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Claisen thermally rearranged (CTR) polymers
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D

Thermally rearranged (TR) polymers, which are considered the next-generation of membrane materials because of
their excellent transport properties and high thermal and chemical stability, are proven to have significant drawbacks
because of the high temperature required for the rearrangement and low degree of conversion during this process.
We demonstrate that using a [3,3]-sigmatropic rearrangement, the temperature required for the rearrangement of a
solid glassypolymerwas reducedby200°C. Conversions of functionalizedpolyimide topolybenzoxazole ofmore than
97%were achieved. These highlymechanically stable polymerswere almost five timesmorepermeable andhadmore
than two times higher degrees of conversion than the reference polymer treated under the same conditions. Proper-
ties of these second-generation TR polymers provide the possibility of preparing efficient polymer membranes in a
form of, for example, thin-film composite membranes for various gas and liquid membrane separation applications.
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INTRODUCTION

Internal interconnectedmicrovoids of polymers determined as free vol-
ume result from chain mobility and substantial packing disorder of co-
valently bonded polymer chains. Lately, studies on high free-volume
polymers, known as microporous organic polymers, have been pub-
lished (1). High fractional free-volume (FFV) glassy polymers (for ex-
ample, polymers of intrinsicmicroporosity) (2, 3) or thermally rearranged
(TR) polymers (4) generally present large and well-interconnected free-
volume elements that have characteristic diameters in the range of 4 to
9 Å (5). Because of their easy synthesis and fabrication, these highly perme-
able polymers are favorable candidates for large-scale industrial membrane
separation processes (for example, carbon dioxide capture and storage, in-
dustrial nitrogen generation, ammonia production, processing of gaseous
refinery streams, and natural gas sweetening), which have the potential of
minimizing process complexity and reducing energy consumption.

TR polymers with high permeability and superior physical proper-
ties are a novel class of polymers prepared by a two-step synthetic pro-
cess, in which aromatic polyimides or polyamides with ortho-functional
groups are thermally rearranged into heteroaromatic polymers (PB-X)
[for example, polybenzoxazole (PBO), polybenzothiazole, polypyrrolone,
and polybenzimidazole]. The temperature required for a complete
conversion varies with the structure (6), but, usually, it is close to 450°C
(7). During the structural rearrangement of polymers in the solid state, the
distortion of the polyimide chain into a rigid-rod polymer leads to the for-
mationof twodifferent types ofmicrocavitieswith diameters in the range
of 3 to 4 Å and 7 to 9 Å (8), where the smaller-sized microcavities could
be beneficial for the selective transport of differentmolecules and the larger
pores for the diffusion. The microporosity (free-volume element size and
distribution)of theTRpolymers is controlledby the fabrication conditions
in terms of treatment time and temperature, in contrast to commonly
used microporous materials. Moderate selectivities while maintaining
high permeabilities within the interconnected free-volume elements enable
exceeding the trade-off relationships for industrially relevant gas pairs
such asO2/N2, CO2/N2, or CO2/CH4 (9) and exhibit excellent properties
for other applications in gas/liquid separations, liquid/liquid separations
(10, 11), or ion-conductive batteries (12). Because of their free-volume
void size distribution and thermal and hydrothermal stability, the use of
these polymers can be broadened to applications where other materials
like, for example, zeolites are already used [microelectronics (13), catalysis
(14), or medical diagnosis (15)].

Despite the prospect of using TR polymers for high-performance
membranes in gas separation processes, the high temperatures required
to complete the rearrangement remain amajor factor limiting the poly-
mers’ practical application. The applicability of TR polymers can be sig-
nificantly advanced by reducing the conversion temperature to a more
energy-efficient level and by using commercially available monomers
(16). Lowering the processing temperature will result in a significant re-
duction of the polymer chain degradation, which occurs during the re-
arrangement at high temperatures; minimization of the effect of other
uncontrollable reactions that lead to a drastic decrease of the mechanical
properties of the material.

Guo et al. investigated polyimides with more flexible macro-
molecular chains and, subsequently, lower glass transition temperature
(Tg), which led to a reductionof the rearrangement temperature by 100°C
(from 450° to 350°C) for a total conversion to PBO. However, the flex-
ibility of the polymer chains led to a drastic negative effect on the final
gas transport properties of the polymer (17).

PB-X structures could be obtained from ortho-X polyamide deriva-
tives (PA) as well. For example, the comparison between ortho-hydroxy
polyamides (HPA) and ortho-hydroxy polyimide (HPI) reveals that the
HPA structures require lower temperatures to undergo the thermal re-
arrangement into the corresponding PBO (18). This is possibly due to the
greater flexibility around the aromatic amide linkage of the hydroxyl
groups in PHAcompared to that of the tertiary amine inHPI. Thus, PHAs
can be thermally rearranged at temperatures usually 100°C lower than that
of HPIs. Despite this, the effect on the separation properties is marked,
causing the permeability coefficients to drop below any values suitable
for practical membrane application. Therefore, new methods leading to
a reduction of the rearrangement temperature should be developed. This
will enable a promising future for thesematerials as separationmembranes.

A change in the rearrangement mechanism is key to reducing the
energy required for the process to take place. Despite this mechanism
not being completely clear, it is generally accepted that the first step of
the rearrangement is the reaction of the ortho-functional groups (–OH,
–NH2, or –SH) with the carbon (electrophilic) of the carbonyl group
present in the polyimide.
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In 1912, Claisen (19) reported a thermal isomerization of an allyl
vinyl ether (or nitrogen or sulfur containing analog derivatives) leading
to a bifunctionalized molecule in a [p2s + s2s + p2s] process. The reac-
tion can take place in the same way in an aromatic compound, as re-
presented in Fig. 1 (20). For Claisen rearrangement in allyl phenyl
ethers, the first [3,3]-sigmatropic rearrangement step results in an
ortho-dienone, which usually quickly tautomerizes to an ortho-
substituted phenol. This reaction is known as the ortho-Claisen
rearrangement, and it can take place between 160° and 250°C, depending
on the reaction conditions (for example, solvent and pressure) and the
character and position of the substituents (21).

Ortho-Claisen rearrangement has not been described for polymers
until now. In the case of polyimides or polyamides with ortho-functional
groups, similar conditions to those of smaller molecules can bemet, and
then, the reaction can take place. The reaction has also not been de-
scribed in the solid state because it would be hindered because of the
dense state of the polymer. Obviously, once there is no solvent in the
medium, the conditions of the reaction initiation should be different, re-
sulting in, for example, higher temperatures or lower yields, but there is
no reasonnot to expect the samemechanism to occur. Thus, it is possible
to plan the same rearrangement process in a polymer, and, more specif-
ically, in the case of ortho-X polyimides and polyamides, enabling them
to undergo a thermal rearrangement.

Here, a new method of functionalization of the ortho-hydroxyl
groups of the polyimide is studied. The method for obtaining the
corresponding polyimide with an allyl ether group in ortho-position of
the imide ring is described. The obtained polymer, being in the solid state,
Tena et al. Sci. Adv. 2016; 2 : e1501859 29 July 2016
is subjected to the Claisen rearrangement during the heat treatment,
which is at least 100°C lower than that necessary for the classical thermal
rearrangement, yielding the corresponding poly(o-hydroxyimide) as a
product. The reaction further evolves to the corresponding PBO, result-
ing in a polymer with very attractive gas transport properties and good
mechanical properties.
RESULTS AND DISCUSSION

Classical TR precursor polyimide polymers were synthesized by poly-
condensation reaction, followed by azeotropic imidization. Afterward,
by simple postmodification of the polymers, allylation of the hydroxyl
group in ortho-position to the imide group was performed. Once the
film of a corresponding polymer was formed, the characterization of
polymer properties was carried out.

In Fig. 2, the thermal behavior of the pristine, in comparison to the
functionalizedpolymers derived from6FDA-HAB, is depicted.Two steps
of weight loss can be distinguished for pristine and allyl-functionalized
polymers: an initial mass loss occurring at 260° to 370°C for allyl-
functionalized polymers and 320° to 475°C for the pristine polymer, and
a second weight loss common for both polymers, ranging from 475° to
550° to 800°C. The first mass loss is associated with the rearrangement
reaction.Using thermogravimetric analysis coupledwithFourier transform
infrared spectroscopy (TGA/FTIR), it was demonstrated that only carbon
dioxide leaves thepolymerduringthe firstweight loss step for bothpolymers.
The weight change for this step was 12.5% for the allyl-functionalized
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Fig. 1. General schemes of TR polymers, first description of the Claisen rearrangement, and aromatic Claisen rearrangement.
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polymer and 14.1% for the pristine polymer, which agrees with the the-
oretical weight loss of the polymer necessary for the full rearrangement
from polyimide to PBO. The second step of weight loss was due to the
thermal decomposition of the corresponding aromatic PBO, and it was
similar in both cases.

An obvious difference in the rearrangement temperature of almost
100°C was observed for these two polymers, and, despite this big dif-
ference, no effect on thermal degradation was detected. This tempera-
ture difference of the rearrangement impacts polymer conversion as
well. Whereas a conversion close to 80% was obtained for the pristine
polymer at 450°C, the same degree of conversion can be reached at tem-
peratures lower than 300°C for the functionalized polymer. The reduc-
tion of the temperature necessary for the rearrangement obviously leads
to a large gap between rearrangement and degradation process tempera-
tures (as observed in fig. S1).Whereas the pristine polymer rearrangement
and degradation temperature ranges overlap, these temperatures are
over 100°C apart for the allyl-functionalized polymer (see table S1).
The degree of conversion to PBO as a function of the thermal treatment
aswell as the tridimensional IRspectrumrecordedduring the completepro-
cess at different times (related to temperature, heating ratewas 5°C/min) are
also depicted in Fig. 2. Obviously, because of the fact that the rearrangement
temperature was reduced, materials with a much higher degree of con-
version at much lower temperatures of thermal treatment were ob-
tained. In this case, an almost complete conversion from polyimide to
PBO for the allyl-functionalized polymer could be achieved at 350°C.

Fourier transform IR (FTIR) spectra (fig. S2) showed the evolution
of the characteristic absorption bands of allyl-functionalized polymers at
Tena et al. Sci. Adv. 2016; 2 : e1501859 29 July 2016
different temperatures of treatment: the stretching vibrationbands ofC=O
(1794 and 1726 cm−1), asymmetric stretching of C–N (1380 cm−1), and
the transverse stretching of C–N–C groups at 1100 cm−1 decreased
with the thermal treatment, and new characteristic benzoxazole bands,
for example, 1620 cm−1 (stretching C=N) or 1060 cm−1 (aromatic –O–C
stretching), appeared. Absorption peaks of C–F stretching at around 1250
to 1100 cm−1 were confirmed to be intact after the different thermal treat-
ments. No peaks were observed in the region of 3200 to 3600 cm−1 at-
tributed to theO–Hvibration of the hydroxyl groups. Small differences in
the stretching and bendingmodes in aromatic regions (1600 to 1550 cm−1

and 950 to 700 cm−1), respectively, were observed. Unfortunately, the pres-
ence of allyl groups couldnot be confirmedbyFTIR.Comparisonbetween
pristine and functionalized polymers after the corresponding thermal
treatments did not show significant differences (fig. S3), which confirms
thatpristine andallyl-functionalizedpolymershave a similar final structure.

The differential scanning calorimetry (DSC) study indicated that, in
both cases, the rearrangement takes place at temperatures close to the
Tg. For the pristine polymer, the rearrangement starts at temperatures
close to theTg of thepolymer (330°C),whereas for the allyl-functionalized
polymer, the process starts parallel with the Claisen rearrangement
at a temperature lower than the Tg (280°C). It is clear that the chain
rigidity of the initial polymer influences the temperature of thermal con-
version to PBO. The difference in the Tg between pristine and function-
alized polymers is smaller than that in the temperature necessary for the
start of thermal rearrangement. These differences are especially im-
portant in themaximum rearrangement reaction rates (approximately
80°C) and the endof the rearrangement (approximately 100°C). Thus, it
Fig. 2. Mass loss and absorbance spectra of CO2 as a function of temperature for the pristine and allyl-functionalized 6FDA-HAB polymers.
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can be proposed that higher mobility of the polymer chain and further
activationof theoxygen in the ortho-positionof the imide after theClaisen
rearrangement favors the process.

Given this information, it could be hypothesized that the mechanism
of Claisen TR (CTR) polymer rearrangement to PBO has at least two
different steps, as represented in Fig. 3. The first step is the Claisen
rearrangement, immediately followed by the second step, in which the
negatively charged oxygen atom in the ortho-position of the imide group
reacts with the positive carbon of the carbonyl group. In the second step,
the corresponding polyimide undergoes the transformation into PBO, as
represented in Fig. 2, and followed by 1H– and 13C–nuclear magnetic
resonance (NMR) (fig. S4 to S6).

The NMR study gave a clear indication of how both rearrangements
occur.At around80ppm, the representative signal for the–O–CH2–bond
was identified. This signal is completely shifted to around 30 ppm for
the sample treated at 350°C, an indication that theClaisen rearrangement
has been performed. The same was observed for the peak at 112 ppm.
This peak is an indication on how the signal for aromatic carbon close
to the allyl ether (peak number 4 in the fig. S6) changes until complete
disappearance. The existence of allyl groups in the final structure was
confirmed by the peak at 117 ppm. The thermal rearrangement in the
polymer is confirmed by the disappearance of the typical peak for car-
bonyl (peak number 1 in the fig. S6) and the appearance of the typical
peak for oxazole structures (peak number 7 in the fig. S6) in the same
way as described by Smith et al. (18).

Additional reactions can occur between the allyl units [for example,
cross-linking (22) or aromatization (23)].For this reason, some allyl
groups could not be present in the final structure. Intermolecular reac-
tions could result in insoluble polymers because of cross-linking reac-
tions (24) aswell. A high degree of cross-linking in the final structurewas
confirmed by gel content determination. A Soxhlet extractor was used to
determine the gel fraction of the CTR polymer treated at 350°C. In this
case, two different solvents, tetrahydrofuran and dimethyl sulfoxide
(DMSO), were selected. The sample was refluxed in the extractor for
approximately 24 hours and then dried at 200°C for another 24 hours,
Tena et al. Sci. Adv. 2016; 2 : e1501859 29 July 2016
yielding 0 and 0.5% of loss mass, respectively, which leads to the con-
clusion that the CTR samples were intensively cross-linked.

Despite the big decrease in the rearrangement temperature for the
CTRpolymer, thedegradation temperaturewas similar for bothpolymers.
For this reason, a great improvement in the mechanical robustness of the
polymeric films is observed with respect to the reported brittleness of the
classical TR polymers (25). The inclusion of the aliphatic substituent in
the ortho-position of the polyimide leads to an increase in the flexibility
of the polymer chain and a reduction in the interactions by hydrogen
bonds, resulting in the mechanical robustness of the CTR polymer that
allows severe film bending (Fig. 4) of the functionalized CTR polymer
sample thermally treated at 350°C. This excellent behavior was con-
firmed by the mechanical properties study (table S2). CTR polymer
thermally treated at 350°C showed values for theYoungmodulus similar
to classical TR polymer thermally treated at 450°C but with higher max-
imum stress and significantly higher strain values. CTR and classical TR
polymers showed similar values ofYoungmodulus and strainwhenboth
polymerswere thermally treatedat350°C. Itconfirmsthathigher temperatures
of thermal treatment provoke overlapping effects of thermal rearrangement
and polymer degradation, resulting in unacceptably low mechanical
properties of classical TR polymers, which lead to substantial difficulties
in use of these materials for membrane separation processes.

Kushwaha et al. recently demonstrated that a reduction of the
rearrangement temperature to 350°C and lower, apart from resulting in
more mechanically stable films, gives the opportunity to carry out the
thermal treatment under air atmosphere (25). Thus, the advance of
rearrangement temperature reduction through Claisen reaction will
lead to an important improvement in the processing of the polymer,
fostering a wide application of TR polymers in separation processes
at harsh conditions where conventional polymers are losing their prop-
erties because of, for example, swelling or even degradation (26).

To prove the concept, the aforementioned functionalization route
was followed for other polymers as well. For the CTR polymers dis-
cussed above, only the thermal properties were evaluated. The complete
study was made for the 6FDA-HAB polymer to compare results to the
 on D
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Fig. 3. Proposed mechanism. Claisen rearrangement is just the first step of the process.
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existing numerous reports. In all cases (6FDA-BisAPAF, BTDA-BisAPAF,
and PMDA-BisAPAF), a thermal behavior similar to that of the 6FDA-
HAB polymer was found (fig. S7). The temperature for the rearrange-
ment was reduced for all the allyl derivatives with respect to the pristine
polymers. For the PMDA-BisAPAF-allyl polymer, the reduction was es-
pecially remarkable (see table S3). This polymer already reaches 50%
conversion at 260°C. The temperature for a complete conversion of this
polymer was slightly higher than 300°C, in contrast to the significantly
higher temperatures necessary for the complete rearrangement of the
pristine polymer (around 490°C). The reduction of almost 200°C in the
rearrangement temperature for a complete conversion opens the way for
even thin-film compositemembrane production consisting solely of poly-
meric materials.

TR polymers are currently well known for their excellent gas sepa-
ration properties. It has been demonstrated that, by a functionalization
of the polymer chain, gas transport properties were strongly altered,
leading to an insignificant decrease of the permeability but a great in-
crease in the selectivity (27). Apart from the main achievement of this
work, namely, the reduction of the rearrangement temperature of the
TR polymers, gas transport properties were determined.

The effectiveness of the CTR process becomes obvious when one
compares gas transport properties of the pristine and functionalized
polymers treated at 350°C (Fig. 5). It was observed that CTR polymers
were almost five times more permeable (see table S4) because of more
than two times higher degree of conversion than the classical TR polymer
treated under the same conditions (1 hour at 350°C), whereas ideal selec-
tivities for various gas pairs were similar for bothmaterials. This behavior
is observed because, for the same thermal treatment, the degree of con-
version under the same conditions (1 hour at 350°C) was about 98% for
theCTRpolymer compared to just 40%of conversion for the classical TR
polymer, and no degradation was observed for the final PBO obtained
from the CTR polymer. Therefore, it is important to achieve a high degree
of conversionat a temperaturebelow theonset of the chemical degradation.

The increase in permeability in both cases of CTR and classical TR
polymers is derived from the increase in the FFV (table S5), resulting in
Tena et al. Sci. Adv. 2016; 2 : e1501859 29 July 2016
higher mobility of the penetrant molecules in the polymermatrix or in-
creased diffusivity. CTRpolymerswere less permeable butmore selective
than the classical TR. This effect can be easily observed in the analysis of
the solubility anddiffusivity as a function of the percentage of conversion
(fig. S8). For the CTR polymers, CO2 solubility was higher and increased
slightly with the temperature of the thermal treatment. The same effect
wasobserved for theCO2diffusivity. In thecaseof the classicalTRpolymers,
CO2 solubility was lower than that for the CTR polymers and decreased
with the temperature of the thermal treatment. On the other hand, CO2

diffusivitywasmuchhigher and increasedwith the degree of conversion
to PBO. Incorporation of allyl units into the polymer chain results in an
increase of CO2 solubility with respect to the pristine polymer. The de-
gree of conversion to PBO influences the CO2 solubility, which increases
with increased degrees of conversion. The CO2 diffusivity increased for
both CTR and classical TR polymers, but the increase was much higher
in the classical TR polymers. The effect was clearly observed for CO2

(fig. S9A) but also can be observed for O2 (see fig. S9B).
The properties of the polymers under study directly depend on the

synthesis procedure (8). For this reason, only the polymers synthesized
in the same way were selected for demonstration. A similar trend was
found in the comparison of the pristine polymer synthesized and charac-
terized in the current study and the polymers reported earlier. The reported
pristine 6FDA-HABpolymer thermally treated at 450°C (17, 28, 29) has
lower permeability and selectivity than 6FDA-HAB-allyl thermally treated
at 350°C. It should be emphasized that the gas transport properties of the
CTR polymer treated at 350°C for the CO2/CH4 gas pair are very close to
the new 2008 Robeson’s upper bound and are better compared with the
properties of the classical TR polymers thermally treated at 450°C. The
improvement in the gas transport properties of CTR polymers can be ob-
served in Fig. 6 and fig. S9, where the results of the current study are com-
pared to those reported earlier. Enhanced gas transport properties,
accompanied by attractive mechanical properties, highlight the future of
these polymers.

Reduction of the rearrangement temperature for CTR polymers
compared to previously reported TR polymers results in a low level
Fig. 4. Physical appearance and mechanical robustness for the CTR polymers.
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of degradation of the polymer chains, lower permeabilities, and much
higher selectivities. Absence of the chain decomposition, accompanied
by high conversion to PBO (30), is beneficial for the diffusion of small
molecules in the polymer, similar to carbonmolecular sievemembranes
(31). The generation of excessively high FFV in the polymer leads to
decreased or low gas permselectivity. In the case of CTR polymers,
the increase in the permeability is relatively low, but the selectivity re-
mains high. The gas transport mechanism is similar to the case of car-
bonmolecular sieves obtained from polymers (32). It was experimentally
confirmed that the classical TR polymers have two types of pore sizes (or
free-volume elements): ultramicropores, for free-volume void size lower
than 6 Å, andmicropores, for voids between 6 and 20 Å (32). In the case
of the classical TR polymers, with the increase of the thermal treatment
temperature, each polymer transforms from a low-permeable and highly
selective material to a more permeable and less selective one. This is pos-
sible due to the increase in both average free-volume void size and their
interconnection. For low treatment temperature, for example, at 350°C, a
similar selectivity and an increased permeability of thematerials were ob-
served in comparison between the CTR polymer and the untreated pris-
tine polymer. This can be only possible because the fraction of selective
ultramicropores increases in the structure of the material without evolv-
ing them into highly interconnected bigger free-volume elements.
Above this treatment temperature, there is an evolution in quantity
and size of the micropores, resulting in higher free-volume void inter-
connection (33), contributing to the increase of the permeability and
reduction of the selectivity (34). A similar effect was attributed to the
thermal decomposition during the first stages of the carbonization of a
commercial polyimide (35). According to the proposed approach, we
were able to increase the permeability with FFV increase, but the number
of “bottle necks” and their size were still low enough to keep the high
diffusivity selectivity level of the material.

The CO2 transport through CTR polymer was characterized at
elevated feed pressures to analyze the polymer stability against plasticiza-
tion caused by highly soluble penetrant (fig. S10). As expected, and
well described in the literature (4), TR polymers showed excellent plas-
ticization resistance at high CO2 feed pressures. After the typical loss of
Tena et al. Sci. Adv. 2016; 2 : e1501859 29 July 2016
permeability at the low pressures, the permeability was kept constant up
to 40 bar pressure. Real gas mixture transport properties of CTR poly-
mer were also studied with the binary gas mixture containing 60%
methane and 40% carbon dioxide at 25°C and 50 bar feed pressure.
The same polymer sample was measured three times with de-
pressurization between experiments to analyze stability of the sample
and reproducibility of results. Membranes showed excellent plasticiza-
tion resistance and exceptional CO2/CH4 selectivity (43.8 ± 1.4) for the
studiedbinarymixture.As expected fromprevious reports (4), themixed
gas selectivity was slightly lower than the ideal one obtained from the
pure gas experiments but still attractively high.

The developed new CTR polymers can be considered as a second
generation of TR polymers having attractively high gas transport and
mechanical properties. Different allyl derivatives could be introduced
into the polymer chains to reduce the rearrangement temperature, im-
proving the solubility of corresponding precursors in organic solvents
suitable for membrane formation or mechanical properties of the final
rearranged polymer. Consequently, a new line of polymers can be de-
veloped and applied for various membrane separation applications.
MATERIALS AND METHODS

Chemicals
The dianhydrides 4,4′-(hexafluoroisopropylidene)diphthalic anhydride
(6FDA), 3,3′,4,4′-bisphenyltetracarboxylic dianhydride (BPDA), 3,3′,4,4′-
benzophenonetetracarboxylic acid dianhydride (BTDA), 1,2,4,5-benzene
tetracarboxylic dianhydride (PMDA), and the diamines 3,3′-dihydroxy-
4,4′-diamino-biphenyl (HAB) and 2,2′-bis(3-amino-4-hydroxyphenyl)
hexafluoropropane (bisAPAF) were purchased from Sigma-Aldrich.
Dianhydrides were purified by sublimation at high vacuum just before
use. Diamines were dried at 120°C in vacuum for 12 hours and stored in
a desiccator at vacuum until use.
Fig. 6. Robeson’s trade-off for the CO2/CH4 gas pair. Samples are repre-
sented by symbols as follows: circles for 6FDA-HAB; squares for 6FDA-HAB-allyl;
and diamonds (17), triangles pointing down (29), and triangles pointing up (28)
for literature data on the polymer 6FDA-HAB synthesized under the same
conditions. The largest symbols are for samples thermally treated at 350°C,
and small symbols are for the samples thermally treated at 450°C.
Fig. 5. Evaluationof theCO2/CH4 separationproperties as a functionof
the degree of conversion. Continuous lines represent the evolution of the
CO2permeability anddashed lines represent CO2/CH4 selectivity. Vertical dot-
ted linesdenote the results at the same treatment temperature for theCTRpoly-
mer (squares) and the classical TR polymer (circles).
6 of 9
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Reactants and solvents, such as chlorotrimethyl silane, pyridine, acetic
acid, N,N-dimethyl amino pyridine (DMAP), 3-bromopropene or allyl
bromide,potassiumcarbonate (K2CO3),o-xylene,N,N-dimethyl formamide
(DMF), methanol (MeOH), and anhydrous N-methyl-2-pyrrolidinone
(NMP), were all purchased from Sigma-Aldrich and were of reagent-
grade quality and used without further purification.

Ortho-hydroxy polyimide synthesis
For all the polyimides, the same synthesis route was followed. A three-
necked flask equipped with amechanical stirrer and gas inlet and outlet
was charged with 20.0mmol of the corresponding diamine and 20.0 ml
of solvent (NMP). The solution was stirred at room temperature under
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
amounts of chlorotrimethyl silane and pyridine (1 mol/mol reactive
group) and small amounts of DMAP (0.1mol/mol pyridine) were added
to the mixture. At that moment, the temperature was elevated to room
temperature, and the solution was stirred for 15 min to ensure the for-
mation of the silylated diamine. After this, the solutionwas again cooled
down to 0°C, and the corresponding dianhydride (20.0 mmol) and addi-
tional solvent were added. The reaction mixture was stirred for 4 hours
under these conditions, and then, the temperature was raised up to room
temperature and left overnight for the formation of the poly(amic acid) in
the solution. The viscosity of the solution significantly increased during
this period.

o-Xylene (20 ml) as an azeotropic agent was then added to the solu-
tion, which was stirred vigorously and kept heated for 6 hours at 180°C
to promote imidization. During this period, when the water was released
by the ring-closure reaction, silanol and siloxane by-products were
separated as a xylene azeotrope.After this time, leftover o-xylenewas dis-
tilled out from the polymer solution. Subsequently, the mixture was
cooled to room temperature and precipitated in distilled water. The
pristine polymer thus obtained was repeatedly washed with water and
ethanol and dried in a vacuum oven at 180°C for 24 hours.

Allyl-functionalized polymers
A three-necked flask, equippedwith a condenser and gas inlet andoutlet,
was charged with 1 g of the corresponding polymer and 20 ml of DMF.
After the polymer was completely dissolved, the adequate amount of
K2CO3 (1 mol/1 mol of polymer) was added. Thirty minutes later, the
allyl bromide (2mol/1mol of polymer)was added to the solution. Then,
the temperature for the reaction was elevated to 60°C, and the solution
was stirred for 12 hours under these conditions. After this time, the re-
action broth was cooled to room temperature and precipitated in distilled
water. The allyl-functionalized polymerwas repeatedly washedwithwater
and dried in a vacuum oven at 180°C for 24 hours.

Polymer film formation and thermal treatments
The casting of the polyimides was carried out from a 10 weight %
filtered solution in NMP into a Teflon beaker with the leveled flat-
bottom surface. The solvent was evaporated under nitrogen flow at
100°C, achieving the evaporation of the greater part of the solvent.
Afterward, the isotropic polymer film was removed from the Teflon
surface. Cast films were placed in a vacuumoven and dried overnight at
200°C in a vacuumoven equippedwith a turbomolecular pumping unit
to evaporate the remaining solvent. The defect-free and optically clean
membranes were introduced in a muffle under nitrogen flow for treat-
ment at higher temperatures (250°, 300°, 350°, 400°, and 450°C). The
Tena et al. Sci. Adv. 2016; 2 : e1501859 29 July 2016
heating rate was 5°C/min. The time at the corresponding target tem-
perature was 1 hour, with the exception of the samples at 250°C, where
the time of exposure to the target temperature of 250°C was 12 hours,
and the sample at 450°C, where the time was 0.5 hours. Membranes at
higher thermal treatments were treated at 250°C before the corresponding
thermal protocol. This protocol was used to expose the prepared samples
to the thermal treatment procedure similar to those reported in previous
studies of TR polymers (36, 37).

Characterization of the polymers
Attenuated total internal reflectance (ATR)–FTIR experiments were
conducted to verify the rearrangement process in the polymers. ATR-FTIR
was performed at room temperature using a Bruker ALPHA FTIR spec-
trometer in a spectral range of 400 to 4000 cm−1with a resolutionof 2 cm−1

and an average of 32 scans. Thick membranes were directly measured.
Pristine and allyl-modified polyimides were completely soluble in

DMSO.TRpolymers (both pristine and allyl-containing)were completely
insoluble in DMSO. TheNMRstudywas accomplishedwith theAVANCE
500 spectrometer (Bruker GmbH), equipped with a 500-MHz magnet
and a triple-resonance inverse probe. The liquid-phase experiments
were carried out at room temperature with deuterated DMSO used as
solvent and tetramethylsilane as internal standard. TheNMR study con-
firmed the structure of the pristine polymer and the allylated product.
The thermally treated polymers were insoluble in common solvents.
For this reason, solid NMR was used to characterize the final structure
of the polymers. The 13CNMRof the allyl-functionalized polymer before
and after thermal treatment at 350°C is shown in fig. S3.

DSC analysis was used to determine the Tg of polymers. DCS
experimentswere carried outwith a calorimeterDSC1 (Mettler Toledo),
within the temperature measurement range from 50° to 450°C at a
heating rate of 10 K/min. Measurements were accomplished in nitrogen
atmosphere to prevent oxidation. Usually, the glass transition is deter-
mined in the second heating cycle to avoid the effect of sample prepara-
tion history rising, for example, from the remaining solvent traces. In our
case, it is difficult to determine the Tg of the polymers synthesized in the
course of the study because of the fact that the rearrangement process is
happening normally at temperatures close to the Tg of the polymers.
Thus, in this case, the collected data were extracted from the differences
between the reversible and irreversible process.

TGAwas used to determine the thermal stability and degree of con-
version to PBO [as a function of the amount of CO2 produced during
the rearrangement observed by the IR spectrometer coupled with the
TGA (17)] and the characteristic temperatures for the rearrangement:
starting temperature, maximum rate of reaction, and final temperature.
TGA experiments were carried out on the thermal analysis instrument
NETZSCH TG 209 F1 Iris. The experiments were carried out at a tem-
perature range from25° to 800°C and at a heating rate of 5K/minunder a
flux of 20 ml/min of argon. Disc-formed samples cut from films, with
weights between 5 and 15 mg, were tested.

AdditionalTGA-FTIRwasperformedonaTGA-DSC2MetlerToledo
coupledwith an FT-IR spectrometerNicolet iS50Thermo Scientific in a
spectral range of 400 to 4000 cm−1, with a resolution of 4 cm−1 and an
average of eight scans, to determine the volatile compounds produced
during the thermal treatment. This experiment has confirmed the exis-
tence of only carbon dioxide as a volatile product of the thermal rear-
rangement process.

Mechanical properties of the thermally treated samples were tested
using a Zwick 1478 universal testing machine (Zwick GmbH). The
7 of 9
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measurements were performed at room temperature (24°C) at a traverse
speed of 0.1 mmmin−1 for the Young modulus and 0.3 mmmin−1 as a
test speed. To correctly assess the mechanical properties, six 4.5-mm-
wide test strips were cut from each polymer sample and tested under
the same conditions.

The permeability P was determined by using a permeator with con-
stant volume variable pressure approach (known also as time lagmethod).
The permeability coefficientmeasurements were carried out at 1000mbar
feed pressure and temperature of 30°C for H2, He, N2, O2, CH4 and CO2.
A sketch of the facility and the analysis method used have been described
in previous studies (38).
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fig. S1. IR spectra during the TGA as a function of the time (rate was 5°C/min) for pristine 6FDA-HAB
polymer and allyl-functionalized 6FDA-HAB polymer.
fig. S2. FTIR for the allyl-functionalized 6FDA-HAB polymer at different temperatures of thermal
treatment.
fig. S3. FTIR for the pristine and functionalized polymers derived from 6FDA-HAB before and
after thermal rearrangement.
fig. S4. 1H NMR for the polymer 6FDA-HAB.
fig. S5. 1H NMR for the polymer 6FDA-HAB-allyl.
fig. S6. Solid-state 13C NMR for the polymer 6FDA-HAB-allyl after different thermal treatments.
fig. S7. Dynamic TGA for the pristine and functionalized polymers derived from 6FDA-BisAPAF,
BTDA-BisAPAF, and PMDA-BisAPAF.
fig. S8. CO2 solubility and diffusivity for the polymers studied in this work.
fig. S9. Robeson’s trade-off for the separation CO2/N2 and O2/N2 gas pairs.
fig. S10. High feed pressure experiments for 6FDA-HAB-allyl thermally treated at 350°C.
table S1. Characteristic thermal points for the rearrangement and degradation temperature for
the pristine and functionalized polymers derived from 6FDA-HAB.
table S2. Mechanical properties of the polymers under study.
table S3. Rearrangement properties for all the polymers synthesized in this work.
table S4. Results for the permeability of different pure gases and selectivity of different pairs of
gases at 1 bar feed pressure and 30°C.
table S5. Physical properties of precursor allyl-functionalized polyimide (6FDA-HAB-allyl)– and
allyl-TR-PBO–derived membranes.
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