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Abstract

Molecular sieve membranes with rigid micropores and CO,-philic functionalities within
the architectures are promising candidates in CO, separation. However, the development of
effective approaches for their fabrication still remains a significant challenge. Herein, an in situ
cross-linking strategy is developed for the preparation of nanoporous fluorinated molecular sieve
membranes using commercially available dense and non-porous polystyrene (Mps) as a precursor
template. Based on the dehydrative Friedel-Crafts reactions with highly fluorinated benzylic
alcohols, Mpg membranes are cross-linked in situ upon exposure to Brensted acid (CF;SO;H),
affording fluorinated microporous polymeric membranes with surface areas up to 523 m? g'! and
the presence of micropores centered at 1.1~1.3 nm as well as ultra-micropores (~0.6 nm). The
obtained modified membranes exhibit good ideal CO, permeability of 797 barrer and CO,/N,
selectivity of 28.5. In addition, high fluorine content (up to 28.5 wt%) and resulting thermal
stability made the cross-linked membranes good candidates to produce fluorinated molecular sieve
carbon membranes with improved textural properties, exhibiting surface areas up to 1020 m? g-!
and ultra-micropores of ~0.4 nm. These membranes achieve superior CO,/N, separation

performances exceeding the Robeson upper bound limit (2008).

1. Introduction
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Membranes have emerged as key components in large-scale energy-efficient gas separation
and purification systems relying on molecular-scale discrimination between similarly sized
molecules in gas mixtures by attending to the most detailed features of membrane materials.!*
However, their performance is generally limited by an undesirable trade-off relationship between
permeability and selectivity, with the underlying reason often ascribed to the presence of dense
state or less-porous phase in polymeric membranes.!->-7 Ideal membranes for gas separation should
be highly permeable and very selective toward only specific gases of interest.?-19 Compared with
the other two kinds of membranes based on semi-rigid or flexible polymers, molecular sieve
membranes with rigid ultra-micropore and micropore morphologies are promising candidates
capable of addressing these issues by providing entropically moderated selectivity.!> !1-13 The
development of materials with rigid, engineered pore structures, such as metal-organic frameworks
(MOFs),!'* covalent organic frameworks (COFs),’ zeolites,!® polymers of intrinsic microporosity
(PIMs),!6: 17 etc., provide an additional degree of freedom to create advanced molecular sieve

membranes for achieving a better performance to surpass the Robeson upper bound.'®

Microporous organic materials with the molecule-sized pores are promising in membrane-
based gas separations, benefiting from permanent/tunable porosity, high surface area,
exceptionally high thermal stability, low framework density, good processability and multi-
functionality.'> The polymeric nanoporous molecular sieve membranes with hierarchical and
tailorable porosity were previously prepared by our group using a cross-linking strategy based on
the Friedel-Crafts reaction between polystyrene and formaldehyde dimethylacetal (FDA)
catalyzed by FeCls.!® Using the resultant hyper cross-linked porous polymeric membranes, CO,
permeability up to 26757 barrer was achieved but with relatively low CO,/N; selectivity (~7),

which was primarily attributed to a lack of CO,-philic groups within the polymer skeleton. The
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functionality on the pore surface is another important parameter that determines the membrane
separation performance, by imbuing either attractive or repulsive forces toward specific gas
molecules.?’ Generally, the adsorption of CO, molecules is favored on pore surfaces decorated
with CO,-philic polar functionalities, i.e., amino groups,?'->3 nitrogen containing heterocycles, !¢
22, 2426 glkoxy* or hydroxyl moieties.?’” Their van der Waals interactions could increase the
adsorption selectivity, the close packing of CO, molecules along the pore wall, and hence CO,
permeability in the separation process. Besides these nitrogen- or oxygen-containing
functionalities, incorporation of fluorine atoms within the nanoporous material networks provides
significant enhancement in CO, adsorption, activation and subsequent thermal-/electro-
conversion.?®3! For example, fluorinated polymeric ionic liquids (F-PILs) and fluorinated
microporous organic polymers (F-MOPs) showed significantly enhanced catalytic performance in
CO, conversion compared with the non-fluorinated counterparts.32-35 Fluorinated covalent triazine
frameworks (F-CTFs) exhibited high surface areas (up to 2437 m? g'!) and CO, uptake capacities
(up to 6.58 mmol g at 273 K and 1 bar). 3!-36.37 Based on the strong interaction between CO, and
the F-CTFs skeletons, these materials also acted as highly efficient catalysts towards electro-
reduction of CO,, affording CO or CH,; with high selectivity and faradaic efficiency.’® 39
Fluorinated metal-organic frameworks (F-MOFs) demonstrated unique features in the field of CO,
capture and separation, even in direct air capture of CO, with low concentration.* However,
application of fluorinated molecular sieve membranes in CO, separation is rarely reported due to
the lack of efficient synthetic accessibility.#! Therefore, this remains a great challenge but is highly
desired to develop a simple and effective approach for preparing polymeric molecular sieve
membranes with abundant ultra-micropores and incorporating CO,-philic functionalities (e.g.

fluorine) into the porous networks within the membrane.
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In this work, a novel and straightforward approach via a one-step in situ cross-linking strategy
was developed for the preparation of fluorinated molecular sieve membranes (Figure 1). The
process uses commercially available dense and non-porous polystyrene (Mps) membrane as the
precursor template. By employing a dehydrative Friedel-Crafts reaction with highly fluorinated
benzylic alcohols, Mps membranes were cross-linked in situ upon exposure to strong Breonsted
acid (trifluoromethanesulfonic acid), affording hyper cross-linked fluorinated microporous
polymeric membranes. Their structural properties could be tuned by adopting different fluorinated
benzylic alcohol cross-linkers, with a surface area up to 523 m? g-' and micropore distribution
centered at 1.1~1.3 nm and ultra-micropores (~0.6 nm) being obtained, overall exhibiting good
ideal CO, permeability of 797 barrer and CO,/N,; selectivity of 28.5. In addition, high fluorine
content (up to 28.5 wt%) and thermal stability of the as-synthesized polymeric membranes make
them suitable candidates to produce fluorinated molecular sieve carbon membranes by tuning the
pyrolysis temperature, leading to improved textural properties, e.g., high surface areas (up to 1020
m? g'!), abundant ultra-micropores (~0.4 nm) and fluorine functionalities decorated on the pore
surface. Enhanced CO, separation performances with ideal CO, permeability and CO,/N,
selectivity of 1898 barrer, 35.6 (F-Mps-1-500) and 18761 barrer, 13.3 (F-Mps-2-500), exceeding
the Robeson upper bound (2008), were achieved. Our general design and synthesis protocol allows
an easy access to fluorinated molecular sieve carbon membranes, thus significantly expanding the

currently limited library of CO,-philic membranes for highly efficient CO, separation.

2. Materials and Methods

2.1. Fabrication of polystyrene (PS) membrane precursor
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PS (Mw ca. 15,900) was dissolved in toluene to form 10 wt% polymer solutions. 2 mL of
the solution was added in a glass petri dish with diameter of 6 cm, which was set aside on a flat
surface. The solvent was allowed to evaporate at room temperature overnight, and then under
vacuum at 50 °C for 2 h. Finally, PS membrane with thickness of 33 um was successfully
fabricated, and then cast into small pieces with diameter of 12 mm for cross-linking. PS-block-
polybutadiene-block-PS (PS-PB-PS) membrane precursor was fabricated with a similar procedure
using PS-PB-PS (styrene 30 wt %, Mw ca. 140,000). The Al,Os-supported Mps membrane
precursor was prepared by dropping 2 mL of the PS solution (10 wt% PS in toluene) on Al,O;
support (diameter: 6 cm), which was then dried under vacuum at 50 °C for 2 h after evaporating

at room temperature overnight.

2.2. Fabrication of fluorinated polymeric molecular sieve membranes

Fluorinated benzylic alcohols F-OH-1, F-OH-2 or F-OH-3 (2 mmol) was completely
dissolved in CF5SO;H (10 mL). Six pieces of the as-prepared PS or PS-PB-PS membrane precursor
was added to the mixture. The reaction system was sealed and heated to 100 °C in an oven for 24
h without stirring. The resulting membranes were taken out, washed with H,O, THF and EtOH
successively, and then dried in a vacuum oven at 60 °C for 24 h. For the fabrication of Al,Os-
supported F-Mps-1 membrane, the as-prepared Al,Os-supported Mps was used as the precursor,

with F-OH-1 as the cross-linker, and the same procedure was adopted as that for F-Mpg-1.

2.3. Fabrication of fluorinated molecular sieve carbon membranes by pyrolysis

For the synthesis of fluorinated molecular sieve carbon membranes, during pyrolysis/

carbonization, the polymer films were loaded between two pieces of carbon paper and sandwiched
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by quartz strips in order to keep the flat sheet morphology. In general, a piece of polymeric
membrane precursor, F-Mpg-1 or F-Mps-2, was placed in a tube furnace at certain temperature and

maintained at this temperature for 12 h under a nitrogen gas flow (heating rate: 10 °C min‘!).

3. Results and discussions

3.1. Fabrication of nanoporous fluorinated membranes via in situ cross-linking

To demonstrate the basic principle for the in situ cross-linking approach, PS membrane
precursor (Mps) was fabricated by dissolving commercially available PS in toluene (10 wt%) and
casting the obtained solution in a glass petri dish. Subsequently, the non-porous PS membrane was
immersed in a mixture of the cross-linker 2,3,5,6-tetrafluoro-1,4-benzenedimethanol (F-OH-1)
and the solvent/catalyst CF;SO;H, which was then treated at 100 °C for cross-linking reaction to
take place (Figure 1 and Scheme S1). The resultant membrane (F-Mps-1) was washed with
deionized water, tetrahydrofuran (THF) and ethanol, and then dried under vacuum at 60 °C. The
size and shape of the cross-linked membrane can be adjusted depending on the PS membrane
precursor. In this work, Mpg with thickness of 33 pm and diameter of 12 mm was used for the
subsequent cross-linking. Influence of the reaction time on the properties of F-Mpg-1 (denoted as
F-Mps-1-t, t = reaction time) was investigated first. After the cross-linking treatment, the
translucent and colorless Mpg became light (F-Mps-1-12 h) and dark brown (F-Mpg-1-24 h)
depending on the reaction time (Figure 2A). Notably, the cross-linked membrane F-Mpg-1 was
completely insoluble in common organic solvents such as tetrahydrofuran (THF), dichloromethane
and toluene, in which the membrane precursor Mpg was readily soluble. In addition, acids with
lower acidity than CF;SO3H exhibiting Hammett acidity function (Hy) of -14.1, i.e., CH3SOsH (H,

= -7.86) and H,SO, (H, = -12) showed rather low catalytic activity in the dehydrative Friedel-
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Crafts cross-linking reaction of pristine Mpg with F-OH-1 under the same reaction conditions (100
°C, 24 h),*-%* with the resultant membranes still soluble in toluene and THF. Compared with the
original Mpg, the membrane thickness of F-Mpg-1 increased to 41 and 49 um after reaction time of
12 h and 24 h, respectively, which was caused by the introduction of porous structures into the
dense phase of Mpg (total pore volume: 0 cm? g!), as reflected by the significantly increased total
pore volume in F-Mpg-1 (0.13 cm? g') (see porosity analysis below and details in Table S1). The
Brunauer-Emmett-Teller (BET) surface area of F-Mpg-1-12 h and F-Mpg-1-24 h was 139 and 246
m? g, respectively, as evaluated by nitrogen adsorption—desorption isotherms. While further
increasing the reaction time to 48 h had almost no effect on the surface area of F-Mpg-1 (249 m?
g!) (Figure 3A and Figure S1). This indicated that in the presence of excess cross-linker (2 mmol
F-OH-1 + 0.43 mmol benzene rings in Mps) and under the current conditions, the reaction reached
a completion within 24 h via C-C bond formation. The porosity of the membrane cannot be further
increased after all the reactive sites on the benzene rings in Mpg are connected with the fluorinated
cross-linker, as for Friedel-Crafts reactions, introduction of electron-withdrawing groups
(fluorinated aromatic rings) will significantly suppress the reactivity of the monomers for the
subsequent electrophilic attacks.® Therefore, the reaction time of 24 h was used for other cross-
linking reactions in this work, and F-Mps-1 obtained with the reaction time of 24 h was selected
for further characterization and separation performance investigation. The density of the
membrane increased from 1.05 cm?® g! (Mps) to 1.21 cm? g'! (F-Mps-1-24 h) due to addition of

heavier F atoms within the skeleton.

3.2. Characterization of the as-prepared nanoporous fluorinated membranes
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The occurrence of the cross-linking reaction and structure of the afforded membrane was
confirmed and characterized by the Fourier-transform infrared (FT-IR) spectra of Mpg and F-Mpg-1
(Figure 2B and 2C). The following characteristic peaks were observed in the skeleton of both Mpg
and F-Mps-1: stretching of the C-H bond connected to the benzene ring (1026 cm!), C=C bond
vibration of the benzene ring (1495 and 1606 cm'), and multi peaks located at 2950 cm™! being
assigned to the -CH,- moieties. The relatively diminished intensity of the peaks belonging to
methylene groups in F-Mps-1 was caused by the introduction of large amounts of fluorinated
aromatic rings into the skeleton of Mps. Compared with the pristine membrane template Mpg, F-
Mps-1 obtained after being cross-linked by F-OH-1 showed additional signals for C-F bond (1005
cm™)* and residual C-O bond (1270 cm™).4” Furthermore, solid-state cross-polarization magic-
angle spinning '3C nuclear magnetic resonance (SS CP/MAS '3C NMR) analysis further confirmed
the efficiency of cross-linking reaction (Figure 2B and 2D). The spectrum of the original Mpg
exhibited the peaks for methylene units (peak a, 40.4 ppm) and benzene rings (peak b-d, 125.8-
145.1 ppm). After cross-linking with F-OH-1, carbon signal of the alkyl chains upfield-shifted to
24.3 ppm (peak a) due to introduction of -CH,- groups connected to the fluorinated benezene ring
into the membrane skeleton. Aromatic rings in the original Mpg skeleton were still present in F-
Mps-1 (peak ¢ and e), together with the signal for C-F bond (134.8 ppm) and the other two carbons
in the fluorinated benzene rings (114.6 ppm). In the solid-state '"H NMR spectrum of F-Mps-1, two
broad peaks located at 0.62 and 0.97 ppm were observed, being assigned to aliphatic and aromatic
protons, respectively (Figure S2). In the SS '°F NMR spectrum of F-Mps-1 (Figure 2E), the peak
being assigned to C-F is located at -145.8 ppm, confirming the successful introduction of C-F
moieties into the membrane framework. As shown by the X-ray photoelectron spectroscopy (XPS)

analysis (Figure 2F and Figure S3), in the survey spectra of F-Mps-1, C, O and F were the
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predominant elements, and the overall surface compositions were 77.8 %, 2.9% and 18.9%,
respectively, as determined using the core level spectra. In the Cls spectrum (Figure 2F), three
peaks could be deconvoluted. The peak with binding energy (BE) = 285.2 eV was ascribed to
carbons in aromatic rings, methylene groups, and C-O bonds. The presence of characteristic carbon
in C-F bonds was confirmed by the presence of the peak with BE =287.9 eV.*8 A small peak with
BE of 293.4 eV was assigned to saturated carbon signals (e.g., in residual CF;SO3;H).* Fls
spectrum for C-F bond (BE = 688.7 eV) and Ols spectrum for residual oxygen-containing group
(BE = 533.6 ¢V) also confirmed the successful polymerization of the Mpg precursor with the
fluorinated benzylic alcohol cross-linkers. The thermogravimetric analysis (TGA) curves of Mpg
showed that it began to lose weight at 280 °C in air and 365 °C under nitrogen atmosphere and
completely decomposed at ~400 °C both under air and nitrogen atmosphere (Figure 21). While the
TGA results of F-Mpg-1 revealed its excellent thermal stability up to 385 °C in air and 455 °C
under nitrogen atmosphere, with a significant improvement compared with Mps. Residual weight
of 51 wt% was still obtained up to 800 °C under N, indicating the possibility to fabricate F-doped

porous carbonaceous membrane from F-Mpg-1.

The morphology and nanostructure variation of the membranes before and after cross-linking
were further characterized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) analyses (Figure 3A-3F). As shown in Figure 3A, the surface of Mps membrane
was smooth, defect-free and non-porous, which was also previously observed by others.!® The
cross-section of Mpg was also uniform, smooth and defect-free (Figure 3B). TEM image of the
Mps powder obtained by intensively grinding exhibited smooth film-like morphology without
obvious texture features (Figure 3C). Comparatively, the top view SEM image of F-Mps-1 clearly

revealed the structure composed of small polymer nanoparticles (Figure 3D). The cross-sectional

10



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

SEM images of F-Mps-1 showed homogeneous morphology from the surface to the center region
of the membrane involving small polymer particles, indicating thorough cross-linking of the
original Mps membrane (Figure 3E). TEM images of F-Mps-1, obtained after intensively grinding
it, exhibited the presence of small particles within the film-like membrane morphology (Figure
3F). The corresponding elemental maps of F-Mps-1 demonstrated uniform distributions of carbon,
fluorine, and residual small amount of oxygen atoms on the surface and cross-section of F-Mpg-1
(Figure 3G and 3H). The energy dispersive spectrometer (EDS) profile collected during the TEM
observation also demonstrated the successful introduction of fluorinated moieties into the skeleton
of F-Mps-1 and the presence of carbon, fluorine, and oxygen within the afforded membrane (Figure
S4). The mechanical property of the membranes afforded after cross-linking was relatively inferior
owing to flexibility limitation of the Mpg precursor and the cross-linker (e.g., F-OH-1), so robust
Al,O3 support was introduced to address this issue. Using robust Al,Os-supported Mps as the
precursor, the cross-linking reaction was conducted under the otherwise identical conditions to
those used for the fabrication of F-Mpg-1. SEM images of the as-synthesized Al,Oz-supported F-
Mps-1 (both surface and cross sections) exhibited the same morphology as the bare F-Mpgs-1
composed of small polymer particles. In addition, the porous channel structures of the Al,O;
support are well maintained (Figure S5). The corresponding elemental maps of Al,O3; supported
F-Mps-1 (both surface and cross sections) further demonstrated the uniform distribution of C, F,
and residual O within the membrane skeleton (Figure S6), indicating the successful introduction

of the fluorinated aromatic rings into the membrane skeleton.

The porosity variation of the membranes before and after cross-linking was evaluated by N,
sorption and desorption analysis measured at 77 K (Figure 4A). N, isotherm of the pristine Mpg

exhibited nearly no uptake capacity with the surface area of 0 m? g! due to its nonporous

11
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architecture (Table S1). Comparatively, the as-afforded F-Mps-1 showed a microporous
architecture with a typical type-I reversible sorption profile. The BET surface area of the
crosslinked membrane F-Mpg-1 was calculated to be 246 m? g-! with a total pore volume of 0.41
m? g-! (for BET plots, see Figure S7). Based on the result obtained using the non-local density
functional theory method (NLDFT), the micropores mainly centered at 1.1 and 1.3 nm were
present (Figure 4B). Horvath-Kawazoe pore size distribution curve of F-Mpg-1 demonstrated the
formation of ultra-micropores around 0.6 nm within the membrane skeleton (Figure 4C), which

will bring further benefit in the separation of small gas molecules.

3.3. Influence of other fluorinated benzylic alcohols in fabricating nanoporous fluorinated

membranes

Notably, the structural properties and fluorine content of the cross-linked membranes could
be modulated by employing cross-linkers with different structures, e.g. 4,4'-
octafluorobibenzenedimethanol (F-OH-2) (Scheme S1). The cross-linking reaction of the pristine
Mps template and F-OH-2 was conducted under the otherwise identical reaction condition and
procedure used for the fabrication of F-Mpg-1. The unit structure of F-Mpg-2 is shown in Figure
2B. FT-IR spectrum of F-Mps-2 exhibited the characteristic peaks assigned to aliphatic C-H bond
(1448 and 2936 cm'), benzene ring (1490 and 1605 cm™!), together with C-O bond (1256 cm™!)
and C-F functionalities (995 ¢cm!) upon introducing the cross-linked fluorinated benzene rings
(Figure 2C). The CP/MAS '3C NMR spectrum of F-Mps-2 features several peaks belonging to the
carbons of methylene groups and benzene rings, especially the involvement of C-F bond (135
ppm) within the membrane skeleton (Figure 2D). SS °F NMR spectrum of F-Mps-2 exhibited a

broad peak at -142.2 ppm verifying the presence of C-F bond in the skeleton (Figure 2E). The
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surface composition of F-Mpg-2 was determined by XPS analysis (Figure 2G), which showed a
fluorine content of 28.2 at.%. Detailed analysis of Cls spectrum demonstrated the presence of
C=C, -CH;-, and C-O (285.7 eV), C-F (287.9 e¢V), and small amount of residual saturated carbon
species (293.7 eV). This was further verified by the Fls spectrum for C-F bond (688.1 eV) and
Ols spectrum for C-O (533.0 eV). F-Mps-2 also showed high thermal stability under nitrogen
atmosphere up to 490 °C, making it a potential precursor to fabricate fluorinated molecular sieve
carbon membrane (Figure 2H). As shown by the N, adsorption and desorption curve at 77 K
(Figure 4A), compared with F-Mps-1, the as-prepared F-Mpg-2 also exhibited a type-I N, isotherms
with higher BET surface area of 523 m? g! (Figure S8) and total pore volume of 0.28 cm? g-!. Pore
size distribution calculated by NLDFT method showed the presence of micropores around 1.1 and
1.3 nm (Figure 4B), together with ultra-micropores around 0.6 nm in the Horvath-Kawazoe pore
size distribution curve (Figure 4C). Density of F-Mpg-2 was measured to be 1.32 cm? g'! due to
the introduction of more “heavy” F species into the membrane skeleton, compared with that of the

pristine Mps (1.05 cm? g'') and F-Mps-1 (1.21 cm? g!).

However, when F-OH-3 was utilized as the cross-linker (Scheme S1), the Mpg membrane
precursor dissolved in the mixture of F-OH-3/CF3;SO3H, and only polymer powder was collected
after the reaction, probably owing to the decreased polarity of the solvent (CF;SO;H) upon
addition of F-OH-3 with very high fluorine content. This in situ cross-linking method can be
extended to other PS-based block polymer membranes. For example, using PS-block-
polybutadiene-block-PS (denoted as Mp,ps) membrane as the original precursor instead of Mpg
(Scheme S1), after cross-linking with F-OH-1, the fluorinated membrane could be obtained
(denoted as F-Mpgyps-1). FTIR spectrum of F-Mpgps-1 included the signals of benzene rings (1478

and 1600 cm™!), C=C bond of alkene (1706 cm™'), and aliphatic C-H bond (2930 cm™"), together

13
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with C-O bond (1268 cm!) and C-F bond (1003 cm™!) arising from the cross-linker F-OH-1 (Figure
S9). These functionalities were also present in the CP MAS '3C NMR spectrum of F-Mpgps-1
(Figure S10), with peaks located at 27.6 ppm (a, aliphatic carbons), 71.3 ppm (b, alkene carbons),
117.3 ppm (c, benzene ring), 130.0 ppm (d and e, benzene ring and C-F bond), and 145.1 ppm (f,
benzene ring). The XPS survey spectrum of F-Mgyps-1 confirmed the successful introduction of
fluorine atoms into the skeleton, as well as C and O elements (Figure S11). The presence of C-F
bond was further confirmed by the Cls spectrum (BE = 287.5 eV) and F1s spectrum (BE = 687.7
eV) (Figure S12). TGA analysis of F-Mgups-1 under N, atmosphere showed the initial
decomposition onset of 435 °C (Figure S13), which was comparable to that of F-Mpg-1. The
surface area of F-Mp,ps-1 was measured to be 77 m? g'! as evaluated by N, adsorption isotherm at
77 K (Figure S14), which was relatively low due to the flexibility of the polybutadiene chains. All
the above results demonstrate the high efficiency of the cross-linking strategy in fabrication of
fluorinated molecular sieve membranes from nonporous membrane template with aromatic ring

functionalities within the skeleton.

3.4. CO, separation performance of the fluorinated molecular sieve membranes

F-Mps-1 and F-Mps-2 with relatively higher surface areas were selected for further
investigation in CO, separation performance (Table S1). The CO, adsorption performance of the
fluorinated molecular sieve membranes were first assessed by CO, isotherms (Figure 4D and
Figure S15). The Mpg precursor with nonporous architecture had fairly low CO, uptake capacity
(0.036 mmol g-!' at 273 K and 0.024 mmol g'! at 298 K). Comparatively, F-Mps-1 with micro- and
ultra-micropores exhibited significantly enhanced CO, uptake performance, with CO, uptake

capacity of 1.61 (273 K) and 1.27 mmol g! (298 K). The porosity evaluation results demonstrated
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that the surface area of F-Mps-2 (523 m? g'!) was higher than F-Mps-1 (246 m? g!), and they
exhibited similar pore size distributions, but similar CO, uptake capacity was achieved by F-Mpg-2
(1.60 mmol g at 273 K and 1.08 mmol g! at 298 K), owing to the higher F content in F-Mpg-2
compared with F-Mps-1 and higher molecular weight of F compared with H.>? The isosteric heats
of adsorption (Qy) at low adsorption values were calculated to be 18.5 and 21.8 kJ mol! for F-
Mps-1 and F-Mpg-2, respectively (Figure 4D and Figure S16), which was much higher than that of
Mps (11.7 kJ mol!), indicating a strong dipole-quadrupole interaction between the polarizable CO,
molecules and the C-F bond within the membrane frameworks after cross-linking. This may lead
to enhanced CO, adsorption along the pore surface and thus improved CO, separation performance
of the membrane.! Notably, Qst value of the fluorinated membranes was still lower than the
nanoporous materials containing functionalities capable of reacting with CO, (e.g., amino groups)
or cation/anion pairs (Table S2).°! This also inspired us to explore the feasible pathways to
synthesize nanoporous membranes with controllable interaction strength with CO, molecules
towards enhanced separation performance. The CO, separation performance of the membranes
was examined using a non-steady-state permeation cell at 298 K. A plot of an ideal CO,/N,
selectivity (a(CO,/N,)) versus CO, permeability (Pco,) is shown in Figure 4E. Notably, the CO,
flux through the Mpg membranes was very low, with Pco, < 1 barrer together with a(CO,/N;) of
5.4, due to the non-porous structure. Comparatively, significantly improved membrane separation
performance of F-Mpg-1 was achieved, with Pco, of 343 barrer together with a(CO,/N,) of 29.9.
As expected, F-Mps-2 with higher surface area and fluorine content showed better CO, separation
performance, Pco, of 797 barrer and a(CO,/N;) of 28.5, that is, with the values much closer to the
upper bound of the Robeson plot (2008).7- 1852 As stated above, introducing more C-F bonds (CO,-

philic) into the membrane backbone led to the significant increase in the CO, separation
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performance owing to enhanced adsorption.>? However, the CO, permeability and selectivity were
still unsatisfactory for practical applications due to relatively low surface area (compared with the
molecular sieve carbon membranes shown below) and relatively broader pore size distribution

(0.3-2.0 nm).%- 20

3.4. Fabrication and CO, separation performance of the molecular sieve carbon membranes

For molecular sieve membranes, rigid frameworks and engineered ultramicropores (< 0.7
nm) were attractive to provide good separation performance for small gas molecule pairs, enabling
enhancement in intrinsic diffusion selectivity by tuning aperture size and simultaneous
enhancement in intrinsic sorption selectivity by tuning the structural properties through
introduction of CO,-philic functionality.! Cleavage of C-F bond during the pyrolysis process lead
to formation of ultramicropores (~0.5 nm) in the synthesis of fluorinated covalent triazine
frameworks.3% 3! This is a very attractive strategy for molecular sieve membrane development. In
addition, high thermal stability of both F-Mps-1 and F-Mps-2 made them suitable precursors to
fabricate fluorinated molecular sieve carbon membranes (F-Mps-1/2-T, T=pyrolysis
temperature).>* Notably, the onset decomposition temperature of F-Mpg-1 and F-Mps-2 was 455
and 490 °C, respectively (Figure 2H), under N, atmosphere, offering the opportunity to fabricate
membranes with improved porosity via cleavage of the surface functionalities (e.g. C-H and C-F

bonds) in stages via control over the pyrolysis temperatures.

Textural information of F-Mpg-1/2-T and their CO, uptake capacity, Qs and CO,/N, separation
performance are shown in Figure 5 and Table SI1. When F-Mps-1 was used as a membrane
precursor and underwent pyrolysis treatment at 400 °C under N, atmosphere, surface area of the

resultant molecular sieve carbon membrane F-Mps-1-400 slightly increased to 431 m? g*! (Figure
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5A). However, it showed similar pore size distribution to that in F-Mps-1, indicating no significant
cleavage of the chemical bonds in the backbone (Figure 5B-5C vs. Figure 4B-4C). Enhanced Pco,
was observed (515 barrer) while high a(CO,/N,) of 28.9 was still maintained (Figure SH). Further
increasing the pyrolysis temperature to 500 °C led to formation of F-Mps-1-500 with surface area
of 707 m? g'! and the presence of ultramicropores with size distribution centered around 0.37 and
0.55 nm (Figure 5B-5C). Accordingly, increased CO, uptake capacity of 4.00 (273 K) and 3.18
mmol g (298 K) together with Qg of 24.5 kJ mol-! were obtained (Figure 5D, and Figure S17 and
S18). Owing to the excellent textural structure, improved Pcg, of 1898 barrer together a(CO,/N,)
of 35.6 was achieved, exceeding the upper bound limit suggested by Robeson in 2008 (Figure
5H).!® The fluorine content on the surface of F-Mps-1-500 was found to be 2.0 at.% according to
the XPS analysis. Therefore, the good separation performance of F-Mpg-1-500 was derived from
the synergistic effect of high surface area, abundant ultramicropores, and decoration with CO,-
philic C-F bonds within the backbone.!3 Ultra-microporosity (around 0.37 and 0.55 nm) persisted
in molecular sieve carbon membranes obtained even at higher pyrolysis temperature, and F-Mpg-
1-600 and F-Mps-700 exhibited much higher surface areas of 728 and 847 m? g! (Figure 5A-5C),
as well as CO, uptake capacity up to 5.62 (273 K) and 4.85 mmol g! (298 K), respectively (Figure
5@G). The separation performance (Pcoz, 0(CO,/N,)) of F-Mps-1-600 (1988 barrer, 26.4) and F-
Mps-1-700 (5080 barrer, 15.7) (Figure 5H) indicated that although high surface area led to
increased CO, permeability, the CO,/N, selectivity decreased probably due to the cleavage of
additional C-F bonds within the membrane skeleton at higher pyrolysis temperature. Indeed, the
surface fluorine content was determined to be 1.0 at.% in F-Mps-1-600 and only 0.1 at.% in F-
Mps-1-700, further highlighting the important role fluorine functionalities play in achieving high

CO, separation selectivity. Subsequently, molecular sieve carbon membranes derived from F-Mpg-
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2 were fabricated by thermal treatment under nitrogen atmosphere at 500 °C. Structural properties
of F-Mps-2-500 featured by high residual surface fluorine content of 10.0 at.%, surface area of 743
m? g'! and the presence of ultra-micropores led to a significantly improved CO, separation
performance (Figure 5D-5H), with Pco, of 18761 barrer and a(CO,/N,) of 13.3, superposed with
the most recent upper bound. Further increasing the pyrolysis temperature to 600 °C produced F-
Mps-2-600 with the highest surface area of 1020 m? g-! and also the highest Pco, of 21600 barrer,
but decreased a(CO,/N;) of 9.7, probably due to the decreased fluorine content (3.9 at.%). As
stated above, the fluorinated molecular sieve carbon membranes with high surface area and
abundant ultra-micropores were successfully fabricated with the as-synthesized fluorinated
polymeric membranes as templates, which exhibited improved CO, separation performance
superposing or even exceeding the Robeson 2008 upper bound limit (For detailed compartion on
textural information and CO, separation performance of the membranes in this work and
previously reported literature results, see Table S3).!8 Notably, the CO,/N, separation performance
is below the recently revisited CO,/N, upper bound in 2019,%° and the permeance of these
membranes is somewhat inferior considering the relatively high thickness compared with the
ultrathin membranes (nanometer scale).’® Further studies dedicated toward improving the gas
separation performance are required, for instance by using ionic liquid gating, which was already
proved to be an efficient methodology employed in other molecular sieve carbon membranes>’ or

graphene-derived ones.*®

Performance of F-Mpg-1 and F-Mpg-1-500 after aging was conducted to study their stabilities
(Figure S19). The membranes were exposed to air for one week after each run. The results showed
that for F-Mps-1, slight decrease of both the Pcp, and a(CO,/N;) was observed in the initial three

cycles, that is, from Pcg, of 343 barrer together with a(CO,/N,) of 29.9 in the 1 run, to Pco, of
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312 barrer with a(CO,/N,) of 28.0 in the 2nd run, and Pco, of 299 barrer with a(CO,/N,) of 27.7
in the 3rd run. Subsequently, the performance of F-Mpg-1 was steady within a time span of 10
weeks. The initial decrease was probably attributed to the interaction of the surface functionalities
on F-Mps-1 with H,O vapor or other gaseous moieties in air, occupying the reactive sites for CO,
and the porosity within the skeletons. Comparatively, the molecular sieve carbon membrane (F-
Mps-1-500) obtained after high temperature treatment under N, showed higher stability in air, with
only slight decrease in performance in the 2" run (Pco, of 1889 barrer with a(CO,/N,) of 35.1)
compared with fresh one (Pco, of 1898 barrer with a(CO,/N,) of 35.6). Its performance was
consistent during the following 10 weeks. We hypothesize that the presence of fewer
functionalities on the surface of F-Mps-1-500 compared to that of F-Mps-1 and hence fewer sites
that could potentially interact with air components, responsible for diminishing the materials CO,

separation performance.

Generally, gas separation performance of membranes in mixed gas test will be inferior
compared with the single gas runs mainly ascribed to the competitive sorption effect.?*>° To probe
the behavior of F-Mpg-1-500, a binary CO,/N, separation test was conducted at 298 K with the
feeding ratio of 15: 85. Compared with the single gas separation behavior (Pco, of 1898 barrer
with a(CO,/N,) of 35.6), a decreased a(CO,/N,) of 27 together with slightly increased Pco, of
2329 barrer was observed. With the feeding ratio of CO,/N, increased to 50:50, higher Pco, of
3261 barrer was achieved but with inferior a(CO,/N,) of 21.4. For gas separation in practical
circumstances, another inevitable composition possessing competing adsorption ability with CO,
in the atmosphere is HO molecules, which will lead to decreased selectivity upon occupation of
the active sites. For examples, in the presence of H,O, the CO, separation performance of MOF-

derived materials was significantly diminished owing the structural collapse caused by H,O
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introduction.®® ¢! Under relatively high humidity (90%) conditions, the CO,/N, separation
performance of F-Mps-1-500 was assessed with CO,/N, feeding ratio of 50:50. The result
demonstrated that only slightly decreased Pco, of 3008 barrer together with a similar a(CO,/N,)
of 20.9 was obtained, compared with that obtained under dry conditions (Pco, of 3261 barrer with
a(CO,/Ny) of 21.4). The “waterproof” feature of F-Mps-1-500 was ascribed to its stable skeleton
mainly composed of C-C bond and the involvement of hydrophobic fluorinated moieties, making
it a promising candidate for practical gas separation applications. Notably, the high stability of
fluorinated skeletons towards H,O treatment was also previously demonstrated in the membranes

derived from CTFs.4!

4. Conclusion

In summary, a facile, novel and versatile approach for the fabrication of fluorinated
molecular sieve membranes has been developed using commercial non-porous PS membrane as
the precursor template, fluorinated benzylic alcohols as the cross-linker through in situ Friedel-
Crafts reactions in the presence of Bronsted acid. Textural properties including surface area and
fluorine content of the as-synthesized membranes could be tuned by adopting different fluorinated
benzylic alcohol cross-linkers and this methodology could be extended to other PS-based block
polymer membranes. The obtained cross-linked membranes showed high surface areas, abundant
micropores and high fluorine content in the architectures, leading to good CO, permeability and
CO,/N; selectivity. In addition, the high fluorine content and thermal stability of the as-synthesized
polymeric membranes made them suitable candidates to produce fluorinated molecular sieve
carbon membranes by tuning the pyrolysis temperature, achieving improved textural properties

and enhanced CO, separation performances exceeding the Robeson upper bound (2008). The
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metal-free and efficient methodology developed herein is promising in large-scale applications to
produce membranes and membrane-coated materials towards negative CO, emissions. A low-cost
CO, capture-and-release system based on these materials will rely on the device design in
combination with green energy sources, i.e., solar-driven CO, desorption process, in which the
robust carbonaceous membranes with CO,-philic moieties (e.g., F-Mps-1-500) are preferred to act
as solar thermal collectors, realizing sustainable separation procedures. We anticipate that this
study will expand the application of fluorinated molecular sieve membranes to a wide variety of

fields.

Solvent/catalyst
CF;SO;H

Cross-linker
FE F

OH
HO n

F F (n=12)
Fluorinated benzyl alcohol

Figure 1. Schematic illustration of synthetic procedure and structures of the cross-linkers and
afforded membranes.
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Figure 2. (A) Chemical structure units of Mpg precursor, F-Mps-1, and F-Mpg-2 obtained after
cross-linking. (B) Pictures of MPS and F-Mps-1 obtained with different reaction time as shown on
the images. (C) FT-IR spectra of Mps, F-Mps-1, and F-Mps-2. (B) Solid state '3C NMR spectra of
F-Mps-1 and F-Mps-2, and liquid 3C NMR (CDCl3, 100.6 MHz) of Mps. (E) Solid state '°F NMR
spectra of F-Mpg-1 and F-Mps-2. (F, G) XPS spectra (Cls, Fls and Ols) of F-Mps-1 and F-Mpg-2,
respectively. (H) TGA results of Mps, F-Mps-1, and F-Mps-2 from 25 °C to 800 °C with ramping
rate of 10 °C min'! under air and nitrogen atmosphere, respectively.
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Figure 3. (A) SEM image of Mpg of the surface and (B) the cross section. The inset picture in
dashed green box is the magnification of the area labeled by the corresponding small dashed green
box. (C) TEM image of Mpg powder obtained after grinding. (D) SEM image of F-Mpg-1 on surface
and (E) the cross section. The inset pictures in dashed red/blue box are the magnification of the
area labelled by the corresponding small dashed red/blue box, respectively. (G) Merged and
separated elemental maps (C, F, and O) of F-Mps-1 on surface and (H) cross section.
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467  Figure 4. (A) N, adsorption and desorption isotherm curves of Mps, F-Mps-1, and F-Mpg-2
468  collected at 77 K. (B) Corresponding pore size distribution curves obtained from the adsorption
469  branches using NLDFT method, and (C) Horvath-Kawazoe method. (D) CO, (1 bar) uptake
470  capacity at 273 and 298 K of F-Mps-1 and F-Mpg-2. Numbers in the brackets are isosteric heats of
471  adsorption (Qg). (E) Membrane separation performance of F-Mpg-1 and F-Mpg-2: plots of
472  selectivity versus permeability for CO,/N,.
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Figure 5. (A) N, adsorption and desorption isotherm curves at 77 K of F-Mps-1-T (T = 400, 500,
600, and 700 °C and (C) F-Mps-2-T (T = 500 and 600 °C). (B, E) Corresponding pore size
distribution curves of F-Mpg-1-T and F-Mps-2-T obtained from the adsorption branches using
Horvath-Kawazoe method and (C, F) NLDFT method. (G) CO, (1 bar) uptake capacity (273 and
298 K) of F-Mps-1-T and F-Mps-2-T. Numbers in the brackets are isosteric heats of adsorption
(Qsp). (H) Membrane separation performance of F-Mps-1-T and F-Mps-2-T: plots of selectivity

versus permeability for CO,/N,.
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