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ABSTRACT: A strong effect of the chemical composition and imidization method on physical
and especially on gas transport properties of polyimides was demonstrated. Two fluorinated
diamines 6FpDA and bisAPAF were polymerized in different ratios, employing the fluorinated
dianhydride 6FDA to get polyimides with nine different compositions. For all synthesized
materials three imidization methods were used: azeotropic, thermal, and chemical. The 6FDA-
6FpDA homopolymers showed significant differences in the gas transport properties, indicating
the influence of the imidization route on the final properties of the polyimides. For polyimides
containing bisAPAF, the chemical composition played an important role due to the exchange of
the hydroxyl groups by acetate groups leading to different interchain interactions. The gas
transport was mainly controlled by the chain packing for thermally and azeotropically imidized
polymers with bisAPAF contents lower than 30 mol %. For bisAPAF contents above 50 mol % the gas transport was controlled
by the intermolecular interactions, e.g., hydrogen bonds.

■ INTRODUCTION

The term “high-performance material” is usually applied to the
material, which has one or, even better, a number of properties
close to or exceeding the maximum value known up to date.
Aromatic polyimides with high thermal resistance, low density,
high mechanical strength, high conductivity, high thermal, and
superior flame resistance1,2 properties, which allow their use for
advanced biomedical and engineering applications including
various separation processes, are often referenced to as high-
performance polymers.3−6

Fully aromatic polyimides have high chain rigidity and strong
intra- and interchain interactions due to the charge transfer
complex (CTC) formation and electronic polarization. This
leads to a poor processability as a consequence of low solubility,
which results in applicability limitations. Therefore, the
processing of polyimides is usually carried out using soluble
poly(amic acid) precursors. However, the process has inherent
limitations, including storage instability of the poly(amic acid)
intermediate.7 The conversion of the poly(amic acid) into
polyimide is done through the imidization reaction step which
can be performed by three different routes: azeotropic, thermal,
or chemical imidization8−12 The insolubility of the final
polyimide, however, limits the choice of imidization method
for aromatic polyimides after membrane casting, especially in
the case of the thermal imidization.13,14

Improvement of polyimides solubility had been studied using
several approaches, generally related to the reduction of the
backbone rigidity, chain packing, and/or CTC interactions by
disruption of the polymer chain linearity by introducing flexible
linkages, bulky substituents, and noncoplanar or alicyclic
monomers.15−21 Among these approaches, the presence of
fluorine in polyimides improves the solubility,22 reduces the
dielectric constant,23 water absorption,24 and even color,25 and

improves optical transparency,26 thermal resistance,27 or
fractional free volume.28,29

The fractional free volume has a direct influence on the
transport of small molecules in polymeric materials.30 In this
sense, several studies have evaluated the relation between
presence of fluorine-containing structures and separation
properties of polymers.30−32 In the case of fluorinated
polyimides, one of the most studied monomers is the 4,4′-
(hexafluoroisopropylidene)diphthalic dianhydride (6FDA). Its
presence in the polyimide leads to relatively high permeabilities
and permselectivities combined with good mechanical,
chemical, and thermal properties.33−43

Surprisingly, the influence of the imidization route of
poly(amic acid)s conversion to polyimides on gas transport
properties has not been sufficiently considered, most probably
due to the assumption that imidization leads to the same or
mostly the same structure of the polyimide and thus cannot
influence the gas transport properties significantly. Only one
work, presented by Han et al., has pointed to a significant
impact of the imidization route on physical and gas transport
properties of thermally rearranged (TR) polymers and its effect
on the physical properties of polyimides derived from 6FDA
and the diamine 2,2-bis(3-amino-4-hydroxyphenyl)hexafluoro-
propane (bisAPAF).44

Here, we prepared and characterized polyimides derived
from the reaction between the dianhydride 6FDA and the
diamine 2,2-bis(4-aminophenyl)hexafluoropropane (6FpDA)
and from the reaction between 6FDA and bisAPAF as well as
the copolymers derived from the combination between the
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dianhydride 6FDA and the diamines 6FpDA and bisAPAF in
seven different mol % of 6FpDA:bisAPAF (95:5; 90:10; 75:25;
50:50; 25:75; 10:90, and 5:95). The poly(amic acid) precursors
were prepared in the same way for all the studied materials, and
afterward, three different imidization methods were employed:
azeotropic (Az) imidization, which uses a solvent that forms an
azeotrope with H2O (such as xylene), which is afterward
evaporated from the mixture; thermal (T) imidization, which
induces exothermic ring closure by dehydration during thermal
treatment at high temperatures; and chemical (Ch) imidization,
which is performed by the chemical reaction of acetic anhydride
with the poly(amic acid) under basic conditions. The effects of
imidization routes, polymer composition, and polymer chain
interactions on the chemical structure as well as physical and
gas transport properties of the synthesized polyimides were
studied.

■ EXPERIMENTAL SECTION
Chemicals. 4,4′-(Hexafluoroisopropylidene)diphthalic anhydride

(6FDA), 2,2-bis(4-aminophenyl)hexafluoropropane (6FpDA), and
2,2′-bis(3-amino-4-hydroxylphenyl)hexafluoropropane (bisAPAF)
were purchased from Sigma-Aldrich. 6FDA was purified by
sublimation at high vacuum just before use. Diamines were dried at
120 °C under vacuum for 12 h and stored in an evacuated desiccator
until use.
Reactants and solvents, such as chlorotrimethylsilane (CTMS),

pyridine (Py), acetic anhydride, N,N-dimethylaminopyridine (DMAP),
o-xylene, and anhydrous N-methyl-2-pyrrolidinone (NMP) of reagent-
grade quality were all purchased from Sigma-Aldrich and were used
without further purification.
Poly(amic acid) Synthesis. A set of 27 copolymers were

synthesized in this work. For all copolymers the first part of the
reaction was the formation of the corresponding poly(amic acid), and
the same synthesis route was followed. The polyimides were
synthesized following the classical in situ silylation two steps method.39

A three-necked flask, equipped with a mechanical stirrer and gas inlet
and outlet, was charged with 5.0 mmol of the corresponding mixture
of diamines 6FpDA (x) and bisAPAF (y) and 5.0 mL of solvent
(NMP). The solution was stirred at room temperature under an argon
atmosphere until the solid was completely dissolved. Then, the
solution was cooled, by the use of an ice bath, to 0 °C, and the
required amount of CTMS and pyridine (1 mol/mol reactive group)
and small amounts of DMAP (0.1 mol/mol pyridine) were added to
the mixture. At that moment, the temperature was raised up to room
temperature to ensure the formation of the silylated diamine. After
this, the corresponding dianhydride 6FDA (5.0 mmol) and additional
solvent were added. The reaction mixture was left overnight to ensure
the formation of the corresponding poly(amic acid) in the solution.
The viscosity of the solution significantly increased during this period.
Various copolymer compositions were synthesized, where mol

6FpDA (x) + mol BisAPAF (y) = 100, and the values of y were 0, 5,
10, 25, 50, 75, and 100 in mol %. Figure 1 shows the structure of the
copolymers synthesized in this work. Composition of the copolymers
and nomenclature used in this work are shown in Table 1.
Imidization Methods. Three different methods were employed to

carry out the imidization of the poly(amic acid) in order to obtain the
corresponding polyimide. Azeotropic and chemical imidization were

applied in the polymer solutions while thermal imidization was carried
out in the polymer films.

Azeotropic Imidization. o-Xylene (10 mL) was added as an
azeotropic agent to the poly(amic acid) solution, which was stirred
vigorously and kept heating to 180 °C for 6 h to promote imidization.
During this period, the water released by the ring-closure reaction,
silanol, and siloxane byproducts were separated as a xylene azeotrope.
Thereafter, leftover o-xylene was distilled from the polymer solution,
the mixture was cooled to room temperature, and finally the polymer
was precipitated in distilled water. The pristine polymer thus obtained
was repeatedly washed in a mixture of water and ethanol and dried
under vacuum at 120 °C for 24 h.

Thermal Imidization. Poly(amic acid)s were precipitated in
distilled water and repeatedly washed in a mixture of water and
ethanol in order to eliminate the solvent and residue of the byproducts
from the reaction. Afterward, polymers were dried under vacuum at
120 °C for 24 h. Subsequently, a polymer film was casted from a 10%
wt THF solution onto a leveled glass plate at 30 °C. THF was slowly
evaporated, and the polymer was removed from the glass. The
transparent poly(amic acid) films were placed in a vacuum oven, and
the temperature was progressively raised up to 200 °C and left for 24 h
to complete the thermal imidization.

Figure 1. Structure of the copolymers synthesized in this work. R = −H for copolymers obtained by azeotropic (Az) and thermal (T) imidization,
and R = −AcO for copolymers obtained by chemical (Ch) imidization; x + y = 100, and values for the mol % content of bisAPAF “y” in the structure
are 0, 5, 10, 25, 50, 75, 90, 95, or 100.

Table 1. Properties of the Copolymers Obtained with
Different Imidization Methods and BisAPAF Content

imidization
method

bisAPAF content
(mol %) acronym

Mw
(kg mol−1) PDI

Tg
(°C)

azeotropic 0 0% Az 280 2.1 308
5 5% Az 170 1.8 305
10 10% Az 345 1.8 306
25 25% Az 96 4.0 304
50 50% Az 204 5.7 301
75 75% Az 56 2.3 304
90 90% Az 160 5.9 303
95 95% Az 155 5.6 300
100 100% Az 111 3.6 304

thermal 0 0% T 65 3.0 311
5 5% T 205 2.7 308
10 10% T 165 6.0 305
25 25% T 179 4.2 307
50 50% T 158 4.5 303
75 75% T 229 2.0 303
90 90% T 181 2.9 305
95 95% T 106 2.3 305
100 100% T 46 1.9 303

chemical 0 0% Ch 90 6.9 310
5 5% Ch 360 3.0 305
10 10% Ch 482 2.4 301
25 25% Ch 260 2.2 291
50 50% Ch 253 2.0 282
75 75% Ch 217 1.2 272
90 90% Ch 82 2.4 263
95 95% Ch 66 2.5 261
100 100% Ch 220 3.5 259
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Chemical Imidization. An excess of acetic anhydride (20.0 mmol)
and pyridine (10.0 mmol) was added to the poly(amic acid) solutions;
the obtained mixture was heated to 60 °C and stirred vigorously for 8
h. Afterward, the mixture was precipitated in distilled water and
repeatedly washed in a water/ethanol mixture. Polymers were dried
under vacuum at 120 °C for 24 h.
Polymer Film Formation. The casting of copolyimide films with

uniform thickness was done from a 10 wt % filtered solution in THF as
solvent onto a leveled glass plate at 30 °C. After slow evaporation of
the solvent and formation of a solid film, the formed isotropic polymer
films were removed from the glass surface and placed in a vacuum
oven equipped with a turbomolecular pumping unit where they were
dried for 6 h at 200 °C. The defect-free and optically clean membranes
were used for the characterization of the materials. TGA study did not
reveal any solvent presence in the dry polymer films.
Characterization of the Polymers. 1H NMR study was

accomplished with the Avance 500 spectrometer (Bruker GmbH,
Germany) equipped with a 500 MHz magnet and a triple resonance
inverse (TXI) probe. The experiments were done at room temperature
with deuterated DMSO as solvent and tetramethylsilane as internal
standard. Materials were completely soluble in DMSO, and NMR
study has confirmed the structure of the imidized polyimides.
Attenuated total internal reflectance−Fourier transform infrared

spectroscopy (ATR-FTIR) experiments were conducted in order to
verify the imidization of the polymers. ATR-FTIR was performed at
room temperature using a Bruker ALPHA FT-IR spectrometer in a
spectral range of 400−4000 cm−1 with a resolution of 2 cm−1 and
average of 32 scans. Thick membranes were directly measured, and
imidization of the copolymers synthesized in the work was confirmed.
Molecular weight of the copolymers was determined by using gel

permeation chromatography (GPC) after calibration with polystyrene
standards. GPC measurements were performed at 40 °C having DMAc
as eluent on a Waters instrument (Waters GmbH, Eschborn,
Germany) equipped with polystyrene gel columns of different pore
sizes, using a refractive index (RI) detector.
Differential scanning calorimetry (DSC) analysis was used in order

to determine the Tg of polymers. DSC experiments were done with a
calorimeter DSC 1 (Mettler Toledo), within the temperature
measurement range from 100 up to 350 °C at a heating rate of 10
K/min for samples azeotropic and thermally imidized and from 100 up
to 300 °C at a heating rate of 10 K/min for the samples chemically
imidized. Measurements were conducted under a nitrogen atmosphere
to prevent oxidation. The glass transitions were determined in the
second heating cycle in order to avoid the possible effect of the
remaining solvent or other sample preparation history. In our case,
first heating cycle was from room temperature up to 250 °C at a
heating rate of 10 K/min. One of the monomers used for the synthesis
of these copolymers, the diamine bisAPAF, in combination with the
dianhydride 6FDA, has the possibility to undergo to benzoxazole by
thermal rearrangement due to hydroxyl group in the ortho position to
the imide group.45 For this reason, the temperatures used in order to
avoid the thermal rearrangement process that could start at
temperatures up to 300 °C were temperatures close to the Tg of the
polymers.
Thermogravimetric analysis (TGA) was used to determine the

thermal stability of the copolymers. TGA experiments were carried out
on a Thermal Analysis NETZSCH TG209 F1 Iris instrument. The
experiments were done in a temperature range from 25 up to 800 °C
and at heating rate of 5 K/min under a flux of 20 mL/min of argon.
Disc-shaped samples, cut from cast films, with weights between 5 and
15 mg were tested.
Fractional free volume (FFV) was determined from density

measurements. A density determination kit (Mettler Toledo,
Greifensee, Switzerland) was employed. The auxiliary liquid for the
measurement was isooctane. FFV was calculated according to the
method described elsewhere.46

The permeability (P) was determined using a permeator utilizing
the “constant volume, variable pressure” approach (known also as
time-lag method).47 The permeability coefficient measurements were
carried out at 1000 mbar feed pressure and 30 °C for H2, He, CH4, N2,

O2, and CO2. A sketch of the facility and the analysis method used has
been described elsewhere.48 Permeability values (P) were determined
according to eq 1:

=
−

P
Vl

At P P( )f p (1)

where V is the permeate system volume (cm3), l is the film thickness
(cm), A is the effective film area (cm2), t is the time (s), Pf is the feed
pressure, and Pp is the permeate pressure. The unit of permeability P is
barrer, which is 10−10 cm3 (STP) cm/(cm2 s cmHg). The diffusion
coefficients (D) were estimated from time-lag data (θ), according to
eq 2:

θ
=D

l
6

2

(2)

where θ is the diffusion time lag. Once P and D were calculated, the
apparent solubility coefficients (S) were evaluated by following
expression:

=S
P
D (3)

From these equations, the ideal selectivity αa/b can be calculated as the
ratio of permeability coefficients for the pure gases a and b:

α =
P
Pa b

a

b
/

(4)

By substituting eq 2 in eq 4, the ideal selectivity can be split into two
parts:

α α α= =
D S
D Sa b

a a

b b
/ D S

(5)

where αD is the diffusivity selectivity and αS is the solubility selectivity.

■ RESULTS AND DISCUSSION
Three different methods of imidization were employed in this
work: azeotropic (Az), thermal (T), and chemical (Ch). In
order to simplify the names of the samples, sample labeling was
done employing the value of bis-APAF fraction y and by the
imidization method. As an example, the polymer imidized by
the azeotropic method and with a value of y equal to 25 (which
means ratio between diamines 6FpDA (x) and bisAPAF (y) in
the copolymer is 75:25 mol %) is named 25% Az. All the
acronyms and some properties of prepared samples are
collected in Table 1.
The 1H NMR study has confirmed the success of the

imidization procedure and final structures of synthesized
polymers. Figure 2 shows the 1H NMR spectra for the
homopolymers, in this case 6FDA-6FpDA, for values of y equal
to 0, and 6FDA-BisAPAF, for values of y equal to 100.
The structures of the homopolymers were completely

identified. Apparently, no differences were observed in the
case of the 6FDA-6FpDA homopolymers imidized by the three
different methods. In the case of the 6FDA-BisAPAF
homopolymers, azeotropic and thermal imidization showed
comparable spectra; however, chemical imidization, due the
synthetic procedure, showed a different spectrum. The
existence of the acetate group, as follows from the peak at
around 2.1 ppm, and a very small appearance of the −OH
group (10.4 ppm) indicated that the functionalization of the
hydroxyl group was almost complete. In any case, peaks typical
for poly(amic acid) were not obtained, indicating that the
imidization was complete. Obviously, in the copolymers’
spectra appeared peaks characteristic for both homopolymers,
6FDA-6FpDA and 6FDA-BisAPAF, where the peak’s intensity
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is a function of the amount of each component in the final
structure. This statement is supported by the 1H NMR spectra
for homopolymers and copolymers synthesized by azeotropic
imidization shown in Figure 3.
The obvious evolution from the pure homopolymer 6FDA-

6FpDA, when y is equal to 0, to the corresponding 6FDA-
BisAPAF, when y is equal to 100, can be observed from the
Figure 3. In all the cases, peaks for the poly(amic acid) were not
observed in imidized polymers. Similar behavior was found for
the copolymers imidized by thermal and chemical methods.
Chemical structures and completion of imidization processes

were revealed by means of FT-IR.49,50 Figure 4 shows the IR
spectra for the homopolymers and copolymers imidized by
thermal treatment. Since the structure of the homopolymers is
similar in terms of characteristic vibrational bands, differences
between imidization methods were not observed, and only
small differences in composition were detected. For all the
copolymers, complete cyclization was evident from the lack of
amide. Figure 4a shows the FT-IR for the homopolymers
obtained by different imidization methods. For 6FDA-6FpDA
homopolymers where y = 0, symmetric CO (1782 cm−1),
asymmetric CO (1714 cm−1), C−N stretching (1364 cm−1),
and imide ring deformation (714 cm−1) peaks were detected. In
the case of the 6FDA-BisAPAF homopolymers where y = 100,
small shifts of the peaks were observed: symmetric CO
(100% Az 1789 cm−1, 100% T and 100% Ch 1797 cm−1),
asymmetric CO (100% Az 1730 cm−1, 100% T and 100% Ch
1722 cm−1), C−N stretching (100% Az 1373 cm−1, 100% T

and 100% Ch 1385 cm−1), and imide ring deformation (100%
T 724 cm−1, 100Az and 100% Ch 722 cm−1); it appears, as a
difference with the 6FDA-6FpDA homopolymers, a broad
absorbance corresponding to the hydroxyl group stretching
(100% Az 3400 cm−1, 100% T 3400 cm−1 and 100% Ch no
detected). Figure 4b shows the FTIR for the set of polymers
thermally imidized, where despite the changes being small, it
was possible to estimate the evolution between 0% T and 100%
T. Apparently, differences in the spectra were not observed for
different imidization methods.
As expected, the glass transition temperatures appeared in

two different manners (Table 1). Polyimides derived by
azeotropic and thermal imidization methods showed very
similar values, including a slight decrease of the Tg for low
bisAPAF content, until 10 mol %, and afterward, keeping
almost constant for the rest of the content range. Tg values for
the homopolymers were very close to each other, which
obviously does not incite significant differences in the Tg values
for the copolymers. For polymers derived by chemical
imidization a gradual decrease of the Tg was found with
increase of bisAPAF content in the copolymer. The acetate
group attached to the oxygen in the ortho-position to the imide
group restricted the possibility of hydrogen bonding and
reduced as well the possibility of CTC interactions between the
polymer chains.51,52 Therefore, increasing the amount of
acetate groups in the copolymer will reduce the Tg in a linear
decrease. Referring to the molecular weight of the polymers, no
clear tendency was found, despite that a decrease can be
expected in the molecular weight when the amount of the
bisAPAF is higher in the polymer due to the lower reactivity of
this monomer compared to the 6FpDA. Differences in the

Figure 2. 1H NMR in DMSO for the homopolymers synthesized by
different imidization methods.

Figure 3. 1H NMR for homopolymers and copolymers synthesized by
azeotropic imidization.
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molecular weight for the different imidization routes were not
clear.53,54

Thermal stability of the polymers was evaluated by TGA. For
all studied samples no weight loss was observed until the
temperatures where thermal degradation or thermal rearrange-
ment of the polymers started. No difference in thermal stability
was observed as well for samples imidized by three different
methods. The homopolyimide 6FDA-bisAPAF has the
possibility of undergoing to polybenzoxazole (PBO) structure
by thermal rearrangement at temperatures between 350 and
450 °C, with the corresponding weight loss associated with the
elimination of carbon dioxide during the rearrangement

process. The weight loss is strongly dependent on the
imidization method.44 For the homopolymer 6FDA-BisAPAF
imidized by azeotropic or thermal methods the weight loss
associated with the rearrangement is 11.4%, while the weight
loss for the 6FDA-bisAPAF homopolymer, imidized by the
chemical imidization method, is 20.25% with respect to the
thermal rearrangement (Figure 6). First, this is attributed to the

loss of the acetate group, bonded to the oxygen in the ortho-
position to the imide group, and later, with the elimination of
carbon dioxide during the rearrangement to PBO as it can be
seen in Figure 6. Obviously the copolymers will have a weight

loss related to the imidization process and composition. It is
also important to point out that rearrangement process is
overlapped by polymer chain degradation process, which
normally starts at temperatures above 400 °C for these
polymers. Nevertheless, this work focuses on the study of the
influence of the imidization method on the properties of
polyimides, which are thermally stable until 350 °C, for the
polymers derived from azeotropic and thermal imidization, and
until 250 °C, for copolymers obtained by chemical imidization
method. The rearrangement process will be explained in detail
in the future.
Two different approaches were used for the calculation of the

theoretical fractional free volume (FFV) of the studied

Figure 4. (a) FTIR for the homopolymers obtained by different
imidization methods. (b) FTIR for the homopolymers and copolymers
imidized by thermal treatment.

Figure 5. Evolution of the Tg as a function of the composition and
imidization method for all the materials studied in this work.

Figure 6. Thermogravimetric analysis for some selected homopol-
ymers.

Figure 7. FFV of the samples synthesized in this work calculated by
the Bondi group contribution method.
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polymers. The first one is the Bondi approach of van der Waals
volume (Vw) calculation by the group contribution method.55

This approach is widely used and gives Vw values comparable
to those that can be found in the literature only for the
homopolymers,44,56 since the copolymers studied in this work
are synthesized for the first time. The second method uses a
molecular modeling software, e.g., HyperChem or Material
Studio, for calculations of the Vw of the monomeric unit in the
macromolecular chain, by applying parameters obtained from a
geometrically optimized polymer chain, that consists of at least
10 monomeric units. By this approach, the FFV values are
much higher than by using the Bondi group contribution
method approach. Computational methods are normally a good
approach for the estimation of physical properties of polymers
including polymer chain packing,56,57 but to date the most
accepted approach for FFV calculation of polymers that are
relevant for gas separation is the use of the Bondi group
contribution method. In terms of final value, the differences
between both methods are evident, as it was as well reported in
previous studies;58 on the other hand, evolution of the FFV as a
function of the polymer composition is similar for both
computation methods. In this work, the Bondi group
contribution method was employed in order to analyze the
differences between the imidization methods and copolymer
composition.
Density values for the polymers imidized by azeotropic and

thermal methods are higher than those for the samples imidized
by chemical imidization, and therefore the FFV for chemically
imidized samples was higher compared to both other methods.
This is in agreement with the determined density values. This

phenomenon can be explained by the different polymer intra-
and interchain interactions in Az- and T- compared to Ch-
imidized polymers. Hydroxyl groups are capable of taking part
in hydrogen bonding, increasing the intra- and interchain
interactions and reducing the FFV.59,60 The substitution of the
hydroxyl groups by acetate groups reduces chain interactions,
generating a larger FFV. Surprisingly, the homopolymers
imidized by different methods derived from 6FDA-6FpDA
showed slight differences in the FFV. Such differences were also
found between the copolymers imidized by azeotropic and
thermal methods, despite the fact that according to the 1H
NMR study the polymer structure was the same for all
imidization methods. These small differences between theoret-
ically similar polymers could be an indication of different
polymer chain packing depending on the imidization method,
which cannot be reflected in the van der Waals volume
calculations. The FFV for thermally imidized polymers showed
lower values than the azeotropic imidized, which could be an
indication of additional interactions between polymer chains, as
it can originate from for example cross-linking reactions
occurring during imidization process, which were described
elsewhere.61 Thermally imidized polymers were completely
soluble in regular solvents such as THF or DMSO, which
contradicts the idea of cross-linking, but this is mainly due to
the bulky hexafluoroisopropylidene moieties in dianhydride and
diamine monomers whose presence clearly improves the
solubility of the polyimides.
Table 2 summarizes the results of gas permeation experi-

ments for all the studied samples. As it was expected, changes of
the permeability coefficients were consistent with the changes

Table 2. Permeability Coefficients of Pure Gases (30 °C and Feed Pressure 1000 mbar) Compared to the Density and FFV for
Polymers under Study

permeability (barrer)

sample density (g cm−3) FFV H2 He O2 N2 CH4 CO2

0% Az 1.45 0.196 89.9 106.5 12.3 2.6 1.3 60.7
5% Az 1.45 0.195 82.1 101.2 10.9 2.2 1.0 51.0
10% Az 1.46 0.191 63.7 80.2 8.7 1.9 0.94 44.8
25% Az 1.47 0.187 31.3 52.3 4.7 1.0 0.50 23.6
50% Az 1.48 0.175 32.3 47.7 3.2 0.56 0.26 14.2
75% Az 1.49 0.172 24.3 36.1 2.0 0.36 0.15 8.6
90% Az 1.50 0.162 27.9 41.7 1.9 0.35 0.14 9.0
95% Az 1.50 0.159 23.6 44.1 1.7 0.30 0.13 8.4
100% Az 1.51 0.151 13.2 33.5 1.5 0.25 0.10 6.0
0% T 1.46 0.193 67.6 105.6 10.5 2.0 1.2 51.1
5% T 1.47 0.189 67.8 83.0 8.3 1.7 0.90 40.4
10% T 1.47 0.188 60.1 75.6 7.3 1.3 0.77 33.3
25% T 1.48 0.183 50.0 60.9 4.8 0.96 0.51 23.3
50% T 1.48 0.175 47.1 67.9 4.3 0.77 0.37 16.9
75% T 1.48 0.173 42.0 39.0 2.2 0.39 0.20 9.0
90% T 1.51 0.156 32.2 59.9 2.0 0.35 0.20 8.7
95% T 1.51 0.155 29.8 48.6 1.9 0.32 0.19 8.7
100% T 1.52 0.151 19.5 34.6 1.8 0.34 0.17 8.1
0% Ch 1.46 0.195 93.3 109.2 12.9 2.7 1.4 63.8
5% Ch 1.46 0.195 92.4 108.1 12.8 2.6 1.3 62.6
10% Ch 1.46 0.193 88.2 104.9 11.9 2.5 1.3 59.8
25% Ch 1.46 0.187 79.6 96.3 9.8 2.1 1.0 47.8
50% Ch 1.46 0.180 65.5 82.4 7.7 1.5 0.80 36.0
75% Ch 1.45 0.174 54.0 70.8 6.2 1.3 0.65 28.2
90% Ch 1.45 0.173 50.0 67.0 5.5 1.1 0.60 25.0
95% Ch 1.45 0.172 45.1 64.9 5.0 1.0 0.58 22.7
100% Ch 1.45 0.172 43.6 62.0 4.8 0.98 0.54 20.6
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in the FFV of studied polymers. Unexpected was the variation
of the permeability values for the homopolymers derived from
6FDA-6FpDA imidized by different methods, despite their
exactly identical chemical structure. It reveals that the polymer
chain packing depends strongly on the imidization method
supporting the idea that imidization methods influence the
interchain interactions. The described effect was also evident
when small amounts of the second comonomer, such as 5−10
mol %, were copolymerized. This evolution can be easily
followed in Figure 8.

In general, for all imidization methods employed in this
work, the 100 mol % bisAPAF content samples presented
permeability values in the same order than in previous
works,59,62 and these permeabilities were much lower than for
polymers without bisAPAF. Therefore, the copolymers showed
a clear evolution between those two polymer compositions. In
the case of the chemically imidized samples, the permeability
decrease was almost linearly dependent on the bisAPAF
content. For the azeotropically and thermally imidized samples
a more complex dependence was observed. The permeability
coefficients for bisAPAF contents up to 50 mol % show an

inverse relationship with respect to the percentage of the
bisAPAF content. Therefore, a rapid decrease of the
permeability coefficients is observed, followed by reaching a
constant level for the permeability coefficients for higher
bisAPAF contents. The differences in the permeability results
for samples derived from 6FDA-BisAPAF revealed the effect of
having acetate groups instead of hydroxyl group in the
structure, leading to more than 2-fold higher permeability
values for the acetylated samples. It can be expected that the
copolymer permeabilities follow a nearly linear dependence on
the content of the homopolymers, as in the case of the
chemically imidized polymers, as it would be expected from the
Maxwell model.63 This is definitely not the case for thermally
and azeotropically imidized samples. This is most probably due
to the presence of some additional factors, such as polymer
interchain interactions.
From the analysis of the CO2 permeability for samples

imidized by azeotropic and thermal methods, two different
areas can be distinguished (Figure 8). At low bisAPAF
contents, between 0 and 10 mol %, significant differences in
the properties of the polymers that were imidized by these two
methods originating probably from chain packing effect can be
observed. Moreover, the existence of secondary reactions, such
as cross-linking reactions, which occur during the thermal
imidization, promotes the observed change in material
properties.64−66 For the rest of the bisAPAF contents, in the
range of 25−100 mol %, both polymer types showed practically
the same behavior. The reason could be associated with having
a larger amount of the second monomer (bisAPAF) in the
structure, which favors the interchain interactions and reduces
the polymer chain mobility. This fact could be compared with
the typical percolation behavior in copolymers, in which
surpassing a certain percentage of one comonomer in the
copolymer composition restricts the properties of the
predominant material.67 For chemically imidized samples, the
elimination of the hydrogen bond interactions resulted in
higher permeabilities compared to the other two imidization
methods.62 Even for low percentages, it is possible to see a big
effect on the permeability as a result of higher diffusivity values.
Independently of the imidization method, solubility values
decrease almost linearly with the percentage of bisAPAF,
indicating the higher solubility factor of the monomer 6FpDA.
The structure is the same for samples obtained by azeotropic
and thermal imidization and very similar for chemically
imidized samples. From these facts we concluded that the
presence of acetate groups compared to hydroxyl groups gives a
small variation in the CO2 solubility. For the diffusivity, the
effect of the acetate group is more intense. The incorporation
of this group in the structure eliminates the interchain
interaction due to hydrogen bonds, leading to an increase in
the diffusivity compared to the structures with unmodified
hydroxyl groups.
For chemically imidized polymers, the CO2/CH4 selectivity

was constant for bisAPAF contents between 0 and 50%, as it
can be observed in Figure 9. After that point, the selectivity
decreases from 45 to 38. The reduction of the selectivity for
chemically imidized samples for bisAPAF contents higher than
50 mol % clearly correlates with the reduction of the diffusivity
selectivity, since the reduction in the polymer chain packing
ability leads to a less selective material. Unexpected differences
between azeotropic and thermal imidized polymers were
observed in the tendency of the CO2/CH4 selectivity values.
For both sets of polymers, the selectivity is increasing when the

Figure 8. Evolution of CO2 permeability, diffusivity, and solubility as a
function of composition and imidization method.
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amount of bisAPAF in the polymer is increasing. This
observation is attributed to the presence of hydrogen bonds
which reduces the interchain space. For thermally imidized
polymers the selectivity increased from 43 to 46, while
azeotropically imidized polymers showed an increase from 46
to 59. In order to understand the reasons of this atypical
behavior, the gas transport parameters influencing the
permeability and thus permeability selectivity, i.e., diffusivity
selectivity (αD) and solubility selectivity (αS), were also
analyzed. For the thermally imidized samples a slight selectivity
increase was observed, which can be related mainly to the
increase in the solubility selectivity, as is depicted in Figure 8.
Possible cross-linking reactions during the imidization process
can result in reduced αD but increased αS, which, in this case, is
the predominant factor. Surprisingly, for the azeotropically
imidized samples an almost linear increase of the CO2/CH4
selectivity was observed. Solubility selectivity αS for these sets
of samples was almost constant, but αD was linearly augmented
when the amount of the hydrogen-bond-forming monomer
bisAPAF is increased. Higher freedom in the mobility of the
polymer chains in the case of Az samples compared to T
samples leads to the possibility of a better polymer chain
packing, increasing the diffusivity selectivity parameter and
therefore the overall selectivity for CO2/CH4 pair of gases.

Similar tendencies were observed for other pair of gases as
Figure 10 shows for O2/N2 and CO2/N2.

Table 3 shows the results for several gas pairs. It is clear again
that an increase in the hydroxyl groups in the polymer leads to

an increase of the αD as it was mentioned before. This is even
clearer for the gas pair H2/CH4 where due to the different in
size, the αD is clearly predominant. The comparison between
chemically, azeotropically, and thermally imidized polymers
shows the importance of the existence of hydroxyl groups in the

Figure 9. Evolution of permeability, diffusivity, and solubility
selectivity as a function of polyimide composition and imidization
method for the CO2/CH4 gas pair.

Figure 10. Evolution of permeability selectivity as a function of
composition and imidization method for the O2/N2 and CO2/N2 gas
pairs.

Table 3. Ideal Selectivities for Several Gas Pairs (30 °C and
Feed Pressure 1000 mbar)

selectivity (dimensionless)

sample CO2/CH4 H2/CH4 O2/N2 CO2/N2

0% Az 46.7 69.2 4.7 23.3
5% Az 51.0 82.1 5.0 23.2
10% Az 47.7 67.8 4.6 23.6
25% Az 47.2 62.6 4.7 23.6
50% Az 54.6 124.2 5.7 25.4
75% Az 57.3 162.0 5.6 23.9
90% Az 64.3 199.3 5.4 25.7
95% Az 64.6 181.5 5.7 28.0
100% Az 60.0 132.0 6.0 24.0
0% T 42.6 56.3 5.3 25.6
5% T 44.9 75.3 4.9 23.8
10% T 43.2 78.1 5.6 25.6
25% T 45.7 98.0 5.0 24.3
50% T 45.7 127.3 5.6 21.9
75% T 45.0 210.0 5.6 23.1
90% T 43.5 161.0 5.7 24.9
95% T 45.8 156.8 5.9 27.2
100% T 47.6 114.7 5.3 23.8
0% Ch 45.6 66.6 4.8 23.6
5% Ch 48.2 71.1 4.9 24.1
10% Ch 46.0 67.8 4.8 23.9
25% Ch 47.8 79.6 4.7 22.8
50% Ch 45.0 81.9 5.1 24.0
75% Ch 43.4 83.1 4.8 21.7
90% Ch 41.7 83.3 5.0 22.7
95% Ch 39.1 77.8 5.0 22.7
100% Ch 38.1 80.7 4.9 21.0
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structure as it was concluded in previous works.59,60 It is
interesting to notice that the selectivity increased rapidly for
copolymers with more than 50 mol % content of bisAPAF,
indicating that at that point the number of hydroxyl groups in
the copolymer is controlling the separation mechanism.
The influence of the interchain interactions due to hydrogen

bond formation can be analyzed in terms of the hydroxyl group
content in the polymers. The mol % content of hydroxyl groups
in the different structures can be calculated according to the
following equation:

=
×× ×( )

mol % OH groups

bisAPAF content (%)

molar mass of the copolymer

2 molar mass OH 100
molar mass bisAPAF

(6)

In this sense, Figure 11 shows the evolution of the CO2
permeability as a function of the −OH content in the polymer.

Three different regions can be expected according to the
effective medium theory.67,68 In the first region, for low content
of hydroxyl groups in the polymer, lower than 30 mol % of
BisAPAF in the polymer, the influence of the polymer chain
packing ability is predominant in the transport mechanism. For
high content of hydroxyl groups in the polymer, higher than 50
mol % of BisAPAF in the polymer, the gas transport
mechanism is controlled by the intermolecular interactions
caused by hydrogen bonds. Between these two regions, there is
an area where the effect is a combination of both situations, a
“transition region”. By means of a line fitting analysis of the
marginal situations of either low or high contents of the
bisAPAF comonomer in the final structure, it is possible to
identify the bisAPAF content in the polyimides at which the
hydrogen bond interactions between different polymer chains
start to become predominant in the transport mechanism.
The chemically imidized polymers are not included in the

discussion due to the zero or very low hydroxyl group content;
that is leading to a transport mechanism, which is obviously
controlled by the polymer chain packing ability. Despite the
fact that thermal and azeotropic imidization methods showed
similar tendencies, small differences can be still observed.
Because of the secondary cross-linking reactions, the thermally
imidized polymers need a lower content of hydroxyl groups
than azeotropically imidized polymers to have a transport
mechanism that is controlled by intermolecular interactions.

These crossing lines correspond to bisAPAF contents of around
30 mol % for these imidization methods. Once the
predominant effect is the hydrogen bonding, the differences
between both imidization methods, thermal and azeotropic, are
minimal.

■ CONCLUSIONS

A set of 27 polyimides comprised of nine different composition
groups, which were imidized by three methodsazeotropic,
thermal, and chemicalwere prepared. Two different fluori-
nated diamines, 6FpDA (x) and bisAPAF (y), which have a
hydroxyl ortho-functional group to the amine, and one
fluorinated dianhydride, 6FDA, were employed in different
amounts (where y = 0, 5, 10, 25, 50, 75, 90, 95, and 100 mol
%).
For the 6FDA-6FpDA homopolymers, where y = 0,

regardless of the imidization method, the resulting polymer
structure is the same. Small differences in glass transition
temperatures density values (thermal ≥ chemical > azeotropic)
were identified, which is an indication of the existence of small
differences in the interchain interactions between the polymer
chains. During the evaluation of the data on CO2/CH4 gas pair
separation, it was found that more significant differences
between properties of polymers imidized by different methods
(chemical ≥ azeotropic > thermal) were found. This was
mainly attributed to the diffusivity factor, which is an indication
of the influence of the imidization method in the polymer
chains’ packing.
By introduction of the BisAPAF in the polymer, for thermally

and azeotropically imidized samples, hydroxyl-containing
moieties are present in the polyimide structure, while for
chemically imidized samples acetate groups’ presence in the
resulting polymer was confirmed. The substitution of hydroxyl
groups by acetate groups leads to a completely different chain
packing and therefore different properties of the materials. At
higher amounts of bisAPAF, differences between chemical and
the two imidization routes are more evident. In chemically
imidized samples, the possibility of hydrogen bond formation is
eliminated by esterification with acetic anhydride, leading to
lower Tg values, higher FFV, and higher values of permeability
for all the gases tested, compared to azeotropically and
thermally imidized samples. Theoretically, the same polymer
structures are obtained by azeotropic and thermal imidizations,
but subtle differences in the properties were still found. For
thermally treated samples, higher Tg, lower FFV, and lower
permeability values were found, which were especially evident
for low values of bisAPAF content, indicating that the thermally
imidized homopolymer 6FDA-6FpDA could be more predis-
posed to the cross-linking reactions. Surprisingly, statistically
relevant differences in the selectivity factors were found
between those two imidization methods mainly due to the
diffusivity selectivity, which definitely indicates that the
imidization method affects the packing way of the polymer
chains.
Tendencies are clearly explained by analysis of the interchain

interactions arising from the hydroxyl groups’ presence in the
studied polymers. Depending on the hydroxyl group content,
three different areas were identified. The gas transport
mechanism is mainly controlled by the chain packing for
thermally and azeotropically imidized polymers with bisAPAF
contents lower than 30 mol %. At high bisAPAF content, above
50 mol %, the gas transport is controlled by the intermolecular

Figure 11. CO2 permeability as a function of the percentage of
hydroxyl group in the copolymer.
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interactions, such as hydrogen bonds. Between these two areas,
the transport mechanism is a combination of both situations.
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(14) Tena, A.; Marcos-Fernańdez, Á.; de la Viuda, M.; Palacio, L.;
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