114 [ref. 62] 493 [ref. 63] 967 + 83 0.936 + 0.011 0.299 + 0.015

“Density of the PIM-SBI-IM(2-5) membranes were calculated geometrically from the thickness, area and mass of a piece of each film.
b Amorphous unit cell of each polymer shows the outer (blue) and inner (gray) Connolly surfaces of the cavities.

PIM-SBI-IM2
PIM-SBI-IM3
— PIM-SBI-IM4

PIM-SBI-IM5

103 A 7.2A

Intensity (Arb. Units)

T
5 10 15 20 25 30
20 (degree)

Fig. 4 Wide angle X-ray diffraction (WAXD) analysis of the PIM-SBI-IM
(2—-5) membranes.

Computational simulation of polymers

The distributions of the dihedral angles involving the spiro-
centers and those associated with the planarity of the diben-
zodioxin rings in PIM-1 and PIM-SBI-IM(2-5) proved the
final models fulfilled the standard geometrical features for
this type of structure (ESI Fig. 10f). On validating the
models, we set out to perform the simulation of the pro-
perties. The simulated properties of the PIM-SBI-IM(2-5) and

This journal is © The Royal Society of Chemistry 2023

PIM-1 are reported in Table 1, along with the corresponding
experimental results for better comparison. Table 1 also
shows one of the amorphous unit cells representing each
polymer, where the inner and outer Connolly surfaces of the
cavities are displayed in gray and blue, respectively, as geo-
metrically were delineated by a cylindrical probe with a
radius of 1.65 A.

The simulated density of PIM-1 corresponded with the
value reported in similar simulations.’® Likewise, the simu-
lated packed of PIM-SBI-IM(2-5) tended to have a lower
density than the corresponding prepared polymeric mem-
branes, and consequently, the simulated surface area (SAgim)
showed the opposite trend, as does the calculated fractional
free volume (FFV). Still, experimental and simulated surface
area values evidenced a clear correlation with a regression
coefficient (R*) of 0.89 and a standard deviation (¢) of 46 m?>
¢~' (Fig. 6). Based on these results, we propose the linear
regression function obtained for estimating the surface area
from polymeric models with new structural modifications. The
data showed that polymers containing aryl-phthalimide
groups can achieve properties similar to PIM-1. Thus,
PIM-SBI-IM4, whose fluorinated monomer contains the largest
groups in the ortho position of the aryl-phthalimide, had the
largest surface area within the series. In contrast, PIM-SBI-IM2
and PIM-SBI-IM3 showed the lowest surface area, indicating
the possibility of generating more compact structures.
Furthermore, by including a methyl group in the aryl-phthali-
mide para position (PIM-SBI-IM5), the surface area tended to
increase even with small volume substituents in the ortho
position.

Polym. Chem., 2023, 14, 2363-2373 | 2369
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Fig. 6 Linear regression of experimental (SAget) and simulated (SAgm)
surface area from the PIM-SBI-IM(2-5) and PIM-1.

Gas permeation properties

The aging time expressed in days is indicated in parenthesis.
PIM-1 and Matrimid® are reported for comparison (1 Barrer =
107" em?® (STP) cm 5™ ¢cm 572 cmHg ™ ).

Table 2 shows the results of N,, O,, CH,, and CO, per-
meability measurements for PIM-SBI-IM2, PIM-SBI-IM3,

PIM-SBI-IM4 and PIM-SBI-IM5 freshly methanol treated and
aged membranes, and ideal selectivity calculations for the
corresponding gas pairs of most significant interest. The table
also shows values reported for Matrimid® and PIM-1 since
these polymers are frequently used as a reference in studies
focused on membrane gas separation.

The diffusion and solubility coefficients calculated from the
time-lag measurements are reported in ESI Table 6.f All
freshly methanol treated and aged membranes presented in
this study were significantly more permeable to all the tested
gases than Matrimid®. The data plotted on the Robeson dia-
grams (Fig. 7) show that PIM-SBI-IM2, PIM-SBI-IM4 and
PIM-SBI-IM5 exceed the 1991 upper bound for O,/N, separ-
ation, while only PIM-SBI-IM4 exceeds the 1991 upper bound
for CO,/CH, gas pair. On the other hand, the performance of
all membranes is below the 2008 upper bound for CO,/N, sep-
aration. The fresh PIM-SBI-IM4 membrane showed the highest
permeability for all gases tested, which is in accordance with
the results obtained from the BET measurements and compu-
tational calculations of surface area and FFV of the polymers
(Table 1). According to the permeability/selectivity trade-off,
this polymer showed the lowest selectivity for all gas pairs.
However, the fresh PIM-SBI-IM4 membrane exhibited the best
performance for gas separation within the freshly methanol
treated membranes series. The results were close to those
showed by PIM-1 for the O,/N, and CO,/CH, gas pairs, clearly

Table 2 Gas permeabilities and ideal selectivities of freshly methanol treated PIM-SBI-IM(2-5) membranes and data from aged films

Permeability P; [Barrer]

Ideal selectivity a(P/P))

Polymer N, 0, CH, CO, 0,/N, CO,/CH, CO,/N,
PIM-SBI-IM2 (122 days) 81.3 (8.1) 300 (42.0) 122 (11.1) 1362 (174) 3.69 (5.16) 11.2 (15.7) 16.8 (21.3)
PIM-SBI-IM3 (121 days) 80.6 (53.4) 279 (199) 140 (87.6) 1393 (941) 3.45 (3.73) 9.95 (10.8) 17.3 (17.6)
PIM-SBI-IM4 (63 days) 309 (259) 954 (867) 536 (413) 4705 (4204) 3.09 (3.35) 8.78 (10.2) 15.2 (16.2)
PIM-SBI-IMS5 (92 days) 133 (79.6) 446 (279) 200 (122) 2165 (1330) 3.36 (3.51) 10.8 (10.9) 16.3 (16.7)
Matrimid® [ref. 64] 0.320 2.10 0.280 10.0 6.60 35.7 31.3
PIM-1 [ref. 65] 238 786 360 3496 3.30 9.71 14.7
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surpassing it for the CO,/N, pair. Comparing the results
reported in Tables 1 and 2, it is evident that generally bulkier
alkyl groups in the ortho positions of the aryl-phthalimide
increase the surface area and FFV values of the polymers,
resulting in higher values of gas permeability.

The PIM-SBI-IM(2-5) membranes were aged for a short
time ranging from 63 to 122 days. Despite the difference in
aging time, it is possible to analyze these data for trends, con-
sidering that the largest conformational changes in PIMs
occur during the first few months of aging.®>"®” As is often the
case for PIMs, the gas permeability of all PIM-SBI-IM(2-5)
decreased due to films aging and, in concordance with the per-
meability/selectivity trade-off, the selectivity tended to increase
(Fig. 7). In particular, PIM-SBI-IM4 demonstrated the lowest
physical aging within the series, even improving its gas separ-
ation performance for all considered gas pairs over time. The
increase in selectivity of PIM-SBI-IM4 membrane, for the sep-
aration of the three gas pairs (0,/N,, CO,/CH,; and CO,/N,),

This journal is © The Royal Society of Chemistry 2023

), PIM-SBI-IM3 (121 days, @),

accompanied by a less drastic decrease in permeability with
respect to the other membranes, suggests that the rearrange-
ment of its polymeric chains occurs such that the interconnec-
tion regions between the free volume elements are tightened
without a substantial reduction of the total FFV of the
polymer. In contrast, the decrease of FFV showing by
PIM-SBI-IM2, PIM-SBI-IM3 and PIM-SBI-IM5 due to aging is
apparently not accompanied by a significant tightening of the
interconnection sites between the free volume elements,
resulting in very poor improvements of the selectivity. The
latter is also in agreement with the diffusion and solubility
data shown in ESI Tables 6 and 7.7 In all cases, the results
indicate that the decrease in permeability upon aging is due to
a decrease in the corresponding diffusion coefficients, while
the increase in selectivity is essentially due to an increase in
diffusivity-selectivity, since the corresponding solubility coeffi-
cients and solubility-selectivity almost do not change upon

aging.
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Conclusions

In conclusion, five microporous polymers for membrane gas
separation were obtained via the double nucleophilic aromatic
substitution from the commercially available TTSBI monomer
and five synthesized 3,4,5,6-tetrafluoro-N-R-phthalimides,
three of which are reported for the first time. Four of the poly-
mers formed self-standing films from which measurements of
N,, O,, CH, and CO, permeability data were carried out. They
exhibited excellent thermal stability with 5% weight loss
values below 450 °C, and relatively high BET surface areas
(434-661 m* g™ ") that are comparable to those of PIM-1. Also,
wide angle X-ray diffraction measurements showed the amor-
phous and microporous nature of the four prepared mem-
branes. Computational models of the studied polymers were
obtained, from which it was possible to predict morphological
properties such as surface area and free volume fraction, and
then compare them with the experimental values.
Additionally, a linear function was proposed as a tool to
predict the surface area values of future PIMs from the corres-
ponding computational models. In relation to the gas per-
meation properties, it was found that the larger the alkyl sub-
stituent in the ortho positions of the aryl-phthalimide frag-
ments, gas permeability of the polymeric membranes tends to
be higher. On the other hand, a substitution at the para posi-
tion of aryl-phthalimide moieties also seems to be favorable
for achieving higher permeability values.
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