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Abstract: New rigid polyimides with bulky CF3 groups were
synthesized and engineered into high-performance hollow
fiber membranes. The enhanced rotational barrier provided by
properly positioned CF3 side groups prohibited fiber transition
layer collapse during cross-linking, thereby greatly improving
CO2/CH4 separation performance compared to conventional
materials for aggressive natural gas feeds.

Membrane technology offers energy-saving and smaller
footprints compared to traditional thermally driven gas amine
absorption processes.[1] Recently, high-performance polymer
membranes for CO2 separation have received considerable
attention and been implemented industrially.[2] Although
numerous dense film polymers have been considered,[3] only
a few asymmetric membranes having thin selective layers with
high selectivity and permeance have actually been repor-
ted.[2c] High-pressure CO2-induced plasticization undermines
membrane separation efficiency.[4] Unfortunately most new
materials are only evaluated by low-pressure, pure-gas
permeation, which is far from most realistic application
conditions with CO2/CH4 mixtures at 20–60 bar. Moreover,
some feeds also contain heavier C6+ hydrocarbons contam-
inants.[5] Cross-linking provides an effective approach to
inhibit excessive swelling and segmental chain mobility in
dense polymer films.[6] By optimizing the polymer structure,
both permeability and selectivity can be retained or even
increased in cross-linked thick films.[6c,e] While defect-free
thin-skinned asymmetric membranes can be formed,[2c] struc-

tural relaxation during cross-linking to stabilize the selective
layer and support morphology against aggressive feeds
typically leads to significant productivity losses of two–four
times.[6c,7] The loss in performance is believed to be due to
significant collapse of the thin nanoporous transition layer
that lies between the dense skin layer and underlying porous
support, thereby causing an increase in effective skin thick-
ness during cross-linking.[8] Clearly, overcoming the loss in
productivity while stabilizing the separation performance
through cross-linking is a major challenge to be overcome and
is dealt with in this study.

Herein, we report a new strategy that uses a rigid
copolymer structure enabled by tuning the molecular struc-
ture to inhibit nanoscale transition layer collapse, thereby
providing high-performance asymmetric hollow fibers for
aggressive CO2/CH4 feed conditions (Figure 1). Trifluoro-
methyl groups (CF3) are introduced into the basic polyimide
(PI) co-polymer to create a more bulky and rigid engineered
molecular structure. First, (4,4’-hexafluoroisopropylidene)
diphthalic anhydride (6FDA) was chosen as the monomer
to form a rigid backbone with restricted torsional motion of
neighboring phenyl rings due to the -C(CF3)2- linkage,
thereby providing intrinsically high perm-selectivity for CO2

over CH4. Common 2,4,6-trimethyl-1,3-diaminobenzene
(DAM) and 3,5-diaminobenzoic acid (DABA) diamines
were employed to build the basic co-polymer and promote

Figure 1. Structure design of cross-linkable TFM-PIs and asymmetric
hollow fiber membrane.
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a high free volume and cross-linkable functionality, respec-
tively. The additional feature explored in this work involves
the incorporation of specific diamines containing CF3 groups
to further increase the rotational barrier around the back-
bone. The amount of such bulky diamines was limited to
5 mol% to avoid potential loss in size and shape discrim-
ination and consequent loss in CO2/CH4 selectivity by
excessive packing inhibition. Three types of bulky diamines
providing various degrees of bulkiness and rigidities are
studied: 5-(trifluoromethyl)benzene-1,3-diamine (CF3-dia-
mine), 2,2’-bis(trifluoromethyl)benzidine (2CF3-diamine)
and 4,4’-(hexafluoroisopropylidene)dianiline (6FpDA-dia-
mine). The polyimides are designated as TFM-PI-CF3,
TFM-PI-2CF3 and TFM-PI-6FpDA, respectively, correspond-
ing to the structures in Figure 1. Synthesis details are
described in the Supporting Information.

Chemical structures of the TFM-PIs were confirmed by
NMR spectra of 19F, 1H and 13C nuclei (see Figures S1–5 in the
Supporting Information). For example, consider TFM-PI-CF3

where 19F shifts corresponding to Ph-CF3 and C-(CF3)2 were
observed at @62.8 ppm and @64.1 ppm, respectively[9] (Fig-
ure S1). According to the integration ratios, the molar amount
of CF3-diamine was calculated to be 5.1%, which agreed well
with the stoichiometric proportion of the designed structure.
1H shifts at 4.2–4.5, 3.4 and 1.6–1.7 ppm are assigned to the
propanediol groups, indicating a successful monoesterifica-
tion[6b] (Figures S2,3). 1H NMR shifts at 10 ppm and about
11 ppm were attributed to the amide protons in DAM and
DABA moieties, respectively, implying a hydrolysis of some
imide rings induced by the propanediol or/and water during
the monoesterification.[6d] Fortunately, the IR result in Fig-
ure S6a indicates that the opened imide rings were reclosed at
the cross-linking temperature. Although 10–15% molecular
weight losses were observed after the monoesterification, the
TFM-PIs still exhibited high Mn values of 125 000–
138 000 g mol@1 (Table S1), which is adequate for spinning
good quality hollow fiber membranes.[6d] TFM-PIs can be
cross-linked by simply heating in the solid state under vacuum
to activate the transesterification reaction.[10] The cross-
linking was inferred from the reduced O@H stretching
absorption in IR spectra (Figure S6b). It was also monitored
by thermogravimetric analysis (TGA). As shown in Figur-
es S7, the weight losses of TFM-PI-CF3 starting at 150 88C and
360 88C are related to the cross-linking induced by transesteri-
fication and decarboxylation, respectively.[10] For consistency,
according to the optimization in our previous study for
various monoesterified polyimides,[7c,11] we performed the
cross-linking of a hollow fiber membrane at 200 88C for 2 h,
and this produced a well stabilized fiber.

As mentioned above, previous hollow fiber gas perme-
ance was remarkably reduced following cross-linking of the
asymmetric hollow fiber membranes, even though the cross-
linking temperature is much lower than the glass transition
temperature of the polymer.[7d] We suspected that a b-
transition of the polymer, related to backbone motions was
promoting collapse of the nanoporous transition layer
between the dense selective layer and the main microporous
support (Figure 1). Dynamic mechanical thermal analysis
(DMTA) was employed to investigate the b-transition of

TFM-PIs. As shown in Figure 2, all of the TFM-PIs showed
obvious b-transitions. Introducing bulky and rigid diamines
caused the TFM-PI-CF3 to show increased peak b-transition
temperature at 251 88C compared to that of the control sample
without the bulky diamine (TFM-PI-0 ca. 245 88C). As
expected an increase in peak b-transition temperature
occurred by adding more bulkiness reflected by the higher
peak b-transition temperature (ca. 264 88C) for the TFM-PI-
2CF3. The result suggests that, as hoped, properly placed
bulky CF3 groups due to a rigid chain architecture with CF3 as
side groups increased the rotational barrier, thereby increas-
ing the b-transition temperature of the polymer. On the other
hand, for the TFM-PI-6FpDA polymer with two bulky CF3

groups in a more compact flexible chain, a broad and lower
onset b-transition temperature was observed. Compared to
the TFM-PI-0, an increased d-spacing was found in the TFM-
PI-CF3 and TFM-PI-2CF3 films from XRD analysis (Fig-
ure S8), indicating a more packing-inhibited structure to
accommodate penetrating small molecules. The bulkiness,
rigidity and increased b-transition temperature considera-
tions appear to be correlated in a complex but desirable way
with gas permeation properties of the TFM-PIs films. As
shown in Figure S9, the cross-linked TFM-PIs membranes
containing bulky diamines showed higher CO2 permeability
compared to TFM-PI-0. The result is consistent with the
anticipated higher free volume associated with addition of
packing-inhibiting CF3 side groups, which is also confirmed by
the calculation of fractional free volumes by using the
measured film density (Table S2). It is interesting to note
that an increased CO2/CH4 selectivity was also observed for
the TFM-PI-CF3 and TFM-PI-2CF3 membranes. The trade-
off between packing inhibition due to bulkiness and rigidity of
CF3- and 2CF3-diamines presumably results in the desirable
and unexpected increases in both permeability and selectivity.
On the other hand, introduction of a flexible 6FpDA-diamine
leads to an increase in CO2 permeability, but some decrease in
CO2/CH4 selectivity.

As discussed later, the effective as-spun dense selective
layer of TFM-PI-0 asymmetric membrane was 0.15 mm, and
after cross-linking, it increased to 0.36 mm as seen by SEM
characterization (Figures 3 c,d). It was hoped that the seg-
mentally more rigid structure reflected by increased b-

Figure 2. DMTA curves of TFM-PIs without or with CF3-, 2CF3-, and
6FpDA-diamines.
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transition temperature for the TFM-PI-CF3 would inhibit the
transition layer collapse in asymmetric hollow fiber mem-
branes. We fabricated TFM-PIs (TFM-PI-CF3 and TFM-PI-0)
into asymmetric hollow fiber membranes by the well-known
dry-jet/wet-quench spinning method (Supporting Informa-
tion) to determine this possibility. The schematic structure of
the hollow fiber is displayed in Figure 1 and the actual
morphologies are shown in Figures 3 and S10–12. The TFM-
PI hollow fiber membranes all had regular cylindrical forms
with a small outer diameter of ca. 250 mm (Figure 3a), that
provide high packing density and ability to withstand large
transmembrane pressure up to ca. 55 bar. The highly porous
support layer (Figures 3b) comprises > 90 % of the total wall
thickness (& 50 mm) of the asymmetric hollow fiber, while
providing negligible transport resistance. As mentioned ear-
lier, the structure directly beneath the dense skin layer
(Figures 3 c and e), has a finer nanoporous nature, and is
generally called the “transition layer”. The skin layer of the
TFM-PI-0 hollow fiber without CF3-diamine becomes roughly
two times thicker after cross-linking (Figures 3 c and d, S11a
and b, and c and d), reflecting collapse of the finely porous
structures from the transition layer. On the other hand, while
undergoing the same cross-linking treatment, the 130 nm thin
selective layer on the TFM-PI-CF3 hollow fiber membrane is
well preserved (Figures 3e and f, S12a and b, and c and d).
Even under ultra-high magnification, we cannot distinguish
any morphology difference by cross-linking. In addition,
a densification of the porous support layer observed in TFM-
PI-0 fiber is also prohibited in the TFM-PI-CF3 fiber. These
results clearly indicate that introducing bulky CF3-diamine

into the TFM-PI backbone successfully inhibits nanoscale
pore collapse and preserves the delicate nanostructures of
asymmetric hollow fiber membrane to provide high perfor-
mance properties. Gel fraction tests were also carried out to
verify cross-linking stabilization of the hollow fibers.[7c] The
as-spun fibers (non-cross-linked) are completely dissolved in
tetrahydrofuran (THF) while cross-linked fibers only swelled
and maintained their shape after 48-h soaking at 25 88C, and
had a gel fraction > 81 wt%. The cross-linked thin and highly
solvent-resistance fibers therefore offer exciting opportuni-
ties for dealing with high-CO2 pressure feed (e.g., natural gas
separation[2c]).

To further verify the fiber property evolution, we mea-
sured 50/50 CO2/CH4 mixed-gas permeabilites of these TFM-
PI hollow fiber membranes (Figure 4a). The as-spun fibers
(non-cross-linked) showed high CO2 permeance (P/lCO2

) of
110–115 GPU (1 X 10@6 cm3 cm@2 s@1 cmHg@1) and CO2/CH4

selectivity (aCO2=CH4
) of > 32 at 35 88C and 14 bar. Interestingly,

the permeance (P/l) of the asymmetric fibers is lower than the
value estimated from the dense film permeability (PCO2

of
TFM-PI-0: 32 Barrer; TFM-PI-CF3 : 36 Barrer, Figure S9)
divided by the SEM dense selective layer thickness (l,
Figures 3c,e). These results suggest that physical aging is
pronounced in the asymmetric fiber of thin membrane
thickness as compared to the thick dense films, which was
expected based on work by Paul and co-workers.[12] As seen
for the simple thick dense films, the selectivity of the TFM-PI-
CF3 fiber is higher than that of the TFM-PI-0 fiber owing to
the additional rigidity of the bulky CF3-diamine (Figure S9).
After cross-linking, the CO2/CH4 selectivity of both TFM-PI
fibers remained stable, but the cross-linked TFM-PI-0 fiber
showed significantly reduced CO2 permeance: ca. 46 GPU, 2.5
times lower than its pristine non-cross-linked permeance. The
PCO2

loss in the TFM-PI-0 fibers is consistent with the
percentage increase in skin thickness observed in SEM
(Figures 3 c,d), confirming that the cross-linking-induced
nanoscale collapses undermines the permeance of the asym-
metric hollow fiber. As expected, the bulky CF3-diamine,
stops nanoscale collapse (Figures 3e,f) in the transition layer.
By preventing thickening of the selective layer due to
nanoscale collapse, the intrinsically high P/lCO2

in the as-
spun fiber is maintained in the plasticization-resistant cross-
linked TFM-PI-CF3 fiber. Moreover, we cross-linked another
three batches of TFM-PI-CF3 hollow fibers with varied as-
spun skin thickness and permeance, and all the fibers held
their pristine performance, like those shown in Figure S13.
Besides outstanding reproducibility, these results suggest that
the excellent prevention of nanoscale transition layer collapse
may be feasible for even thinner skinned fibers to achieve
even higher permeance.

The applicability of the cross-linked TFM-PI-CF3 hollow
fibers was demonstrated further in aggressive high-pressure
mixed gas tests with 50/50 CO2/CH4 mixtures. Typical results
are given in Figure 4 b. Neither permeance upswing nor
selectivity decline is found, even as the feed pressure goes up
to 55 bar. The slight permeance drop at high pressure is due to
the well-known dual mode sorption effect.[4] The results
clearly prove the absence of CO2 plasticization in the cross-
linked TFM-PI-CF3 fiber. To pursue additional realistic

Figure 3. Cross-sectional SEM images of TFM-PI asymmetric hollow
fiber membranes: a) overview; b) porous substrate layer; dense skin
layer upon transition layer of TFM-PI-0 fiber c) before and d) after
cross-linking; dense skin layer upon transition layer of TFM-PI-CF3

fiber e) before and f) after cross-linking.
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natural gas application,[5] we also explored effects of 300 ppm
heptane as model hydrocarbon in the feed to continue the
high-pressure test. The cross-linked TFM-PI-CF3 fiber still
exhibited excellent plasticization resistance and high perfor-
mance under these extremely challenging feed conditions.
The slightly lower permeance and selectivity presumably
reflects free volumes filling by the heptane.[13] This negative
effect on permeance is more significant with the presence of

toluene, with up to 29% loss of permeance for the cross-
linked TFM-PI-CF3 fiber in the feed of 50/50 CO2/CH4

mixtures containing 250 ppm heptane and 250 ppm toluene
at 35 88C and 55 bar. Moreover, even in this very aggressive
feed, we did not observe the plasticization, and meanwhile
aCO2=CH4

remained above 30, while the non-cross-linked TFM-
PI-CF3 fiber showed a typical plasticization behavior with
permeance upswing at higher feed pressure (Figure S14).
Impressively, we found the non-cross-linked fiber could
maintain aCO2=CH4

> 35 even though at the highest pressure
of 55 bar, despite minor plasticization being apparent. These
results suggest that the extra benefits given by the enhanced
chain rigidity may allow applying the non-cross-linked TFM-
PI-CF3 fiber in some moderate-pressure CO2 separation.

As mentioned earlier, advantages in higher packing
density and durability under high pressures make the fiber
and even small tubes attractive and have promoted some
studies of various materials beyond flat dense films in such
formats that can be scaled up. Polymers, zeolite, metal–
organic frameworks or carbon molecular sieves, have been
considered in this regards for CO2/CH4 separation. Figure 4c
and Table S3 provide comparison of CO2 permeance and
CO2/CH4 selectivity including the state-of-the-art hollow
fibers discussed here and the earlier cases of highly permeable
hollow fibers made by conventional polyimides that lost two–
five times in permeance after cross-linking.[7a,b,d] The newly
designed TFM-PI-CF3 structure, to our best knowledge,
represents the first successful maintenance of high permeance
and intrinsic selectivity in a cross-linked hollow fiber with
excellent CO2/CH4 separation performance. Moreover, this
performance is maintained under > 6000 minutes of long-
term operation with a 50:50 CO2/CH4 mixture at 55 bar
(Figure S15). Compared with flat asymmetric cellulose ace-
tate membranes[14] for natural gas processing plants,[2c] we
achieved a 2–25 times improved permeance and a two–three
times improved selectivity. In addition, the ultra-permeable
TFM-PI-CF3 hollow fiber, after 240 days of aging under air
storage at room temperature (Figure S16), only lost 14 % CO2

permeance, which is three times less than the traditional PI
hollow fibers,[13] and meanwhile gained 8% CO2/CH4 selec-
tivity (P/lCO2

ca. 83 GPU, aCO2=CH4
ca. 50). This outstanding

anti-aging property of the asymmetric fiber is again attributed
to the bulky and rigid TFM-PI-CF3 structure.

In conclusion, new CF3-containing polyimides (TFM-PIs)
were synthesized and translated into high-performance cross-
linkable asymmetric hollow fiber membranes. The introduc-
tion of bulky CF3-diamine hindered segmental motion, as
reflected by increased b-transition temperature of TFM-PI
polymer. This hindrance in segmental motion stabilized the
nanoscale transition layer morphology in asymmetric hollow
fiber membranes during thermal cross-linking. The cross-
linked TFM-PI-CF3 hollow fiber exhibited extraordinary high
and stable separation performance for high-pressure and
aggressive CO2/CH4 mixtures. Optimization of molecular
composition and polymer spinning could further advance the
fiber performance. The polymer design strategy presented
here provides a new platform of developing high-perfor-
mance hollow fiber membranes for realistic high-pressure
CO2 separation. Additional work is underway to also explore

Figure 4. Gas separation performance of hollow fiber membranes:
a) comparison between TFM-PI-0 and TFM-PI-CF3 hollow fiber mem-
brane before and after cross-linking, non-cross-linked (NXL), cross-
linked (XL), feed conditions: 50:50 CO2/CH4 mixtures, 14 bar, 35 88C;
b) cross-linked TFM-PI-CF3 hollow fiber membrane tested under feed
pressure up to 55 bar with or without hydrocarbon in 50:50 CO2/CH4

mixtures at 35 88C; c) comparison of CO2 permeance and CO2/CH4

selectivity reported for hollow fiber membranes under mixed-gas
permeation, more details are listed in Table S3. The green eye-guiding
line is only used to indicate the general “trade-off” between permeance
and selectivity in hollow fiber membranes.
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hollow fibers based on the TFM-PI-2CF3 ; however, this is
clearly very time-consuming and will be reported in the
future.
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Supporting Information 

1. Experimental

1.1 Synthesis of polymers 

4,4’-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA) was obtained from Alfa Aesar and 
dried under vacuum at 150 °C overnight. 5-(Trifluoromethyl)benzene-1,3-diamine (CF3-diamine), 2,2’-
bis(trifluoromethyl)benzidine (2CF3-diamine) and 4,4’-(hexafluoroisopropylidene)dianiline (6FpDA-
diamine), 2,4,6-trimethyl-1,3-diaminobenzene (DAM), 3,5-diaminobenzoic acid (DABA) were purchased 
from Sigma Aldrich and dried under vacuum at 50 °C for 24 h before use. All other solvents and reagents 
(obtained from Sigma-Aldrich) were reagent grade and were used as received.  

The precursors of trifluoromethyl modified polyimides (TFM-PIs) were synthesized through the 
condensation of the dianhydride with diamines, and the mole ratio of −CF3 containing bulky diamine, DAM, 
DABA is 0.55:0.05:0.4. The synthesis is a two-step reaction under room temperature. The first step 
produces a high molecular weight polyamic acid (PAA), and the second step is imidization to close the ring 
by releasing water and producing chemically stable polyimide (PI). In the first step, stoichiometric amount 
of the monomers were dissolved in NMP to make a 20 wt % solution, and stirred under N2 purge for 24 h 
to produce PAA solution. Chemical imidization was carried out in the second step. The PAA solution was 
stirred in the presence of beta picoline and acetic anhydride for 24 h under N2 purge. The resulting 
polyimide was precipitated and washed with methanol, dried at 210 °C under vacuum for 24 h. The FTIR 
and TGA results of the resulting polyimide show a complete imidization. Monoesterification was carried 
out to produce the final structure of TFM-PIs. The above precursor was dissolved in NMP (10 wt %) in a 
reaction flask with an inert nitrogen atmosphere. The catalyst, p-toluene sulfonic acid (0.25 mg of catalyst 
per gram polyimide), was added into the mixture. Then, the solution was heated to 130 °C, and 1,3-
propanediol was added slowly (in 3 hours) in a 70-fold excess of the stoichiometric amount required, and 
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allowed to react for 18 h. Finally, the polymer was precipitated into methanol, washed with methanol three 
times, and dried over several days under vacuum at 120 °C to get TFM-PIs polymer. Schematic S1 shows 
the synthesis of TFM-PI-CF3 polymer.  

 

 

Schematic S1. The synthesis of TFM-PI-CF3 polymer 
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1.2. Membrane preparation and crosslinking 

Dense films were cast from polymer solutions (2 wt % in THF, filtered through 0.45 μm pore size 
polypropylene syringe filters) onto a PTFE dish and allowed to evaporate slowly over a period of one day 
under ambient conditions. The films were dried in an oven at 70 °C, and weighed periodically to ensure 
complete removal of solvent. The film thickness was about 80-100 μm. Asymmetric hollow fiber 
membranes were spun using a dry-jet/wet-quench hollow fiber formation process. The spinning dope 
consists of polymer, solvent [N-methylpyrrolidone (NMP), tetrahydrofuran (THF) and non-solvent [ethanol, 
lithium nitrate (LiNO3)] with the following composition: 32.0 wt% polymer, 32.0 wt% NMP, 13.7 wt% 
THF, 15.8 wt% ethanol and 6.5 wt% LiNO3. The dope was completely mixed on the roller for 14 days. The 
dope is co-extruded with bore fluid through a spinneret (Schematic S2). The nascent fibers enter the aqueous 
quench bath and phase separation occurs. The dope extrusion rate is 180 mL/h and bore fluid rate is 60 
mL/h with a composition of NMP/water 80/20 wt%. The spinneret temperature is set at 50 °C and air gap 
is 3-5 cm. Quench bath is 50 °C tap water. Fiber take-up rate is 40 m/min. The hollow fibers are wound on 
a rotating drum and soaked in water bath for ∼3 days. Solvent exchange was then conducted as the final 
spinning step. Typically, alcohol (e.g. methanol) is used first to replace water in the fibers. Then the alcohol 
is washed out by using a volatile non-solvent (e.g. hexane). Then the fibers were dried under vacuum at 
70 °C. The fibers were post-treated with polydimethylsiloxane (PDMS) to plug pinhole defects in the skin 
layer and prevent them from providing a nonselective flow pathway. Crosslinking of films and hollow fibers 
was carried out by heating to a temperature of 200 oC for 2 h under vacuum.  

 

Schematic S2. Dry-jet/wet-quench spinning to form asymmetric hollow fiber membranes[1] 

 

1.3. Measurements 

19F, 1H, 13C NMR spectra were measured on a Bruker AV 400 spectrometer using DMSO-d6 as 
solvent. The NMR spectrometer was operated at 376.5 MHz for 19F, 400 MHz for 1H and 100 MHz for 13C. 
The molecular weights of polymers were determined by gel permeation chromatography (GPC) using a 
Waters 515 HPLC pump, coupled with a Waters 410 differential refractometer detector and a Waters 996 
photodiode array detector. THF was used as the eluent and the µ-Styragel columns were calibrated by 
polystyrene standards. The dynamic mechanical properties of the polymer films were measured on a 
dynamic mechanical thermal analyzer (DMTA, TA Instruments, Q800) at a heating rate of 10 °C/min. 
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Attenuated total reflectance fourier transform infrared (ATR-FTIR) spectra were recorded by a Thermo 
Scientific iS50 spectrophotometer at a resolution of 4 cm–1 with 64 scans in the spectral range of 4000–400 
cm–1. Thermogravimetric analysis (TGA) and derivative weight data were recorded on a TA Q-500 analyzer 
at a heating rate of 10 °C/min under a nitrogen atmosphere, using ∼10 mg sample. Wide-angle X-ray 
diffraction (WAXD) was measured on a Panalytical Empyrean diffractometer operating with a Cu Kα 
radiation at a wavelength of 1.54 Å, in a 2θ range of 5–45°. The hollow fibers for scanning electron 
microscope (SEM, Hitachi, SU8010) test were prepared by first soaking hollow fibers in hexane and then 
cryogenically fracturing fibers in liquid nitrogen to preserve their microstructures. Density of dense films 
was assessed using a density gradient column (Model DC-4, Techne, New Jersey). For polymers, the 
concept of fractional free volume (FFV) is helpful for correlation and prediction of transport properties. 
FFV is defined as:  

                                                                   = ( − )/                                                              (1) 

in which, V is the specific volume of the polymer (defined as volume per repeat unit in this study), so 

                                                                               =              (2) 

Here, M is the molecular weight of a repeat unit, ρ is the measured polymer density listed above, and Vo is 
the volume occupied by the polymer chains. Bondi’s group contribution method is commonly used to 
estimate Vo with the following equation: 

                                                                  = 1.3∑ ( )             (3) 

VW represents the van der Waals volume for each group, and K represents the total number of groups into 
which the repeat functioning groups the polymer is divided. In this study, the density and the VW of each 
group, estimated by the method of Park and Paul[2], were used to calculate the fractional free volume. 

The pure gas permeation of dense films was conducted in a variable pressure, constant-volume 
apparatus at 100 psi and 35 °C, The membrane was housed between an upstream, capable of high-pressure 
gas introduction, and a downstream, which is kept under vacuum until experiments were initiated. More 
details of the “constant-volume” permeation were described earlier[3]. Permeability and selectivity are used 
to characterize the membrane performance. The permeability, Pi, describes the intrinsic gas separation 
productivity of a dense film membrane and is defined by the flux of penetrant i, ni, normalized by the 
membrane thickness, l, and the partial pressure or fugacity difference, Δpi, across the membrane, as shown 
in the following equation: = ∆                                                                           (4) 

The common unit of permeability is the Barrer, with 1	Barrer = 10 ( )		                                                      (5) 

The mixed gas permeation of hollow fiber membranes was conducted in a variable volume, 
constant-pressure apparatus at 35 °C with 1 bar permeate pressure. Feeding was on the fiber shell side to 
allow high transmembrane pressure differences without danger of fiber rupture. For fundamental 
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characterization, to avoid concentration polarization in the feed, a mixed gas stage cut lower than 1% is 
used. Here, the stage cut is defined by the ratio of permeate flow rate to feed flow rate, which can be 
measured by a bubble flowmeter or digital flowmeter. The gas compositions in permeate and retentate flows 
are analyzed by gas chromatography (GC), and the permeance, (P/l)i, of each permeant i, through hollow 
fibers is calculated by the following equation: = 10 . 	( ∅ ∅                                                      (6) 

Vp is volumetric flow rate of permeate in ml/s; xi and yi are mole fraction of penetrant i in the upstream and 
permeate, respectively; A is membrane area in cm2; T is the operating temperature in Kelvin; px and py are 
the feed pressure and permeate pressure in cmHg, respectively; ϕxi and ϕyi are fugacity coefficients of 
penetrant i in the upstream and permeate stream, respectively. For low (1 bar) downstream pressure used 
here, ϕyi~1.0; however, for high pressure feed, ϕxi can be considerably less than 1, and is evaluated by an 
appropriate thermodynamic equation of state.  

The membrane selectivity, αij, is determined by the ratio of the fast gas (i) permeability or 
permeance to the slow gas (j), in the mixture, so = = //                                                                  (7) 
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2. Results and discussions 

 

Figure S1. 19F NMR spectra of TFM-PI-0 and TFM-PI-CF3 in DMSO-d6 

 

Figure S2. The 1H NMR spectrum of un-monoesterified of TFM-PI-CF3 in DMSO-d6 

There are no signals assignable to amide protons at 9-11 ppm observed indicating a complete imidization.  

TFM-PI-CF3 

TFM-PI-0 

-COOH 
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Figure S3. The 1H NMR spectrum of monoesterified TFM-PI–CF3 polyimide in DMSO-d6.  

1H shifts at 10 ppm and ~11 ppm were attributed to the amide protons in DAM and DABA moieties, 
respectively, implying a hydrolysis of some imide rings induced by the propanediol or/and water during the 
monoesterification. The hydrolysis of imide rings also generated –COOH groups which account for the 1H 
signal at 13-14 ppm.  
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bc
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Figure S4. The 13C NMR spectra of TFM-PI-CF3 polymer in DMSO-d6 before and after monoesterification. 
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Figure S5. The 1H NMR spectrum of un-monoesterified (upper) monoesterified (down) TFM-PI -6FpDA 
in DMSO-d6. 

About the interpretation of signals of amide and carboxyl groups, please refer to the captions of Figures S2 
and S3.  
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Figure S6. ATR-IR spectra of un-monoesterified TFM-PI-CF3 and monoesterified TFM-PI-CF3 polymer 
treated at different temperatures 

The characteristic peaks of polyimide are seen at 1785 cm–1(symmetric C=O stretching vibration), 1725 
cm–1 (asymmetric C=O stretching vibration). The peaks at 1650 and 1550 cm–1 are corresponding to C=O 
and N–H bending of an amide group, respectively. The broad weak absorption at 3200–3700 cm–1 is 
attributed to the vibration band of −OH of un-monoesterified and monoesterified DABA moiety. No 
characteristic peaks of amide groups were found in the precursor (un-monoesterified TFM-PI-CF3), 
indicating that the polyamic acid was imidized completely. In the as-synthesized TFM-PI-CF3 (120 °C 
dried), the presence of peaks of amide groups suggests the opening of imide ring during monoesterification, 
which agrees with the NMR results (Figures S3 and S5b). However, after being heated above 200 °C, these 
peaks disappeared again, indicating the close of imide ring.   

Table S1. The molecular weight of TFM-PI polymers  

Samples 
Mn 

(×104) a
 

Mw 

(×104) a 
Mw/Mn

 a 
Mn

b
 

(×104) 
Decrease in 

Mn (%) 

Peak 
temperature of 
β-transition (ºC) 

TFM-PI -0 14.6 18.2 1.25 12.4 15.0 245 

TFM-PI -CF3 15.3 17.8 1.16 13.8 10.0 251 

TFM-PI -2CF3 14.5 16.6 1.14 12.5 13.8 264 

TFM-PI -6FpDA 15.9 18.6 1.17 13.5 15.1 181 
a the molecular weight before monoesterification; b the molecular weight after monoesterification 
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Figure S7. TGA curves of TFM-PI-CF3 precursor; and TFM-PI-CF3 polymer treated at different 
temperatures 

In the precursor (un-monoesterified) of TFM-PI-CF3, prior to major backbone degradation peak at ~540 °C, 
a minor weight loss peak at ~430 °C is related to the removal of carboxylic groups in DABA moieties [4].  In 
the monoesterified TFM-PI-CF3, the peak shifts to ~415 °C due to the attached pendant alcohol group.  
Prior to this peak, a new weight loss starts at 150 °C, which is attributed to the transesterification 
crosslinking of TFM-PI-CF3. 
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Figure S8. XRD patterns of crosslinked TFM-PIs dense films 

 

Table S2. Density and FFV of crosslinked TFM-PIs dense films 

Crosslinked dense film Density (g/cm3) FFV 

TFM-PI-0 1.4097 0.1847 

TFM-PI-CF3 1.4073 0.1903 

TFM-PI-2CF3 1.3977 0.1959 
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Figure S9. Pure gas permeability and ideal selectivity of crosslinked TFM-PIs dense films, feed 
conditions: 14 bar, 35 °C. 

The results of β-transition (Figure 2) and permeation properties (Figure S9) of TFM-PIs dense films 
indicated TFM-PIs with one or two −CF3 as promising candidates for prohibiting fiber transition layer 
collapse during crosslinking. Compared to TFM-PI-2CF3, the physico-chemical properties of TFM-PI-CF3 
is closer to that of the TFM-PI-0 (without bulky −CF3) that has been successfully formed into high-
performance asymmetric hollow fibers in our previous study[1]. The phase separation behavior during fiber 
spinning of the TFM-PI-CF3 is closer to the TFM-PI-0 as well, so we can generally follow the previously 
optimized dope composition and spinning conditions for TFM-PI-0 to develop the high-performance TFM-
PI-CF3 fiber. In this work, therefore, we chose TFM-PI-CF3 to demonstrate the concept of properly 
positioned bulky −CF3 side groups prohibiting nanoporous transition layer collapse of asymmetric hollow 
fibers during crosslinking. We believe that TFM-PI-2CF3 can be also workable or even better than TFM-
PI-CF3, while it just needs additional efforts to optimize the dope and spinning to obtain high-performance 
hollow fibers. 
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Uncrosslinked fiber                                               Crosslinked fiber  

 

Figure S10. Cross-sectional SEM images of TFM-PI asymmetric hollow fiber membranes: (a-b) overview; 
(c-d) support layer near bore side; and (e-f) porous structure of the support layer. (a, c, e) uncrosslinked 
fiber; (b, d, f) crosslinked fiber.  

Both of the TFM-PI-0 and TFM-PI-CF3 asymmetric hollow fiber membranes have similar cross-sectional 
overview and porous structures of support layer. Thus, typical SEM images are shown above for the TFM-
PI-CF3. After crosslinking, either TFM-PI-0 or TFM-PI-CF3 fibers maintained the porous structures of the 
support layer. In fact, morphology differences were virtually indistinguishable for the TFM-PI-0 and TFM-
PI-CF3, except in the outer region near the skin shown in Figures S11-12. 
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            Uncrosslinked fiber                                                    Crosslinked fiber  

 

Figure S11. Cross-sectional SEM images of dense skin layer upon transition layer of TFM-PI-0 asymmetric 
hollow fiber membranes. (a, c,) uncrosslinked fiber; (b, d) crosslinked fiber. (a, b) low magnification; (c, d) 
high magnification.  

  

~150 nm 
~360 nm

(a) (b) 

500 nm 500 nm

~150 nm 
~360 nm
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             Uncrosslinked fiber                                                Crosslinked fiber  

 

Figure S12. Cross-sectional SEM images of dense skin layer upon transition layer of TFM-PI-CF3 
asymmetric hollow fiber membranes. (a, c,) uncrosslinked fiber; (b, d) crosslinked fiber. (a, b) low 
magnification; (c, d) high magnification.  
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Figure S13. Gas separation performance of different batches of TFM-PI-CF3 hollow fiber membranes 
before and after crosslinking, uncrosslinked (NXL), crosslinked (XL), feed conditions: 50/50 CO2/CH4 
mixtures, 14 bar, 35 °C 
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Figure S14. Gas separation performance of uncrosslinked TFM-PI-CF3 hollow fiber membrane tested 
under feed pressure up to 55 bar with or without 300 ppm heptane hydrocarbon in 50/50 CO2/CH4 mixtures 
at 35 °C 
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Figure S15. Crosslinked TFM-PI-CF3 hollow fiber membrane (after 240-days aging in the air) for long-
term continuous separation of 50/50 CO2/CH4 mixtures at 55 bar, 35 °C.  
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Figure S16. Separation performance of TFM-PI-CF3 hollow fiber membrane before and after 240 days 
aging, feed conditions: 50/50 CO2/CH4 mixtures, 14 bar, 35 °C 
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Table S3. Separation performance comparison of hollow fiber membranes for CO2/CH4 separation 

Membrane material 
Feed T 

(°C) 
Feed P 
(bar) 

Feed CO2/CH4 
composition 

PCO2 (GPU) αCO2/CH4 Ref. 

Matrimid® 20 15 20/80 11 67 [5] 

Matrimid® 35 10 20/80 8.5 37 [6] 

6FDA-2,6-DAT 
(uncrosslinked) 

20 6.9 40/60 59 40 [7] 

6FDA-2,6-DAT 
(crosslinked) 

20 6.9 40/60 12 47 [7] 

PDMC (uncrosslinked) 35 13.8 20/80 203 30 [8] 

PDMC (crosslinked) 35 13.8 20/80 58 41 [8] 

Polyethersulfone 25 6.9 50/50 32 50 [9] 

ZIF-93 35 1.25 50/50 2.3 16.9 [10] 

MFI 20 1.0 50/50 300 5.5 [11] 

CMS derived from 
Matrimid® 

35 6.9 50/50 35 100 [12] 

CMS derived from 
6FDA:BPDA-DAM 

35 6.9 50/50 150 60 [12] 

TFM-PI-0a 
(uncrosslinked) 35 6.9 50/50 115 32.1 

This 
work 

TFM-PI-0a    
(crosslinked) 35 6.9 50/50 46 34.2 

This 
work 

TFM-PI-CF3 

(uncrosslinked) 35 6.9 50/50 117 43.1 
This 
work 

TFM-PI-CF3 

(crosslinked) 35 6.9 50/50 112 41.5 
This 
work 

PDMC: propane-diol monoesterified crosslinkable 6FDA/DAM:DABA (3:2); CMS: carbon molecular 
sieving; a The polymer structures of TFM-PI-0 and PDMC are actually the same, but we are using the 
terminology of TFM-PI-0 to distinguish our material from the former work.  
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