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Abstract: An optimized synthesis of the monomer 2,2'3,3'-biphenyltetracarboxylic dianhydride, iBPDA,
was performed to obtain high molecular weight polymers. This monomer has a contorted structure
that produces a non-linear shape, hindering the packing of the polymer chain. Aromatic polyimides of
high molecular weight were obtained by reaction with the commercial diamine 2,2-bis(4-aminophenyl)
hexafluoropropane, 6FpDA, which is a very common monomer in gas separation applications. This
diamine has hexafluoroisopropylidine groups which introduce rigidity in the chains, hindering efficient
packing. The thermal treatment of the polymers processed as dense membranes had two targets: on
the one hand, to achieve the complete elimination of the solvent used, which could remain occluded in
the polymeric matrix, and on the other hand to ensure the complete cycloimidization of the polymer. A
thermal treatment exceeding the glass transition temperature was performed to ensure the maximum
degree of imidization at 350 °C. The good mechanical properties of these materials allow for their use in
high-pressure gas purification applications. Moreover, models of the polymers exhibited an Arrhenius-like
behavior characteristic of secondary relaxations, normally associated with local motions of the molecular
chain. The gas productivity of these membranes was high.

Keywords: aromatic polyimides; isomeric polymers; biphenyl monomers; thermal resistance polymers;
gas separation

1. Introduction

Aromatic polyimides have gained notable importance in advanced technologies be-
cause of their excellent balance of mechanical, solvent-resistant, and thermal properties.
As a result, this family of polymers has achieved a crucial role in the electronic industry,
aerospace industry, and separation applications [1-3]. For this latter application, the poly-
mers used as materials must be designed with a controlled balance of properties such as
processability, glass transition temperature, and high fractional free volume [1,4-9]. In
addition, all these polymer materials have to be amorphous and show relatively high
transition temperatures, behaving as glassy materials at working temperatures [1,10-13].

In particular, gas separation membranes are a valid alternative to other established
industrial separation processes, mainly due to their simplicity, continuous working, low
energy consumption, and capital costs [14-18].

Nowadays, there is an industrial necessity for new gas separation membranes with
high permeabilities (gas flux) and excellent permselectivities (separation factor) to be
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applied in industrial separations [19-21]. A high selectivity leads to a higher purity of
products and allows a reduction in the number of operation steps, whereas permeability
increases the velocity of the separation process [22]. However, it is well known that there is
a trade-off between permeability and selectivity that restricts the gas separation [23-27].

One approach to achieving new polymeric materials with enhanced gas permeability
is to include bulky structures, mainly pendant groups, which increase the fractional free
volume, FFV [28-30]. In addition, using structures with high rigidity that hinders chain
mobility produces a strong size-sieving ability [31]. Combining these two proposals should
bring about materials with both high permeability and selectivity [26,32].

McKeown developed a new strategy to circumvent the commented trade-off between
permeability and selectivity. His proposal consists of using polymers that have very
contorted structures, which impart high rigidity to the macromolecular chain [30]. As
a result, these so-called Polymers with Intrinsic Microporosity, PIMs, show very high
permeabilities similar to rubbery polymers or glassy polymers such as poly(1-trimethylsilyl-
1-propyne) (PTMSP), along with competitive gas selectivities [33-38].

This work has evaluated the gas separation properties of polyimides derived from
the monomer 2,2'3,3'-biphenyltetracarboxylic dianhydride, iBPDA. The iBPDA biphenyl
monomer has a contorted structure owing to the steric interaction between the two car-
bonyls of the anhydride moiety (imide on the polymer) and the 2" and 6’ groups of the other
phenyl group. This interaction produces a stiff non-linear shape that efficiently hinders the
polymer chain’s packing, producing an increase in permeability along with good selectivity.

To confirm the interactions mentioned above, molecular structures of biphenyl models
were calculated with quantum-semiempirical methods and are displayed in Figure 1.

(@)

(b)

Figure 1. Molecular structure (AM1 semiempirical method) of the models made by reaction of aniline,
An, with a biphenyl dianhydride: (a) BPDA-An, (b) iBPDA-An, and (c) scheme of the iBPDA-An model
showing the steric interaction (yellow atoms) between an oxygen of the imide group and a hydrogen
placed on 2-position of the biphenyl moiety.
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After synthesizing iBPDA, it was polymerized with the 2,2-Bis(4-aminophenyl)hexafluoro-
propane diamine, 6FpDA, which is very often used in the gas separation field because it pro-
duces polymer materials with enhanced gas separation properties [39-44]. Additionally, a set of
isomeric copolyimides obtained by the combination of iBPDA and the 3,34 4’- biphenyltetracar-
boxylic dianhydride, BPDA [39], were obtained and evaluated, with the idea of modulating the
gas separation properties induced by the iBPDA monomer [45,46].

2. Materials and Methods

The 3,3’ 4,4’-biphenyltetracarboxylic dianhydride (BPDA) was purchased from Chriskev
Company Inc., Overland Park, KS, USA, and purified by sublimation under high vacuum
(220 °C at 0.05 mmHg). Diamine 2,2-bis(4-aminophenyl) hexafluoropropane (6FpDA) was also
obtained from Chriskev Company Inc and purified by sublimation under high vacuum (170 °C
at 0.05 mmHg).

N,N-dimethylacetamide (DMAc), m-cresol, N-methyl-2-pyrrolidinone (NMP), tetrahy-
drofuran (THF), chloroform (CHCl3), N,N-dimethylformamide (DMF), and other chemicals
and solvents were purchased at their highest purity grade and used without any further
purification unless commented in the text.

2.1. Synthesis of Monomers
2.1.1. Synthesis of 2,2'3,3’-Biphenyltetracarboxylic Dianhydride (iBPDA)

The synthesis of 2,2'3,3’-biphenyltetracarboxylic dianhydride was carried out in a
3-step process starting from 2,3-dimethylchlorobenzene, as depicted in Scheme 1. The
monomer iBPDA was obtained in the conditions described by Colon [47-49]. It be-
gan with a homocoupling reaction of 2,3-dimethylchlorobenzene, using the Dichloro-
bis(triphenylphosphine)nickel(Il) as catalyst and zinc as an activator to reduce Ni(II) to
Ni(0), which is the active species that produces the sp?-sp? coupling. Subsequently, an
oxidation process was carried out, using potassium permanganate in a basic medium to
obtain the tetraacid compound with excellent purity. Finally, to ensure a high-purity iBPDA
monomer, the tetraacid precursor was subjected to sublimation. This monomer was able to
produce high molecular weight polyimides.

o)
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o

iBPTM iBPTA iBPDA
Scheme 1. Synthesis of 2,2'3,3’-biphenyltetracarboxylic dianhydride, iBPDA.

2.1.2. Preparation of 2,2’,3,3'-Tetramethylbiphenyl (iBPTM)

A three-neck flask with a condenser and magnetic stirring was charged with dry
sodium iodide (178.5 mmol, 26.90 g), triphenylphosphine (128.5 mmol, 33.68 g), Zn
(546.3 mmol, 35.70 g), and Dichlorobis(triphenylphosphine)nickel(Il) (17.8 mmoles, 11.73 g)
in anhydrous DMF (270 mL) under N, atmosphere. The reaction mixture was heated at
90 °C to activate the catalyst. Finally, 3-chloro-o-xylene (357.0 mmol, 50.00 g), dissolved in
DMF (90 mL), was added to the mixture, and the reaction was maintained at 90 °C for 24 h.

Afterward, the mixture was cooled to room temperature, and the formation of a
precipitate was observed. Analysis of the solid indicated that it was a mixture of inorganics
and the target compound that was recovered by filtering under a vacuum, dissolving
with hot hexane, and finally concentrating to dryness. On the other hand, the DMF
solution was treated with HyO, solution (20 vol) to oxidize the triphenylphosphine and
rotoevaporated to dryness, and the resulting solid was subjected to Soxhlet extraction
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with hexane. The hexane solution was concentrated to dryness, yielding the product
2,2/ 3,3-tetramethylbiphenyl with a high degree of purity. The overall yield was 90% (pf:
96 £ 1 °C). NMR spectra are shown in the supporting information section (Figures S1-5S3).
'H-NMR, 300 MHz, CDCl3: 7.16 (m, 4H, H, Hy), 6.99 (dd, 2H, Hy, JHp-Hc = 2.1 Hz, JHy,-
Hy = 6.8 Hz), 2.36 (s, 6H, Hy, CHz), 1.98 (s, 6H, H},, CH3). '*C-NMR, 75 MHz, CDCl;: 142.3
(Ce), 137.1 (Cg), 134.5 (Ca), 1285 (Ce), 127.2 (Cp), 125.0 (Cg), 20.5 (C¢), 16.4 (Cy,). Elemental
microanalysis: Calculated: C: 91.37, H: 8.36%. //Experimental: C: 91.08%, H: 8.51%.

2.1.3. Preparation of 2,2’,3,3'-Biphenyltetracarboxylic Acid (iBPTA)

In a three-neck flask with a condenser and mechanical stirring, 2,2’,3,3'-tetramethylbiphenyl
(54.7 mmol, 11.5 g), H,O/Pyr (2/1) (367 mL) and KMnO,4 were added and the solution was
heated to 100 °C. Subsequently, nine equal portions of KMnOj (146 mmoles per portion, 23.0 g)
were added at time intervals (30—45 min) to avoid intense reflux. Afterwards, the reaction
was hot-filtered and the liquid was evaporated until around 70% of the solvent was elimi-
nated. The resulting solution was acidified with 37% HCl until acid pH (pH = 2 approx.),
and the formation of a precipitate observed. The precipitate was collected and purified
by recrystallization in distilled water. The tetraacid compound iBPTA was obtained in
56% yield. pf: 273-275 °C (DSC). The NMR characterization is shown in the supporting
information section (Figures S4-56). IH-NMR, 300 MHz, DMSO-dg: 7.85 (dd, 2H, Hy,
JH4-He =7.8 Hz, JHy-Hy = 1.0 Hz), 7.51 (t, 2H, H, JH-Hy, = JH--Hy = 7.8 Hz), 7.40 (d, 2H,
Hy, JH-Hy, = 7.8 Hz). ®*C-NMR, 75 MHz, DMSO-d: 168.3 (Cy), 167.0 (Cy), 137.5 (Cg y Ce),
133.4 (Cp), 128.5 (Cc), 129.0 (Ca), 128.3 (Cyg), 127.5 (C,). Elemental Microanalysis. Calculated:
C:59.19, H: 3.05%. //Experimental: C: 58.97%, H: 3.16%.

2.1.4. Preparation of 2,2’,3,3'-Biphenyltetracarboxylic Dianhydride (iBPDA)

The iBPTA tetraacid compound was sublimated at 240 °C under a high vacuum
(0.05 mmHg). The crystalline solid deposited on the cold finger was collected to afford
the corresponding dianhydride with a quantitative yield (pf: 269 °C). The NMR char-
acterization is shown in the supporting information section (Figures S7-S9). 'H-NMR,
500 MHz, DMSO-d¢: 8.21(dd, 2H, Hy, JH4-H. = 7.1 Hz, JH4-Hy, = 1.8 Hz), 8.12 (t, 2H, H,,
JHc-Hyp, = 7.8 Hz), 8.09 (d, 2H, Hp). *C NMR, 125 MHz, DMSO-dg: 162.6 (Cy), 162.3 (Cy),
138.0 (Cp), 136.1 (Ce), 134.2 (Ce), 121.6 (Cy), 128.5 (Cy), 125.9 (Cq). Elemental Microanalysis:
Calculated: C: 65.32%, H: 2.06%. //Experimental: C: 64.97, H: 1.79%.

2.2. Polyimide Synthesis

General polymerization was carried out as follows [1,6]:

In a three-neck flask equipped with a mechanical stirrer and an inert atmosphere,
6FpDA (10 mmol) was added. Subsequently, m-cresol (1 mL per mmol of diamine) and
the corresponding dianhydride (or the dianhydride mixture) (10 mmol) were added [48].
The solution was then heated to 50 °C for 2 h. After that, anhydrous pyridine (2 mmol
per mmol of diamine) was added, then the reaction was heated at 80 °C for 2 h, at 100 °C
for another 2 h and finally at 120 °C. At this point, benzoic acid was added (2 mmol per
mmol of diamine) and the reaction was left at this temperature for 10 h. After this time,
the imidization step was accomplished by heating the solution at 180 °C for 9 h. Finally,
the resulting polymers were precipitated in ethanol /water (1/1), extracted with the same
solvent in a Soxhlet for 24 h, and then dried in an oven at 80 °C under vacuum. Yields of
over 97% were obtained in all cases.

2.3. Preparation of Polymer Films

Polymer films were prepared by a solution-evaporation (casting) process from 10%
(w/v) polymer solutions in CHCl3. The solutions were filtered through a 3.1 p Symta®
fiber-glass syringe filter and deposited onto a level glass. Subsequently, the solvent was
allowed to evaporate at room temperature for 24 h.
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Once the film was formed, it was subjected to a thermal protocol to eliminate as much
solvent as possible, heating at 120 °C for 3 h and at 160 °C for a further 6 h in a vacuum
oven. As a result, polyimide films with homogeneous thicknesses between 30 and 50 pm
were obtained for each aromatic polyimide.

2.4. Characterization Methods

Differential Scanning Calorimetry (DSC): The measurements were performed in a
TA-DSC Q2000 differential scanning calorimeter, analyzing approximately 5-10 mg of
the polymer film in a nitrogen atmosphere (flow rate of 50 mL min~!) with a heating
rate of 20 °C min~!. All samples were double-scanned up to 400 °C. The first cycle was
used to homogenize the thermal history of the samples and ensure the elimination of
residual stresses that may have occurred during the precipitation and polymer purification
phases. The Tg was determined in the second heating cycle, taking as a value the midpoint
temperature of the (1/2ACp) [49] of the interval that is limited by the tangents drawn
before and after the change in the sample’s heating capacity with temperature.

Thermogravimetric analysis (TGA): These analyses were performed in a Thermal
Analysis (TA) TG Q500 thermobalance, in samples of approximately 5-10 mg, under a
flow of 40 mL min~! of N itrogen, from 40 to 800 °C. A high-resolution method (HiRes)
was used, implying high heating speeds when the system does not detect weight changes,
while the speed becomes very low or even zero when losses are detected. This method
detects overlapping processes and separates them into their individual components. In
some instances, and to eliminate some results derived from the HiRes method, dynamic
thermogravimetric analyses were performed at 10 °C min~! under N;. The onset degra-
dation temperature (Td) was taken as the temperature at which the polymer began to
degradate and the char yield was the TGA residue (%) at 800 °C under a N, atmosphere.
The glass transition temperature (Tg) was determined as the temperature in the middle
point of the endothermic step during the second scan of DSC measurements.

Mechanical properties: Traction tests were carried out using the constant speed defor-
mation technique, so the polymer responds with a resistance, which is recorded in units of
force, to the deformation to which it is subjected. From the relationship between stress and
deformation, the value of Young’s modulus (E, GPa), the tensile strength (MPa) at the point
of break and the strain at break (%) were obtained. The tests were carried out on 5 mm
wide and 3 cm long films in a vertical extension dynamometer MTS Synergie 200 Universal
Testing Machine, using mechanical clamps with a distance between them of 10 mm and
applying an extension speed of 5 mm min~!.

X-ray Diffraction (WAXD): X-ray measurements were performed on the membranes
placed on an aluminum disc, with a Bruker D8 X-ray diffractometer Advance, operating at
the speed of 1° min~! from 20 equal to 3° to 35° and using Nickel filtered K-Cu radiation

(A = 1.5460 A).

Solubility: Solubility tests were carried out in a test tube, where 1-2 mg of polymer
and 1 mL of solvent were added. The system was subjected to magnetic agitation for 24 h.
In case of nothing dissolving, it was heated at the boiling point of the solvent. The solvents
used were DMAc, m-cresol, NMP, THF, and CHCl;.

The determination of 1, was carried out experimentally by measuring the fall time
along the capillary, using polymer solutions at 0.5% concentration in NMP, in an Ubbelohde
viscometer in a thermostated bath at 25 °C.

Molecular weights of polymers (M, and M;,) were determined by size exclusion chro-
matography (SEC). The experiments were carried out on a Perkin Elmer system consisting
of a Perkin Elmer LC PUMP 250 pump providing a working flow rate of 1 mL min~1, a
Perkin Elmer LC OVEN 101 oven, and a Philips Pye Unicam PU 4025 UV detector. Two
Polymer Labs Resipore columns were used (3 m, 300 mm x 4.6 mm, molecular weight
detection range from 200 to 400.000 g mol~!). The experimental working conditions were
the following: wavelength of 275 nm, oven temperature of 70 °C, and solvent flow of
0.3 mL min~!. Calibration was carried out with low polydispersity polyethylene glycol
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(Fluka) standards for an Mw range from 200 to 500.000 g mol~!. The sample was prepared
by dissolving 1 mg of polymer in 1 mL of DMF with LiBr. This salt was incorporated to
eliminate associations of polymer chains with the solvent.

Density and fractional free volume (FFV): The density (p) of membranes was deter-
mined using a top-loading electronic XS105 Dual Range Mettler Toledo balance coupled
with a density kit based on Archimedes’ principle. The samples were sequentially weighed
in air and into high-purity isooctane at room temperature. The density was calculated from
Equation (1).

Wair — Wiiquid

Wair

£ = Pliquid X )
where pjiziq is the density of isooctane, w;;; is the weight of the sample in air and wj;z,i4
is its weight when submerged in isooctane. Four density measurements were made for
each sample.

The density data were used to evaluate chain packing with the fractional free volume
(FFV) calculated from the following Equation (2):

Ve —1.3Vy

FFV =
Ve

@)
where V. is the specific volume of the polymer and V, is the polymer van der Waals volume
calculated in the Biovia Materials Studio program [50]. A 20-unit polymer structure was
built using the builder polymers, atom volumes and surface algorithms of the program
Materials Studio, and was optimized by using the compass force field to determine the
molecular volume.

Fourier Transform Attenuated Total Reflection Infrared Spectroscopy (ATR-FTIR): All
spectra of membranes were recorded by a diamond-tipped attenuated total reflection (ATR)
device. The measurements were made on a Perkin Elmer Spectrum One FT-IR Spectrometer,
to which the Universal ATR Sampling Accessory module was attached. Four scans were
used, in the interval of 4000 to 650 cm™!, with a resolution of 4 cm™~! to obtain the spectra
with high quality.

Elementary microanalysis: The elemental determination of the precursors, final prod-
ucts, and polymers was carried out in a Carlo Erba® EA1108 total organic carbon elemental
analyzer calibrated with acetanilide for the determination of C, H, and N.

The dynamomechanical properties, DMTA, were carried out in Polymer Laboratories
with a DMTA MKII dynamomechanical thermal analyzer, measuring in tension, with a
constant force of 0.3 N. The samples were prepared from the same membranes used for
gas separation, with an approximate length of 22 mm, a width of 2 mm, and a thickness
between 30 and 60 p. Modulus and loss tangent were determined at 1, 3, 10, and 30 Hz
frequencies, with a temperature sweep between —140 and 250 °C and a heating rate of
1.5°Cmin 1.

2.5. Gas Separation Experiments

A barometric permeation method was used to determine steady state pure gas per-
meability at 30 °C, applying a pressure of 3 bars. This technique consisted of measuring
the increase in gas pressure in a closed chamber caused by gas permeation through the
membrane in a piece of equipment. The measurements were made using five gases in the
following order: helium, oxygen, nitrogen, methane, and carbon dioxide.

From this equation, the membrane permeability was obtained, P:

P

27315 1% dp . 10
=g X — X dth 3)

where V is the volume of the low-pressure chamber, expressed in cm?, [ is the thickness of
the membrane in cm, 72 is the surface of the membrane in cm?, T the working temperature
inK, p, is the pressure in the high zone in mbar, and dp/dt represents the slope of the line in
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mbar s~!. The factors included reference the results at standard pressure and temperature
conditions (76 cm Hg and 273.15 K). The dimensional analysis of the equation indicates
that P has Barrer as units (1 barrer = 1071° (cm3(STP) cm ecm =2 s~! em Hg™1)).

The ideal selectivity, a4 g, between two gas species, A and B, is the ratio of the single
gas permeabilities (Equation (4)).

app = P—;‘ @)

The cut-off point of the extrapolation of the straight section of the graph with the
abscissa gives us the time delay (8), which is the time needed to reach the stationary state,
after which the gas diffusion through the membrane is constant. From this time, D can be
determined by means of the next equation.

12

D=—
60

®)
The solubility coefficient, S, for the gas in the polymer was evaluated indirectly,
assuming the validity of the diffusion-solution mechanism [51] (Equation (6)).

S=—

D (6)
3. Results and Discussion
3.1. Polymer Synthesis and Characterization

Polyimides and copolyimides were synthesized by using a one-step polyimidization
method (Scheme 2). This method involves using polar protic solvents such as m-cresol at
high temperature. In addition, basic and acid catalysts were used to improve the monomer
reactivity and, consequently, the molecular weight of the polymer. The use of two-step
polyimidation methodologies, even using the in situ silylation method [52,53], produced
polymers with lower molecular weight than those observed when single-step polyimidation
synthesis was employed.

o}
o o}

(0]
e O
CF3
.y C
(o]

°© o

(e}

iBPDA (x mol) BPDA (y mol) 6FpDA (x+y mol)

Isomeric Aromatic Polyimides

Scheme 2. Synthesis of copolyimides from BPDA and iBPDA diahydrides and 6FpDA diamine.

Polymers were characterized by NMR spectroscopy, FI-IR, DSC, and TGA. Molecular
weights were determined by GPC and inherent viscosity measurements. The homo and
copolymerization reactions, together with the acronyms that will be used in this work, are
shown in Table 1, and the synthesis of the copolyimides is displayed in Scheme 2.
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Table 1. Polymer Acronyms.

iBPDA BPDA 6FpDA Acronym
(mol) (mol) (mol)
1.0 0 1.0 iBPDA-6F
0.75 0.25 1.0 iBPDAj/1-6F
0.5 0.5 1.0 iBPDA; /1-6F
0.25 0.75 1.0 iBPDA; /3-6F
0 1.0 1.0 BPDA-6F

3.2. Thermal Treatment of Membranes

The thermal treatment of the polymers processed as dense membranes had two
targets: on the one hand, to achieve the complete elimination of the solvent used, which
could remain occluded in the membrane, and on the other hand, to ensure the complete
cycloimidization of the polymer.

This type of treatment is usually carried out exceeding the glass transition temperature,
since, at these temperatures, the conformational requirements to form the imide can be
achieved. Thus, the following sequential heat treatment was performed to ensure the
maximum degree of imidization and the removal of the possible solvent occluded in
the prepared films: (a) 200 °C, 1 h in N, atmosphere; (b) 250 °C, 30 min under vacuum;
() 300 °C, 30 min under vacuum; (d) 325 °C, 15 min under vacuum; and (e) 350 °C, 12 min
under vacuum.

3.3. Characterization of Polymers

The polymers were characterized by 'H-NMR, 3C-NMR, and heteronuclear correla-
tion (HSQC-NMR), and the spectra, together with the signal assignment, are shown in the
ESI of this report.

These aromatic polymers showed very good thermal properties, with Tg > 310 °C and
initial degradation temperatures above 500 °C (see Table 2).

Table 2. Thermal Properties of Polyimides.

Polymer Tg/°C Td/°C Char Yield at 800 °C (%)
iBPDA-6F 313 510 58
iBPDAj3/1-6F 315 510 58
iBPDA; /1 -6F 316 500 57
iBPDA; /3-6F 318 500 58
BPDA-6F 323 515 58

3.3.1. ATR-FTIR Characterization

ATR-FTIR was performed for two different purposes: firstly for the characterization
of the polymers, and then for seeing changes in the chemical structure due to the ther-
mal treatment of membranes. The full ATR-FTIR spectra of polymers are shown in the
supporting information section.

In the characterization of these materials, the absorption IR bands of the iBPDA-6F
polymer at 1780, 1717, 1611, and 1175 cm~! were assigned, respectively, to the asymmetric
and symmetric C=0 stretching vibrations, to the aromatic C-C stretching vibration, and to
the C-F stretching vibration of the CF3 moieties (Figure 2) [54-56].
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Figure 2. ATR-FTIR spectrum of iBPDA-6F homopolymer.

In Figure 3, the ATR-FTIR plot of all polymers is depicted for the better visualization
of the bands between 1500 and 650 cm~!. It was observed that, as the proportion of BPDA
monomer increased, the following events happened:

—— iBPDA-6F

= ——BPDA3/-6F
—— BPDA/-6F
——BPDA3-6F

M —— BPDA-6F

=T

t469cm ' 1105om”' _ 801788cm_
1400 1200 1000 800

1 1

Wavenumber (cm_1)

Figure 3. Influence of the percentage of both isomers, iBPDA and BPDA, on the ATR-FTIR absorption
bands of polymers.

The disappearance of absorption band at 1469 cm ™! in the iBPDA-6F homopolymer,
which moves to 1435 cm ! in the BPDA-6F homopolymer. The peak at 1105 cm ™! dimin-
ished as the mole fraction of BPDA monomer increased. Both absorptions can be associated
with aromatic C-H bond.

The disappearing of absorptions at 801 and 788 cm !, which are associated with the
ortho substitution of the aromatic system of the iBPDA dianhydride when the mole fractions
of BPDA increased while presenting the appearance of a typical band of meta substitution
at793 cm 1.

As mentioned, ATR-FTIR infrared spectroscopy was also employed to see the differ-
ences in the chemical structure of films before and after the thermal treatment. Figure 4
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denotes the absence of the typical absorption band at 1680 cm~! (C=0 stretching vibration)
assigned to polyamic acid units in the polymer structure, allowing us to conclude that
the polymers were well imidized even before thermal treatment. The small differences
in intensity observed in some bands cannot be associated with significant changes in the
chemical structure.

iBPDA-6F
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=
[
o
c
©
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£
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©
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©
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N
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o
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Wavenumber (cm_1)

Figure 4. ATR-FTIR comparison of the untreated iBPDA-6F polymer and the film treated by the
temperature protocol.

3.3.2. Inherent Viscosity and Molecular Weight of Polymers

The values of Table S2 (supporting information section) depict the inherent viscosity
and the molecular weights determined by SEC. The results allowed us to ensure that
the synthesis used to obtain the polymers was satisfactory, since the M,, and M, values
were high.

It was observed that the polymers’ polydispersity values, PDI, were lower than those
expected for polycondensation polymers, whose theoretical IP is 2. These lower values were
plausibly due to the purification process, since the Soxhlet extraction carried out caused
the removal of the more soluble low molecular weight species. Regarding the molecular
weights, the values for all polymers were very similar. Therefore, strictly speaking it is
logical to consider that the higher the viscosity, the higher the molecular weight; conse-
quently, the BPDA-6F polymer would have a higher molecular weight. However, this result
is only valid when the parameters of the Mark—-Houwink equation are similar (3 = KM?).
Thus, polymers with a rigid-linear structure (for example, aromatic polyamides derived
from terephthalic acid, polybenzoxazoles, and polybenzothiazoles) have high values of
parameter a, which could lead to higher viscosity values. Figure 5 shows the structural
units of BPDA and iBPDA. It is observed that the structural unit of the iBPDA monomer is
non-linear, whereas the structural unit of the BPDA monomer is more linear. Therefore, it
is presumable that the BPDA-6F homopolymer should have higher viscosity at a similar
degree of polymerization.
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9]

Figure 5. Main conformations of BPDA monomer (A,B) and iBPDA monomer (C). Minimization
obtained by DFT B3LYP/6-31G(d).

3.3.3. Solubility

All of the polymers presented excellent solubilities (see Table S3) in polar aprotic
solvents and m-cresol. However, they were also soluble in chloroform and tetrahydrofuran,
in which many polyimides are generally not soluble. Among them, the polymer with the
highest solubilities was the iBPDA-based homopolymer [45]. It should also be mentioned
that the thermal protocol did not result in crosslinking of the material since the thermally
treated polymers dissolved readily in chloroform.

In conclusion, the combination of a biphenyl structure and the hexafluoroisopropy-
lidene group enables these polymers to be processed into films from low boiling point
solvents [39].

3.3.4. Density and Free Volume Fraction, FFV, of Polymers

The values of densities and FFV are displayed in Table S4 of the supporting information.
Aromatic polyimides’ fractional free volume values, FFV, were greater than 0.180. These
values are high since a polymer taken as a reference in gas separation studies, 6FDA-6FpDA
(an aromatic polyimide with high permeability and excellent selectivity), shows an FFV
value of 0.184. The maximum FFV value corresponded to the BPDA-6F polymer. Therefore,
this polymer would be expected to give the highest gas permeability values. However, as
discussed below, the highest permeability values correspond to the iBPDA-6F polymer.
In addition, this polymer presented a much better balance between permeability and
selectivity than that of BPDA-6F homopolymer or copolymers [25,57]. The explanation for
this finding is not simple, and it could probably be due to differences in FFV distribution.

3.3.5. X-ray Diffraction

Figure 6 depicts the WAXS diffractograms of the polymers synthesized in this work. All
polyimides showed an amorphous structure with two or three diffraction maximum peaks.
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Figure 6. X-ray diffractograms (WAXS) of the synthesized polymers.

The d-spacings for the polymers were calculated by applying the Bragg equation
(nA = 2dsen0) to the peak values in the diffractograms.
The interest peaks for establishing correlations between structure and gas separation

are peaks I and II. In contrast, peak III corresponds to a very low spacing, about 3.6 A, and
is not useful for this purpose. The diffraction peak I, which appears in all polymers, gave
us an idea of the packing ability of polymer chains. It could be seen that the d-spacing

decreases as the proportion of BPDA monomer increases, going from 6.6 A in iBPDA-6F to

57 A in BPDA-6F. This behavior indicates that the introduction of BPDA resulted in a more
compact polymer.

Peak II (d-spacing around 5.0 A) only appears in polyimides possessing the iBPDA
monomer, which means that this monomer causes an ordering or packing of chains that
are not present in the BPDA-derived polyimide. These findings indicate that at equal free
volume fraction, the iBPDA homopolymer has larger free volume elements, and this could
explain the higher permeability having a lower FFV. Many authors have correlated [58,59]
the material’s permeability with the average d-spacing determined by WAXS. However,
the studies have compared very different macromolecular chains, and no clear correlations
for our materials have been found.

3.3.6. Differential Scanning Calorimetry, DSC, and Thermogravimetric Analysis (TGA)

The results of glass transition temperatures, Tg, degradation temperatures, Td, and
char yields for polyimides and copolyimides using the DSC and TGA techniques are
detailed in Table 2.

As we mentioned before, it was observed that the aromatic polyimides obtained in
this work presented high glass transition temperatures, Tg, with values larger than 310 °C.
The highest corresponded to BPDA-6F (323 °C), and the lowest one to iBPDA-6F (313 °C).
This trend may be due to the different packing of the macromolecular chains.

Thermogravimetric analysis results are shown in Figures 7 and 8, Figures 523 and S24
of the supporting information section.

The TGA results indicated that all polymer materials possess excellent thermal stability,
with initial decomposition temperatures above 500 °C, regardless of the dianhydride
analyzed. The high values seem to correspond to the presence of aromatic, heterocyclic
systems, and C-F bonds.
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Figure 7. TGA thermograms of heat-treated films.

3.0
110 -
100+ b
90 - L~
: %)
80 - 120 €
- 1 X
g 70 S
N < :
£ 60- -
) 1 L [
g 50 103
40 - ) .E
{ —_BPDA-6F 2
301 __iBPDA-6F L0.5
20 i
10 : ; : : : : . 0.0
0 200 400 600 800

Temperature (°C)
Figure 8. TGA thermograms of polyimide films.

As expected, the char yields were very high, which can be explained by the aromatic
character of these polyimides, and were quite similar in all cases. For the BPDA-derived
homopolymer, the values coincided with those described in the literature [60].

3.3.7. Mechanical Properties

Mechanical properties are displayed in Table S5 (supporting information, Section S9).

Tensile strength and Young’s modulus values were high in all cases. In addition, the
elongation at break increased with the proportion of BPDA. The comparison of Young’s
modulus between the different polymers is visualized in Figure 9, which shows that
the homopolymers, with greater structural regularity, showed higher values than the
copolymers, where the random distribution of the units of both dianhydrides must affect
the regularity of the packing and, therefore, their modulus value.

The good mechanical properties allow for their use in high-pressure gas purification
applications.

3.3.8. Dynamomechanical Properties

Figure 10 shows tang 6 as a function of temperature for iBPDA-6F and BPDA-6F (the
DMTA graphs for copolymers are depicted in the supporting information section, Section S10).
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Figure 9. Young’s moduli of polyimides.
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It can be observed that both homopolymers and copolymers showed a relaxation
process in the low-temperature zone (peak I), which shifted to higher temperatures with
the operation frequency. In the higher temperature zone, the polyimide BPDA-6F showed
another relaxation process (peak II), demonstrating the same behavior between temperature
and frequency. This relaxation process was also detected in the copolymers. However, as the
iBPDA comonomer content increased, its intensity decreased, making it difficult to detect
the maximum of the peak for some of them. All polymers showed a small shoulder around
0 °C. The apparent activation energy was determined from an Arrhenius representation,
taking the temperature of the peak maximum at a determined frequency. Table S6, SI gives
the temperature values at 10 Hz and the activation energies of both processes.

Both relaxations exhibited an Arrhenius-like behavior characteristic of secondary relax-
ations, generally associated with local motions of the molecular chain. The high activation
energy values, E;, further suggest a certain cooperative character of these motions [46,60].
However, no clear dependence of E; on iBPDA content was observed in the copolymers.
The relaxation process associated with peak I could be related to the different structural unit
provided by the dianhydride used. The iBPDA-derived homopolyimide has a more rigid
molecular structure than that corresponding to BPDA due to a very high rotational energy
barrier at the CAr-CAr’ (1-2-3-4 dihedral angle) bond of the biphenyl moiety (Figure 11).
For this reason, the activation energy that iBPDA-6F must overcome to permit local motions
is high.

507 [ __BPDA-An
—iBPDA-An

45

40

35 \/_\/

30 T T T T T T T T )
0 20 40 60 80 100 120 140 160 180
Dihedral angle (°)

Rotational enthalpy (Kcal/mol)

Figure 11. Semiempirical AM1 modeling [47,61] of the rotational enthalpy barrier, of iBPDA-An and
BPDA-An models, through the 1-2-3-4dihedral angle.

The data obtained did not allow us to relate the relaxation process associated with
peak II with any type of intramolecular or intermolecular motion.

3.4. Gas Separation

Table 3, Tables S7 and S8 of the supporting information section show the permeability,
diffusivity, and solubility results for the different membranes as well as the ideal selectivities
and diffusivity selectivities.

Table 3. Permeability values, P (barrers).

Polymer PO, PN, PCHy4 PCO,
iBPDA-6F 13.42 2.76 1.46 59.07
iBPDA3/1-6F 8.71 1.87 1.60 39.69
iBPDA1/1-6F 7.68 1.75 1.15 38.02
iBPDA1/3-6F 7.01 1.58 1.15 30.29

BPDA-6F 5.92 1.24 0.76 26.55
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For the better visualization and discussion of the results obtained in the gas separation
measurements, the values of the tables have been graphically represented (Figures 12-15).

B PCH,
B PN,
B PO,
Bl rco,

Figure 12. Permeability values of polymers.

B ocH,
— L
N 0o,

Figure 13. Comparison of gas diffusivity values of polymers.

Figure 14. Comparison of gas solubility values of polymers.
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I co,CH,
B co,N,

Figure 15. Permeability vs. selectivity.

It was observed that the homopolyimide iBPDA-6F showed the best permeability
values for all the gases studied. When comparing iBPDA-6F with its homopolyimide
isomer BPDA-6F, it could be observed that the permeability enhancement was between
92 and 126%, depending on the gas studied. Furthermore, when the permeability was
compared with the mole fraction of the iBPDA component a linear increase was observed,
except for the BPDA-6F polymer, which presents a lower value than expected, and for
iBPDA-6F, whose permeability was higher than expected.

For gas diffusivity, a parameter that depends directly on the size of the penetrating gas
(kinetic diameter), it was observed that the values for polymers having the BPDA monomer
were quite similar; deviations lower than 40% iBPDA-6F showed a much higher diffusivity
parameter. Therefore, and according to the solubility data discussed in the following section,
it can be considered that the improvement in permeability for iBPDA-6F is practically due
to its improvement in the diffusion coefficient. The most probable microscopic explanation
is complex, since this polymer showed a lower free volume fraction than the rest of the
polymers studied in this work. Therefore, considering the X-ray diffractograms, it could
be plausible to consider that the free volume distribution could be the main factor that
controls the gas separation properties of these materials.

Regarding gas solubilities, when we compared the two homopolymers, iBPDA-6F and
BPDA-6F, it was observed that the values of S are practically the same for the gases with the
most ideal behavior (nitrogen and oxygen). For condensable gases (the condensability of a
gas is directly related to its critical temperature (Tc) [26,62,63]), CO, solubilities showed
similar values. In contrast, the CH, solubility value for the BPDA-6F polymer was 68%
higher than that of the iBPDA-6F polymer.

In the case of selectivity coefficients for the CO,/CHy, O/Ny, and CO, /N, gas pairs,
the differences were not significant since their values were very similar, and the results
fell within the error associated with the determination of permeability (approx. 10%). For
the CO, /CHy4 gas pair, an increase in selectivity for the iBPDA-6F polymer was observed.
However, when comparing the whole series for this gas pair, the values obtained were very
scattered and it was not possible to offer a coherent explanation that would allow us to
figure out some relationship between structure and properties.

Finally, to know the capacity of these new polymers to separate gases effectively a
comparison was made with a collection of polymeric membranes, plotting the selectivity of
the material for a pair of gases with the permeability of the gas that permeates more easily.
The distance from that point (P, «) to the empirical Robeson limit allowed us to decide
whether that material was suitable to perform that separation.

The polymer materials were compared with PSE, PPO, and Matrimid membranes,
which are used industrially in gas purification applications [17,60,64,65]. It was observed
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in Figures 16 and 17, the O, /N; and CO, /CHj, separation processes, that the polymers of
this work, particularly the iBPDA-6F homopolymer, present excellent balances between
permeability and selectivity, so they are very close to the 1991 Robeson limit.

10
9 ?003
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8 3 7
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Z 63
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Figure 16. Representation of O, /Nj selectivity versus O, permeability.
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Figure 17. Representation of CO, /CHy selectivity versus CHy permeability.

Therefore, the polyimides proposed in this work showed interesting gas separation
properties. In particular, the iBPDA-6F homopolymer showed good gas separation proper-
ties, especially for such an important separation process as the removal of acid gases (CO;)
in natural gas; the proposed polymers showed application potential.

4. Conclusions

The use of molecular modeling techniques has allowed us to design a new family
of aromatic polyimides derived from the 2,2’,3,3'-biphenyltetracarboxylic dianhydride
(iBPDA), which imparts high chain stiffness and high free volume to the polymers derived
from that monomer.

Through a study of the synthetic methods used in the literature to obtain the iBPDA
monomer, a new high-yield synthesis route has been optimized to produce this monomer
with high purity. As a result, aromatic homopolyimides and copolyimides of high molecular
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weight were obtained. Moreover, the viscosity values of our polymers were much higher
than those obtained by other authors.

The thermal properties of these polymers were very good, with glass transition tem-
peratures higher than 310 °C and degradation onset temperatures, in inert atmosphere,
higher than 500 °C.

The properties of these aromatic polyimides were excellent, presenting good solubility
in common organic solvents such as chloroform and tetrahydrofuran and high values
of Young’s modulus and tensile strength. Thus, it has been possible to manufacture
homogeneous high-quality membranes capable of withstanding the pressures required in
gas purification.

All the polymers showed an amorphous nature. Additionally, the average spacing of

iBPDA-6F homopolyimide showed a d-spacing of 6.6 A, which is higher than the average

diffraction spacing of BPDA-6F, 5.7 A.

Fractional free volumes were calculated from the density values, which presented
values close to one of the best polyimides used in this field, 6FDA-6FpDA. The BPDA-6F
polymer presented a higher FFV value, 0.192, than that of iBPDA-6F, 0.186.

The permeation properties of these membranes were very interesting, presenting high
permeability values to all gases used together with correct selectivity values. In all cases,
the iBPDA-6F membrane presented the best values for gas productivity. Furthermore, it
was found that the diffusivity coefficient mainly controls the permeation properties.

Contrary to what is accepted in the theory of gas diffusion in polymeric membranes,
the iBPDA-6F polymer, even presenting a lower value of free volume, has better sepa-
ration values than the rest of the series. The most coherent explanation for this fact is
to consider that the free volume distribution of this structure, due to the highly rigid
and contorted nature of the iBPDA monomer, is less dispersed than that of the polymers
incorporating BPDA.

A comparison of these polymers against a variety of commercial polymers and poly-
mers synthesized in our laboratory, which possess excellent separation values, allows us
to ensure that these polymers fall in the commercial separation zone and are very close
to the 1991 Robeson limit. Remarkably, the iBPDA-6F polymer presented an outstand-
ing CO,/CHy gas pair separation ability, which could allow these structures to be used
in industrial processes thanks to the appropriate combination of thermal stability, good
processability, and excellent separation properties.
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www.mdpi.com/article/10.3390/polym15061333/s1, S1. Monomer synthesis, S2. Polymer synthesis,
S3. Elemental microanalysis data, S4. Infrared spectra (FTIR) of polymers, S5. Viscosities and
molecular weights, S6. Solubilities, S7. Densities and fractional free volumes, S8. Thermal properties
of polyimides; differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA), S9.
Mechanical properties, S10. Dynamomechanical properties (DMTA), S11. Activation energy, S12. Gas
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Author Contributions: Conceptualization, C.A. and A.E.L.; methodology, ].G.d.1L.C., C.A. and AEL;
software, D.C., LM.-N., C.A.-L., L.P. and A.G.-O,; validation, C.A.-L., ].G.d.1.C., C.A. and AEL;
formal analysis, D.C., L.M.-N. and C.A.-L.; investigation, D.C. and L.M.-N.; resources, L.P, ].G.d.1.C.
and A.E.L.; data curation, D.C., LM.-N., C.A.-L., C.A. and AE.L, writing—original draft preparation,
D.C., LM.-N. and A E.L.; writing—review and editing, L. M.-N., C.A.-L.,].G.d.1L.C.,C.A. and AE.L;
visualization, D.C., LM.-N. and C.A ; supervision, L.P., A.G.-O., C.A.and AEL; project adminis-
tration, C.A. and A.E.L.; funding acquisition, L.P, J.G.d.1.C. and A.E.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Government (AEI) through projects PID2019-
109403RB-C21 and PID2019-109403RB-C22, and by Spain’s Regional Government of Castilla y Leon
and the EU-FEDER program (CLU2017-09, UIC082 and VA088G19).

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/article/10.3390/polym15061333/s1
https://www.mdpi.com/article/10.3390/polym15061333/s1

Polymers 2023, 15, 1333 20 of 22

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the ICTP-CSIC services for the thermal charac-
terization of the polymer materials (TGA and DSC) and the X-ray measurements (WAXS).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

de Abajo, J.; de la Campa, ].G. Processable Aromatic Polyimides. In Progress in Polyimide Chemistry I.; Springer: Berlin/Heidelberg,
Germany, 1999; Volume 140, pp. 23-59, ISBN 978-3-540-64962-5.

Hiemenz, P.C; Lodge, T.P; Lodge, T.P.; Paul, C.; Hiemenz, T.P.L. Polymer Chemistry, 2nd ed.; CRC Press: Boca Raton, FL, USA,
2007.

Yu, S.; Ding, C.; Liu, Y.; Liu, Y;; Zhang, Y.; Luo, H.; Zhang, D.; Chen, S. Enhanced breakdown strength and energy density over a
broad temperature range in polyimide dielectrics using oxidized MXenes filler. J. Power Sources 2022, 535, 231415. [CrossRef]
Strathmann, D.H. Synthetic polymeric membranes. . Memb. Sci. 1990, 53, 303-304. [CrossRef]

Wang, K.; Amin, K.; An, Z.; Cai, Z.; Chen, H.; Chen, H.; Dong, Y.; Feng, X.; Fu, W.,; Gu, |.; et al. Advanced functional polymer
materials. Mater. Chem. Front. 2020, 4, 1803-1915. [CrossRef]

Ghosh, M. Polyimides Fundamentals and Applications; CRC Press: Boca Raton, FL, USA, 2018; ISBN 9780203742945.

Scholes, C.A.; Stevens, G.W.; Kentish, S.E. Membrane gas separation applications in natural gas processing. Fuel 2012, 96, 15-28.
[CrossRef]

Xiao, Y.; Low, B.T.; Hosseini, S.S.; Chung, T.S.; Paul, D.R. The strategies of molecular architecture and modification of polyimide-
based membranes for CO2 removal from natural gas-A review. Prog. Polym. Sci. 2009, 34, 561-580. [CrossRef]

Han, W.; Zhang, C.; Weng, Y. Preparation and research progress of polyimide membranes in gas separation with anti-plasticization
property. Sci. Sin. Chim. 2020, 50, 655-668. [CrossRef]

Favvas, E.P.; Katsaros, FK.; Papageorgiou, S.K.; Sapalidis, A.A.; Mitropoulos, A.C. A review of the latest development of
polyimide based membranes for CO2 separations. React. Funct. Polym. 2017, 120, 104-130. [CrossRef]

Takht Ravanchi, M.; Kaghazchi, T.; Kargari, A. Application of membrane separation processes in petrochemical industry: A
review. Desalination 2009, 235, 199-244. [CrossRef]

Vora, R.H.; Lau, K.S.Y. High-performance aromatic polyimides, fluoropolyimides, and other high-temperature-resistant thermoset
polymers. In Handbook of Thermoset Plastics; Elsevier: Amsterdam, The Netherlands, 2021; pp. 263-265, ISBN 9780128216323.
Hofmann, D.; Fritz, L.; Ulbrich, J.; Paul, D. Molecular modelling of amorphous membrane polymers. Polymer 1997, 38, 6145-6155.
[CrossRef]

Yong, W.E,; Kwek, KH.A ; Liao, K.-S.; Chung, T.-S. Suppression of aging and plasticization in highly permeable polymers. Polymer
2015, 77, 377-386. [CrossRef]

D’Alessandro, D.M.; Smit, B.; Long, ].R. Carbon dioxide capture: Prospects for new materials. Angew. Chem. Int. Ed. Engl. 2010,
49, 6058-6082. [CrossRef] [PubMed]

Budd, PM. Sieving gases with twisty polymers. Science 2022, 375, 1354-1355. [CrossRef] [PubMed]

Ayala, D.; Lozano, A.E.; De Abajo, ].; Garcia-Perez, C.; De La Campa, ].G.; Peinemann, K.-V.; Freeman, B.D.; Prabhakar, R. Gas
separation properties of aromatic polyimides. J. Memb. Sci. 2003, 215, 61-73. [CrossRef]

Sadrzadeh, M.; Rezakazemi, M.; Mohammadi, T. Fundamentals and Measurement Techniques for Gas Transport in Polymers. In
Transport Properties of Polymeric Membranes; Elsevier: Amsterdam, The Netherlands, 2018; pp. 391-423.

Galizia, M.; Chi, W.S.; Smith, Z.P.; Merkel, T.C.; Baker, R W.; Freeman, B.D. 50th Anniversary Perspective: Polymers and Mixed
Matrix Membranes for Gas and Vapor Separation: A Review and Prospective Opportunities. Macromolecules 2017, 50, 7809-7843.
[CrossRef]

Kim, S.; Lee, YM. High performance polymer membranes for CO, separation. Curr. Opin. Chem. Eng. 2013, 2, 238-244. [CrossRef]
Baker, R.W.; Low, B.T. Gas Separation Membrane Materials: A Perspective. Macromolecules 2014, 47, 6999-7013. [CrossRef]
Tulianelli, A.; Drioli, E. Membrane engineering: Latest advancements in gas separation and pre-treatment processes, petrochemical
industry and refinery, and future perspectives in emerging applications. Fuel Process. Technol. 2020, 206, 106464. [CrossRef]
Koros, W.J.; Mahajan, R. Pushing the limits on possibilities for large scale gas separation: Which strategies? J. Memb. Sci. 2001,
181, 141. [CrossRef]

Freeman, B.D.; Pinnau, I. Polymer Membranes for Gas and Vapor Separation, Copyright, Advisory Board, Foreword; American Chemical
Society: Washington, DC, USA, 1999; pp. i-iv. ISBN 0841236054.

Park, H.B.; Kamcev, ].; Robeson, L.M.; Elimelech, M.; Freeman, B.D. Maximizing the right stuff: The trade-off between membrane
permeability and selectivity. Science 2017, 356, eaab0530. [CrossRef]

Freeman, B.D. Basis of Permeability/Selectivity Tradeoff Relations in Polymeric Gas Separation Membranes. Macromolecules 1999,
32, 375-380. [CrossRef]

Robeson, L.M.; Freeman, B.D.; Paul, D.R.; Rowe, B.W. An empirical correlation of gas permeability and permselectivity in
polymers and its theoretical basis. J. Memb. Sci. 2009, 341, 178-185. [CrossRef]


http://doi.org/10.1016/j.jpowsour.2022.231415
http://doi.org/10.1016/0376-7388(90)80024-G
http://doi.org/10.1039/D0QM00025F
http://doi.org/10.1016/j.fuel.2011.12.074
http://doi.org/10.1016/j.progpolymsci.2008.12.004
http://doi.org/10.1360/SSC-2020-0021
http://doi.org/10.1016/j.reactfunctpolym.2017.09.002
http://doi.org/10.1016/j.desal.2007.10.042
http://doi.org/10.1016/S0032-3861(97)00176-6
http://doi.org/10.1016/j.polymer.2015.09.075
http://doi.org/10.1002/anie.201000431
http://www.ncbi.nlm.nih.gov/pubmed/20652916
http://doi.org/10.1126/science.abm5103
http://www.ncbi.nlm.nih.gov/pubmed/35324291
http://doi.org/10.1016/S0376-7388(02)00602-6
http://doi.org/10.1021/acs.macromol.7b01718
http://doi.org/10.1016/j.coche.2013.03.006
http://doi.org/10.1021/ma501488s
http://doi.org/10.1016/j.fuproc.2020.106464
http://doi.org/10.1016/S0376-7388(00)00676-1
http://doi.org/10.1126/science.aab0530
http://doi.org/10.1021/ma9814548
http://doi.org/10.1016/j.memsci.2009.06.005

Polymers 2023, 15, 1333 21 of 22

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

Calle, M.; Lozano, A.E.; de La Campa, ].G.; de Abajo, J. Novel Aromatic Polyimides Derived from 5'-t -Butyl-2’-pivaloylimino-
3,4,3" 4”-m -terphenyltetracarboxylic Dianhydride with Potential Application on Gas Separation Processes. Macromolecules 2010,
43, 2268-2275. [CrossRef]

Calle, M; Garcia, C.; Lozano, A.E.; de la Campa, ].G.; de Abajo, J; Alvarez, C. Local chain mobility dependence on molecular
structure in polyimides with bulky side groups: Correlation with gas separation properties. J. Memb. Sci. 2013, 434, 121-129.
[CrossRef]

Alvarez, C.; Lozano, A.E.; Juan-y-Seva, M.; de la Campa, J.G. Gas separation properties of aromatic polyimides with bulky groups.
Comparison of experimental and simulated results. J. Memb. Sci. 2020, 602, 117959. [CrossRef]

Sanaeepur, H.; Ebadi Amooghin, A.; Bandehali, S.; Moghadassi, A.; Matsuura, T.; Van der Bruggen, B. Polyimides in membrane
gas separation: Monomer’s molecular design and structural engineering. Prog. Polym. Sci. 2019, 91, 80-125. [CrossRef]

Lin, H.; Ding, Y. Polymeric membranes: Chemistry, physics, and applications. J. Polym. Sci. 2020, 58, 2433-2434. [CrossRef]
McKeown, N.B.; Budd, PM.; Msayib, K.J.; Ghanem, B.S.; Kingston, H.J.; Tattershall, C.E.; Makhseed, S.; Reynolds, K.J.; Fritsch, D.
Polymers of Intrinsic Microporosity (PIMs): Bridging the Void between Microporous and Polymeric Materials. Chem. A Eur. ].
2005, 11, 2610-2620. [CrossRef] [PubMed]

Carta, M.; Msayib, K.J.; Budd, PM.; McKeown, N.B. Novel Spirobisindanes for Use as Precursors to Polymers of Intrinsic
Microporosity. Org. Lett. 2008, 10, 2641-2643. [CrossRef]

Lan¢, M.; Pilnacek, K.; Mason, C.R; Budd, PM.; Rogan, Y.; Malpass-Evans, R.; Carta, M.; Gandara, B.C.; McKeown, N.B.; Jansen,
J.C.; et al. Gas sorption in polymers of intrinsic microporosity: The difference between solubility coefficients determined via
time-lag and direct sorption experiments. J. Memb. Sci. 2019, 570-571, 522-536. [CrossRef]

Emmler, T.; Heinrich, K ; Fritsch, D.; Budd, PM.; Chaukura, N.; Ehlers, D.; Ritzke, K.; Faupel, F. Free Volume Investigation of
Polymers of Intrinsic Microporosity (PIMs): PIM-1 and PIM1 Copolymers Incorporating Ethanoanthracene Units. Macromolecules
2010, 43, 6075-6084. [CrossRef]

Ghanem, B.S.; McKeown, N.B.; Budd, PM.; Al-Harbi, N.M.; Fritsch, D.; Heinrich, K.; Starannikova, L.; Tokarev, A.; Yampolskii,
Y. Synthesis, Characterization, and Gas Permeation Properties of a Novel Group of Polymers with Intrinsic Microporosity:
PIM-Polyimides. Macromolecules 2009, 42, 7881-7888. [CrossRef]

Konnertz, N.; Ding, Y.; Harrison, W.J.; Budd, PM.; Schénhals, A.; Bohning, M. Molecular Mobility of the High Performance
Membrane Polymer PIM-1 as Investigated by Dielectric Spectroscopy. ACS Macro Lett. 2016, 5, 528-532. [CrossRef] [PubMed]
Recio, R.; Palacio, L.; Pradanos, P,; Herndndez, A.; Lozano, A.E.; Marcos, A.; de la Campa, J.G.; de Abajo, J. Gas separation
of 6FDA-6FpDA membranes. Effect of the solvent on polymer surfaces and permselectivity. J. Memb. Sci. 2007, 293, 22-28.
[CrossRef]

Escorial, L.; de la Viuda, M.; Rodriguez, S.; Tena, A.; Marcos, A.; Palacio, L.; Pradanos, P; Lozano, A.E.; Hernandez, A. Partially
pyrolized gas-separation membranes made from blends of copolyetherimides and polyimides. Eur. Polym. J. 2018, 103, 390-399.
[CrossRef]

Aguilar-Lugo, C.; Suarez-Garcia, F.; Hernandez, A.; Miguel, J.A.; Lozano, AE;dela Campa, J.G,; Alvarez, C. New Materials for
Gas Separation Applications: Mixed Matrix Membranes Made from Linear Polyimides and Porous Polymer Networks Having
Lactam Groups. Ind. Eng. Chem. Res. 2019, 58, 9585-9595. [CrossRef]

Coleman, M.R.; Koros, W.J. Conditioning of fluorine-containing polyimides. 2. Effect of conditioning protocol at 8% volume
dilation on gas-transport properties. Macromolecules 1999, 32, 3106-3113. [CrossRef]

Matesanz-Nifio, L.; Aguilar-Lugo, C.; Prddanos, P.; Hernandez, A.; Bartolomé, C.; de la Campa, ].G.; Palacio, L.; Gonzélez-Ortega,
A.; Galizia, M.; Alvarez, C.; et al. Gas separation membranes obtained by partial pyrolysis of polyimides exhibiting polyethylene
oxide moieties. Polymer 2022, 247, 124789. [CrossRef]

Morisato, A.; Ghosal, K.; Freeman, B.D.; Chern, R.T.; Alvarez, ].C.; de la Campa, ].G.; Lozano, A.E.; de Abajo, ]. Gas separation
properties of aromatic polyamides containing hexafluoroisopropylidene groups. J. Memb. Sci. 1995, 104, 231-241. [CrossRef]
Chen, C.; Yokota, R.; Hasegawa, M.; Kochi, M.; Horie, K.; Hergenrother, P. Isomeric Biphenyl Polyimides. (I) Chemical
Structure-property Relationships. High Perform. Polym. 2005, 17, 317-333. [CrossRef]

Kochi, M.; Chen, C.; Yokota, R.; Hasegawa, M.; Hergenrother, P. Isomeric Biphenyl Polyimides. (II) Glass Transitions and
Secondary Relaxation Processes. High Perform. Polym. 2005, 17, 335-347. [CrossRef]

Dewar, M.].S.; Zoebisch, E.G.; Healy, E.E.; Stewart, ].].P. Development and use of quantum mechanical molecular models. 76.
AM1: A new general purpose quantum mechanical molecular model. J. Am. Chem. Soc. 1985, 107, 3902-3909. [CrossRef]

Maya, EM.; Munoz, D.M.; de la Campa, ]J.G.; de Abajo, J.; Lozano, AE. Thermal effect on polyethyleneoxide-containing
copolyimide membranes for CO2 /N2 separation. Desalination 2006, 199, 188-190. [CrossRef]

Bair, H.E.; Gallagher, PK.; Jaffe, M.; Raucher, D. Thermal Characterization of Polymeric Materials; Elsevier: Amsterdam, The
Netherlands, 1981; ISBN 9780127037806.

BIOVIA Dassault Systémes, Biovia Materials Studio, 2017R2; Dassault Systemes: San Diego, CA, USA, 2017.

Adewole, ] K.; Ahmad, A.L.; Ismail, S.; Leo, C.P. Current challenges in membrane separation of CO, from natural gas: A review.
Int. |. Greenh. Gas Control 2013, 17, 46—65. [CrossRef]

Muiioz, D.M.; Calle, M.; de la Campa, ].G.; de Abajo, J.; Lozano, A.E. An Improved Method for Preparing Very High Molecular
Weight Polyimides. Macromolecules 2009, 42, 5892-5894. [CrossRef]


http://doi.org/10.1021/ma901943j
http://doi.org/10.1016/j.memsci.2013.01.054
http://doi.org/10.1016/j.memsci.2020.117959
http://doi.org/10.1016/j.progpolymsci.2019.02.001
http://doi.org/10.1002/pol.20200622
http://doi.org/10.1002/chem.200400860
http://www.ncbi.nlm.nih.gov/pubmed/15651019
http://doi.org/10.1021/ol800573m
http://doi.org/10.1016/j.memsci.2018.10.048
http://doi.org/10.1021/ma1008786
http://doi.org/10.1021/ma901430q
http://doi.org/10.1021/acsmacrolett.6b00209
http://www.ncbi.nlm.nih.gov/pubmed/35607233
http://doi.org/10.1016/j.memsci.2007.01.022
http://doi.org/10.1016/j.eurpolymj.2018.04.031
http://doi.org/10.1021/acs.iecr.9b01402
http://doi.org/10.1021/ma981376o
http://doi.org/10.1016/j.polymer.2022.124789
http://doi.org/10.1016/0376-7388(95)00038-E
http://doi.org/10.1177/0954008305055556
http://doi.org/10.1177/0954008305055557
http://doi.org/10.1021/ja00299a024
http://doi.org/10.1016/j.desal.2006.03.042
http://doi.org/10.1016/j.ijggc.2013.04.012
http://doi.org/10.1021/ma9005268

Polymers 2023, 15, 1333 22 of 22

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

Muiioz, D.M.; de la Campa, J.G.; de Abajo, J.; Lozano, A.E. Experimental and Theoretical Study of an Improved Activated
Polycondensation Method for Aromatic Polyimides. Macromolecules 2007, 40, 8225-8232. [CrossRef]

Hergenrother, PM.; Watson, K.A.; Smith, ].G., Jr.; Connell, ] W.; Yokota, R. Polyimides from 2,33 4/ -biphenyltetracarboxylic
dianhydride and aromatic diamines. Polymer 2002, 43, 5077-5093. [CrossRef]

Dhakshnamoorthy, M.; Vikram, S.; Vasanthakumari, R. Development of Flexible Low Dielectric Constant Polyimide Films Based
on Iso-Propylidene, Aryl-Ether Linked Dianhydride / Diamine. Int. ]. Sci. Eng. Res. 2012, 3, 5.

Aguilar-Lugo, C.; Alvarez, C.; Lee, Y.M.; de la Campa, J.G.; Lozano, AE. Thermally Rearranged Polybenzoxazoles Containing
Bulky Adamantyl Groups from Ortho-Substituted Precursor Copolyimides. Macromolecules 2018, 51, 1605-1619. [CrossRef]
Ma, X.-H.; Yang, S.-Y. Polyimide Gas Separation Membranes. In Advanced Polyimide Materials; Elsevier: Amsterdam,
The Netherlands, 2018; pp. 257-322, ISBN 9780128126400.

Kazama, S.; Teramoto, T.; Haraya, K. Carbon dioxide and nitrogen transport properties of bis(phenyl)fluorene-based cardo
polymer membranes. J. Memb. Sci. 2002, 207, 91-104. [CrossRef]

Liaw, D.-J.; Wang, K.-L.; Huang, Y.-C.; Lee, K.-R.; Lai, J.-Y.; Ha, C.-S. Advanced polyimide materials: Syntheses, physical
properties and applications. Prog. Polym. Sci. 2012, 37, 907-974. [CrossRef]

Hirayama, Y.; Yoshinaga, T.; Kusuki, Y.; Ninomiya, K.; Sakakibara, T.; Tamari, T. Relation of gas permeability with structure of
aromatic polyimides II. J. Memb. Sci. 1996, 111, 183-192. [CrossRef]

Stewart, J.J.P. MOPAC: A semiempirical molecular orbital program. |. Comput. Aided. Mol. Des. 1990, 4, 1-103. [CrossRef]
[PubMed]

De Angelis, M.G.; Sarti, G.C. Gas Transport in Glassy Polymers. Membranes 2020, 10, 400. [CrossRef] [PubMed]

Wang, R.; Cao, C.; Chung, T.-S.S. A critical review on diffusivity and the characterization of diffusivity of 6FDA-6FpDA polyimide
membranes for gas separation. J. Memb. Sci. 2002, 198, 259-271. [CrossRef]

Cecopieri-Gomez, M.L.; Palacios-Alquisira, J.; Dominguez, ].M. On the limits of gas separation in CO2/CH4, N2/CH4 and
CO2/N2 binary mixtures using polyimide membranes. ]. Memb. Sci. 2007, 293, 53—65. [CrossRef]

de Abajo, J.; de la Campa, J.G.; Lozano, A.E. Designing aromatic polyamides and polyimides for gas separation membranes.
Macromol. Symp. 2003, 199, 293-306. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/ma070842j
http://doi.org/10.1016/S0032-3861(02)00362-2
http://doi.org/10.1021/acs.macromol.7b02460
http://doi.org/10.1016/S0376-7388(02)00112-6
http://doi.org/10.1016/j.progpolymsci.2012.02.005
http://doi.org/10.1016/0376-7388(95)00173-5
http://doi.org/10.1007/BF00128336
http://www.ncbi.nlm.nih.gov/pubmed/2197373
http://doi.org/10.3390/membranes10120400
http://www.ncbi.nlm.nih.gov/pubmed/33297568
http://doi.org/10.1016/S0376-7388(01)00665-2
http://doi.org/10.1016/j.memsci.2007.01.034
http://doi.org/10.1002/masy.200350925

	Introduction 
	Materials and Methods 
	Synthesis of Monomers 
	Synthesis of 2,2'3,3'-Biphenyltetracarboxylic Dianhydride (iBPDA) 
	Preparation of 2,2',3,3'-Tetramethylbiphenyl (iBPTM) 
	Preparation of 2,2',3,3'-Biphenyltetracarboxylic Acid (iBPTA) 
	Preparation of 2,2',3,3'-Biphenyltetracarboxylic Dianhydride (iBPDA) 

	Polyimide Synthesis 
	Preparation of Polymer Films 
	Characterization Methods 
	Gas Separation Experiments 

	Results and Discussion 
	Polymer Synthesis and Characterization 
	Thermal Treatment of Membranes 
	Characterization of Polymers 
	ATR-FTIR Characterization 
	Inherent Viscosity and Molecular Weight of Polymers 
	Solubility 
	Density and Free Volume Fraction, FFV, of Polymers 
	X-ray Diffraction 
	Differential Scanning Calorimetry, DSC, and Thermogravimetric Analysis (TGA) 
	Mechanical Properties 
	Dynamomechanical Properties 

	Gas Separation 

	Conclusions 
	References

