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A solution-processable and ultra-permeable
conjugated microporous thermoset for selective
hydrogen separation

Wei Liu® 29, Shu-Dong Jiang®, Youguo Yan® 3, Wensen Wang3, Jing Li® !, Kai Leng® ', Susilo Japip?,
Jiangtao Liu?, Hai Xu', Yanpeng Liu® ', In-Hyeok Park® ! Yang Bao® ', Wei Yu', Michael D. Guiver® #>*,
Sui Zhang® 2** & Kian Ping Loh® 1™

The synthesis of a polymer that combines the processability of plastics with the extreme
rigidity of cross-linked organic networks is highly attractive for molecular sieving applications.
However, cross-linked networks are typically insoluble or infusible, preventing them from
being processed as plastics. Here, we report a solution-processable conjugated microporous
thermoset with permanent pores of ~0.4 nm, prepared by a simple heating process. When
employed as a two-dimensional molecular sieving membrane for hydrogen separation, the
membrane exhibits ultrahigh permeability with good selectivity for H, over CO,, O,, N, CH,,
C3Hg and C3Hg. The combined processability, structural rigidity and easy feasibility make this
polymeric membrane promising for large-scale hydrogen separations of commercial and
environmental relevance.
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ydrogen purification from the steam-reforming of

methane, and recovery from offgas streams in a refinery

or other industrial processes present a good opportunity
to boost the production of clean energy!. Membrane-based gas
separation provides an energy-efficient solution to selective
hydrogen separation, but performance is often limited by the
trade-off between permeability and selectivity>>. In the past
decade, advances have been made with microporous solids pos-
sessing extremely rigid network structures and well-defined pores,
such as zeolites and metal organic frameworks, from which
membranes with thin permselective layers have high permeability
and good selectivity®®. However, industrial membranes are
dominated by polymers that are fabricated by simple solution-
processing techniques!®. Currently, commercial gas separation
membranes are fabricated from a few polymers with relatively
low permeability and high selectivity!'!. The low gas permeability
of commercial membranes requires large membrane size for
sufficient production, which is a critical cost challenge for
industrial applications. Thus, microporous polymers that possess
rigid network structures, high gas permeability, good selectivity,
and solution-processability are highly desirable for next-
generation gas separation membranes.

Among microporous organic materials, porous organic
cages (POCs)!0:12.13 and polymers of intrinsic microporosity
(PIMs)1114-17 are extensively studied on account of their
microporosity and good solution-processability. POCs are
shape-persistent organic molecules with accessible intrinsic
cavities, which can be aligned during slow solvent evaporation,
leading to homogenous microporous membranes assembled
via van der Waals (vdWs) interactions. Cooper and co-workers
prepared POC membranes for selective hydrogen separation,
in which a cage molecule CC3 with a window diameter of ~0.6
nm achieved a H, permeability of 226 barrer and a H,/N,
selectivity of 3010, Microporosity in PIMs arises from loose
packing of contorted and rigid macromolecular chains, and
large area membranes with moderately good mechanical
strength can be readily fabricated by solution processing.
However, cage molecules and linear polymer chains assembled
by weak vdW forces can easily slide over one another when
thermally or mechanically agitated, resulting in limited
selectivity!418. In addition, CO, has a substantial plasticization
effect on the membranes at high temperature, leading to
further performance decay!$. Therefore, there is a need to
develop materials that possess chemically bonded networks for
high performance gas separation, while simultaneously being
solution-processable.

Conjugated microporous polymers (CMPs) are m-conjugated
networks interconnected by irreversible aryl-aryl covalent bonds.
Thus, the microporosity in CMPs is persistent in the presence of
water vapor, acid gases and hydrocarbons, even at elevated
pressure and temperature!®-22, However, CMPs have extremely
rigid cross-linked structures, which inevitably lead to poor pro-
cessability. Developing simple and scalable processing routes is of
paramount importance for their practical application2324. In
addition, CMPs normally possess a broad pore size distribution
(10-30 A), which are not suitable for gas separation. To
simultaneously meet the demands of structural rigidity and
solution-processability, we have developed a solution-processable
conjugated microporous thermoset (CMT) with intrinsic pores of
~0.4nm and a specific surface area of ~840 m? g~1, based on a
simple thermosetting process. We show that the polymeric net-
works based on aryl-aryl bonds can be prepared into various
shapes and morphologies, driven by the substrate onto which the
CMT is deposited. More importantly, 2D CMT nanosheets are
solution-processed into large-size molecular sieve membranes.
With contributions from both intrinsic microporosity and

interlayer spacing, CMT membranes achieve a H, permeability as
high as 28280 barrer and good selective H, separation over CO,,
0,, N,, CH,, C3Hg, and C;Hg. In addition, CMT membrane
shows no performance decay up to 700h at 150°C, demon-
strating its remarkable stability and persistence of microporosity.

Results

Thermosetting polymerization. The precursor 3,6,12,15-Tetra-
bromotetrabenzo[a,c,h,jlphenazine (3-TBTBP, M,, 696) was
synthesized by a condensation reaction between 3,6-dibromo-
phenanthrene-9,10-diaminium chloride (3,6-DBPDA) and 3,6-
dibromophenanthrene-9,10-dione. The tetrabrominated planar
molecule is insoluble in common organic solvents due to strong
intermolecular -7 stacking. To perform structural character-
ization, single crystals were prepared by sublimation of the pre-
pared crude material in a tube furnace. The structure information
of 3-TBTBP crystals is provided in Supplementary Fig. 1. Our
studies clearly show that 3-TBTBP crystals sequentially undergo
sublimation, melting, and polymerization during heating. Ther-
mal gravimetric analysis (TGA) reveals that there are two weight
loss stages for 3-TBTBP in the range of 200-900°C in N,
atmosphere (Fig. 1b). The first stage starting at ~450°C is
attributed to sublimation. The second stage is caused by debro-
mination of 3-TBTBP, which begins at ~520°C. To further
understand the phase change during the heating process, the
precursor powder is enclosed in an Al crucible for differential
scanning calorimetry (DSC) analysis. The DSC curve was
obtained in the range of 25-600 °C in N, atmosphere (Fig. 1c). It
shows no obvious peak before 500 °C, indicating that the sub-
limation of precursor crystal is largely suppressed in the closed Al
crucible. The endothermic peak at 509 °C originates from the
melting of the precursor. The following broad exothermic peak
starts at ~515 °C and can be ascribed to exothermic debromina-
tion and concomitant polymerization?>26, This exothermic fea-
ture is consistent with solid-state polymerization of halogenated
thiophene derivatives?. This broad peak, which can be decon-
voluted into three peaks at ~535°C, ~550°C, and ~562°C,
reflects that the cleavage of the four C-Br bonds in 3-TBTBP have
different activation energies. The DSC results indicate that before
polymerization, 3-TBTBP crystals melt at ~509°C to form a
molecular liquid. The unique thermal properties of 3-TBTBP
allow the synthesis of a conjugated microporous thermoset.

Our thermosetting polymerization experiments were con-
ducted in a tube furnace with an Ar gas flow of 100 ml min~!. In
the tube furnace, samples were put in a covered jar to minimize
the disturbance of gas flow. The sample zone was heated to
540 °C at a heating rate of 15 °C min~! and held at 540 °C for 2 h
to produce the CMT. X-ray photoelectron spectroscopy (XPS)
spectra (Supplementary Fig. 2) show that Br peaks (Br 3p;/, at
190.5 eV and Br 3p;,, at 183.9 eV) disappear after polymeriza-
tion, in agreement with the FTIR measurements (Supplementary
Fig. 3). FTIR spectra show that the absorption band correspond-
ing to aryl-bromine vibration mode at 548 cm~! largely
disappears, while the characteristic bands of phenazine linkages
at 1361 and 1400 cm~! remain after polymerization. Elemental
analysis shows that only 4.38 wt% of Br remains in the polymer
product (Supplementary Table 1), indicating a high degree of
polymerization.

Processability. To demonstrate its processability, CMT was
prepared in 3D, 2D, and 1D forms, depending upon the substrate
(details are provided in Methods). Figure 1a shows the schematic
illustration of the thermosetting process. Needle-like 3-TBTBP
crystals were sublimed and/or melted, so that the precursor vapor
and/or liquid were readily shaped into objects with desirable

2 | (2020)11:1633 | https://doi.org/10.1038/541467-020-15503-6 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15503-6

ARTICLE

| Precursors on templates | I

| Solid precursor

Microporous

thermosets
Liquid precursor I !

Debromination & |

Manual loading | Melting Polymerization | |
> B s lh— > |
~25°C [ ~509 °C I ~535°C !
I I
I |
_ - == = = Debromination & |
| I Melting I Polymerization
| | —> | s !
| ~509 °C ~535°C I I
I 2D CMT
| | I I
| | Debromination & | ~— |
| izati -
| | Meltlng Polymerization | \\ |
| ———> -
@6 0 -
| | g o 8se !
1D CMT

Patterned 3D CMT

Weight remaining (%) ©

Debromination
400 600
Temperature (°C)

800

¢ 9 6 h Free volume diameter (A)
o i g %or 332 469 571 655 727
%'| Debromination 5 (2] [ " " "
a a
I\ & Polymerization >\ 562 «"m r o 200 | dsorpti > —=+—35°C
t - = 4f 2 ol adsorption *é 100 °C
S ‘qE) o I % o desorption g s 150 °C
p o E 3r > >
5 s5°7] 0 A EX
T [a) C>> oL 00 02 04 06 08 1.0 % =]
v g | PIP, g
-8 Melting S R o
UCJ 509 3
1 §a 1 1 0 Lea ool 1, < N ol
200 400 500 600 0 5 10 15 20 25 10 15 20 25 30

Temperature (°C)

Pore width (A) o-Positron lifetime (ns)

Fig. 1 Synthesis and characterization of conjugated microporous thermoset. a Schematic illustration of the thermosetting process to make 3D, 2D, and
1D CMT, depending upon the substrate (a holder with patterned bottom plate for patterned 3D CMT; Silicon wafer for 2D CMT; Cu nanowires for 1D

CMT). b Thermal gravimetric analysis of 3-TBTBP. ¢ Differential scanning calorimetry curve of 3-TBTBP. d SEM image showing the surface of a patterned
3D CMT. e AFM topography image of ~5-nm-thick CMT film on Si wafer; Insert: corresponding height profile. f TEM image of 1D CMT nanotubes. g Pore
size distribution derived based on Ar adsorption data; Inset: Ar isotherm profile of the CMT measured at 86 K. h The o-positron lifetime (and hence free
volume diameter) distribution in CMT at 35 °C, 100 °C, and 150 °C based on PALS measurements. The scale bars are 20 pm, 3 um, and 200 nm for d, e,

and f, respectively.

morphologies using suitable substrates, which were further cured
via thermal-initiated debromination and concomitant C-C cross-
coupling reaction. Patterned 3D CMT was prepared by melting a
large amount of precursor crystals in a patterned mold followed
by curing via polymerization. Figure 1d shows SEM image of the
patterned surface of 3D CMT, which has a homogeneous and
dense morphology without any inner voids (Supplementary
Fig. 6).

The sublimation of 3-TBTBP produces precursor vapor (as
demonstrated in TGA), which adsorbs readily on any exposed
surfaces. This was exploited to prepare 2D CMT films and
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nanotubes by vapor phase deposition, as demonstrated in Fig. 1a.
Figure le shows an AFM topography image of a CMT film
homogeneously polymerized on Si wafer. The corresponding
height profile (insert) shows that the film has a thickness of ~5.0
nm. The film fully covers the Si wafer and its thickness can be
easily tuned by the ratio of precursor to available substrate
template surface area (Supplementary Fig. 7). CMT nanotubes
were produced by polymerizing 3-TBTBP on Cu nanowires
followed by etching away the Cu nanowires with HCI aqueous
solution. Figure 1f shows CMT nanotubes under TEM. The
crack-free CMT films and nanotubes suggest that precursor vapor
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adsorbs uniformly on the substrate surfaces. Subsequently, the
adsorbed precursor layer melts to form a smooth and continuous
film, which is further cured to produce the cross-linked networks.

Porous structure. The porosity of CMT has been cross-verified
by Ar adsorption/desorption isotherms and positron annihilation
lifetime spectroscopy (PALS). As shown in Fig. 1g, CMT shows
a type 1 isotherm with a steep uptake at P/P, below 0.01, which
is a typical characteristic for microporous materials. The
Brunauer-Emmett-Teller (BET) surface area and pore volume
are evaluated to be 840 m2g~! and 0.39 cm3 g1, respectively.
The adsorption isotherm fitted with non-local density functional
theory model reveals that the pore-size-distribution for CMT is
mainly at 0.4-0.5 nm, which agrees well with the positron anni-
hilation lifetime spectrum (PALS) analysis. As shown in Fig. 1h,
the free volume diameter of CMT as measured by PALS at 35°C
has a maximum at 4.89 A, consistent with Ar sorption mea-
surements. With an increase in temperature, the size of accessible
voids is slightly broadened due to the more active thermal
motion of the building units. A sub-nanometer pore size and
remarkably narrow pore size distribution of CMT are uncom-
mon, especially when compared to conjugated microporous
polymers synthesized in solvents with noble metal catalysts under

stirred conditions!®?227. In this case, the endogenous liquid-state
polymerization (that is, without the presence of solvents, initia-
tors, or catalysts) is able to achieve a homogeneous porous
structure, because precursor molecules are polymerized in the
isotropic liquid state, without randomization effects of solvents
and catalysts. More importantly, the endogenous polymerization
method allows the potential scale-up production of CMT due to
its low cost, high yield (close to 100%) and easy processing.

Membrane fabrication. Interfacial polymerization strategies have
previously been applied to produce films composed of cross-
linked networks?8-32, In addition to their large pore size
distribution282%, a further disadvantage of the polymerization
process is the need for a highly functional substrate?332, In
contrast, our CMT can be prepared as uniform ultrathin sheets
with controllable thickness on any arbitrary substrates. As shown
in Fig. 2b, CMT is polymerized uniformly on the surface of NaCl
crystal substrate; the latter can be removed by soaking in water,
and the polymeric sheets are recovered for use. Most importantly,
the obtained CMT ultrathin sheets are highly dispersible in
common organic solvents (Fig. 2d), thus allowing them to be
processed into large-area membranes with controllable thickness
by simple filtration. Figure 2c shows a CMT/CHCI; dispersion

a b c - - - -
. [ b > I
| e
7 ~ L’
| {ﬁ/’ Oy ’I
y il
Thermosetting Removing NaCl \ ! 207 \t*
polymerization with water | vV _ !
_— —_— |
3-TBTBP fine powder CMT sheets CMT sheets in chloroform
mixed with NaCl coated NaCl showing Tyndall effect

Fig. 2 Synthesis and characterization of CMT membrane. a An optical image of a mixture of 3-TBTBP precursor fine powder and NaCl crystals. b An
optical image of CMT coated NaCl. ¢ CMT/Chloroform dispersion showing a Tyndall effect. d CMT dispersions (concentration: 0.05 mg mI=1); solvent: (1)
dichloromethane, (2) ethanol, (3) methanol, (4) hexane, (5) diethyl ether, (6) acetone, (7) dimethylformamide, (8) dimethyl sulfoxide, (9)

tetrahydrofuran, and (10) isopropanol. e A free-standing CMT membrane with a diameter of ~47 mm prepared by filtration. f A SEM image showing the
surface of a CMT membrane. g A SEM image showing the cross-section of a free-standing CMT membrane. The scale bars are 2 pm and 10 pm for f and g,

respectively.
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displaying an obvious Tyndall effect; it remains stable even after
storing under ambient conditions for two weeks, with no sign of
precipitation. The intrinsic micropores in CMT, rimmed by N
groups, provide interfaces for solute/solvent interactions and
improve wettability. The stability of the dispersion should be
contrasted with the strong tendency of exfoliated graphene or
molybdenum disulfide sheets to restack and precipitate3334,
Fig. 2e is a photo of a free-standing CMT membrane prepared by
filtration of CMT dispersion, which shows a shiny golden color.
The yellow CMT nanosheets dispersion shows a broader UV-vis
absorption than the precursor 3-TBTBP (Supplementary
Fig. 11a). The Tauc plot extracted from the UV-vis spectrum
reveals a band gap of ~2.45eV (Supplementary Fig. 11b), which
matches well with the value derived from the photoluminescence
(PL) spectrum of CMT film on Si wafer, showing a peak at ~525
nm (~2.36 eV) (Supplementary Fig. 12). The optical data suggests
the semiconductive nature of conjugated CMTs. The cross-
section of a CMT membrane observed by SEM is presented in
Fig. 2g, revealing its lamellar-like structure. The plan view shows
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a crack-free but slightly wrinkled surface (Fig. 2f). The thickness
of each sheet can be easily tuned by the weight ratio between 3-
TBTBP and NaCl. For example, when 1 mg of 3-TBTBP is
homogeneously mixed with 6 g of NaCl and polymerized, the
thickness of the sheets is around 5nm. Due to the templating
effect by NaCl, the size of the CMT sheets is defined by the area of
the salt crystal surfaces and we can easily obtain sheets as large as
100 um after the recovery process (Supplementary Fig. 13). The
TEM image of CMT sheets shows a homogeneous morphology
(Supplementary Fig. 14).

Gas separation performance. Gas permeation through the CMT
membranes was measured in a permeation cell at 30°C and a
transmembrane pressure of 1 bar. Figure 3a shows that the per-
meability of various gases scales inversely with their kinetic dia-
meters. A 1-pm-thick CMT membrane exhibits ultrahigh
permeabilities for He (24200 barrer) and H, (28280 barrer), while
relatively much lower permeabilities are observed for CO, (4480
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Fig. 3 Gas separation performance of CMT membranes. a Single-gas permeabilities (He, Hy, CO,, Oy, Ny, CHy, C3Hg, and C3Hg) through a 1-pm-thick
CMT membrane at 30 °C and a transmembrane pressure of 1bar. b-d Robeson plots for H,/CO,, H,/N,, and H,/CH,4 gas pairs with the 1991 upper
bounds indicated by a pink line, 2008 upper bounds by a green line and proposed 2015 upper bounds by a black line. The single-gas permeation data of
CMT membrane (red star) is compared with accumulated literature data for state-of-the-art ultrapermeable PIMs (violet triangle), microporous solids
(zeolites, MOFs, POPs) and inorganic 2D materials (red square), and other polymers (ladder PIMs: orange triangle; PIM-Pls: green triangle; ultrapermeable
poly(trimethylsilylpropyne) (PTMSP): blue circle). Information on the data points and their corresponding references are presented in Supplementary
Table 2. e Accessible void spaces for CO, (left) and H, (right) in CMT model; The red circles in the right picture indicate additional accessible void spaces
for H,, compared with that of CO,. f Long-term test of an equimolar H,/CO, mixed-gas mixture through a 1-um-thick CMT membrane at 150 °C and a
transmembrane pressure of 1bar. The blue star in b indicates the permeation data from H,/CO, mixed-gas measurement at 150 °C.
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barrer), O, (2680 barrer), N, (2500 barrer), CH, (2590 barrer),
CsHg (2330 barrer), and CsHg (2260 barrer). The ideal selectiv-
ities of H, over CO,, O,, N,, CH,, CsHg and CsHg are ~6.3,
~10.6, ~11.3, ~10.9, ~12.1, and ~12.5, respectively. This demon-
strates the molecular sieving effect of CMT membranes. In
addition, only slight variations in permeability and selectivity are
observed when the membrane thickness is increased from 500 nm
to 13 um (Supplementary Fig. 16), suggesting that the membranes
have a low defect density.

To overcome the limit of conventional polymeric membranes,
next-generation membranes for hydrogen separation require fast
hydrogen permeation with sufficiently high selectivity. This has
been done through the design of microporous materials, such as
PIMs and MOFs!b17, or by the creation of additional transport
channels via the interlayer spacing between stacked 2D nanosheets,
such as graphene oxide and MXene3>36. Figure 3b-d compile the
Robeson plots for H,/CO,, H,/N,, and H,/CH, gas pairs,
including data for CMT membranes, and state-of-the-art ultra-
permeable PIMs, microporous solids with network structures
(zeolites, MOFs, porous organic polymers, etc.), inorganic 2D
materials (GO, MXenes), as well as other organic polymeric
membranes (Supplementary Table 2). The permeability-selectivity
data of CMT membranes fall well above the 2008 upper bounds for
all gas pairs, and fall above the recently proposed 2015 upper
bounds for H,/N, and H,/CH, gas pairs. In particular, the
ultrapermeable nature of CMT membranes towards hydrogen is
clearly seen on the three plots. The H, permeability of CMT
membrane, at similar or higher selectivity, is higher than the state-
of-the-art ultrapermeable PIMs for all the gas pairs. The porosity
of CMT polymers is 840 m? g~! (Fig. 1e), which is comparable to
most microporous polymers. To reveal the benefits of layered 2D
structure, 3D CMT membranes were prepared by in-situ growth
on anodized aluminum oxide (AAQ) substrate and the corre-
sponding H, permeability is 7100 barrer, which is only ~24% of
the permeability of 2D CMT membranes (Supplementary Fig. 17).
This suggests that the combination of both in-plane microporous
structure and inter-layer free spacing between CMT sheets are
mainly responsible for the extremely high permeability of 2D CMT
membrane.

To determine the mechanism of gas separation in CMT,
molecular dynamic simulations were performed. The polymer-
ization was simulated in a periodic cubic cell with dimensions of
50 x 50 x 50 A3 and containing 160 monomers (7360 atoms)
using Polymatic algorithm3’. This generates a microporous
polymeric network that reproduces the experimental mass
density, accessible surface area (Ar sorption) and pore size
distribution of CMT well (Supplementary Table 3 and Supple-
mentary Fig. 20). We use H, and CO, as the probe gas for the
CMT model. It is found that CMT has a larger accessible volume
for H, (19.58% of membrane volume) than CO, (16.28% of
membrane volume). This suggests that CMT is able to
accommodate more H, than CO,, leading to a higher concentra-
tion gradient for H,, which facilitates transmembrane transport38.
More importantly, some channels allow H, transport but block
CO,, as shown in Fig. 3e. The average H, transmembrane path
calculated based on accessible void space is ~710 A, which is
much shorter than that of CO, (~3715A4), thus contributing
largely to the ultrahigh H, permeability. The CMT membrane
was further studied in H,/CO, mixed gas separation to
demonstrate its long-term stability at elevated temperature.
Similar to other polymeric membranes!!, the H, permeability
increases by more than 40% to 40,680 barrer when the
temperature increases from 30 °C to 150 °C (Supplementary Fig.
18). This can be explained by the broadened free volume size of
CMT at higher temperature (as confirmed by PALS), which
facilitates diffusive transport of H,. The optimal H,/CO,

selectivity is 6.05 at 150 °C. Most importantly, CMT polymers
are thermally stable and can potentially be operated up to 500 °C.
Both the permeability and selectivity remain constant for 700 h at
150 °C (Fig. 3f).

Discussion

Overall, compared with cross-linked porous solids with poor
processability, CMT is solution processable and possesses inter-
layer channels that allow fast redistribution of the permeate gas
molecules, leading to much higher H, permeability. The perme-
ability of the CMT is also higher than most state-of-the-art
ultrapermeable PIMs, at higher (H,/CO,) or similar selectivity
(H,/N, and H,/CH,)'»17. In addition, the rigid structure of CMT
due to the conjugated C-C connected scaffolds prevents the
highly homogeneous pores from collapsing into isolated voids
and allows for inner pore connectivity at elevated temperatures.
Therefore, CMT membranes are unique due to the combination
of three properties: they offer ultrahigh H, permeability and
solution-processability of PIMs, and yet enjoy stability and
enhanced performance at elevated temperatures, typical of cross-
linked rigid networks.

In summary, we have successfully synthesized a conjugated
microporous thermoset that exhibits the processability of plastics,
together with the rigidity and porosity of cross-linked micro-
porous solids. The microporosity is persistent and stable, even at
elevated temperature and pressure. CMT has a narrow pore size
distribution centered at ~0.4 nm, when combined with its solu-
tion processability, large area ultrafiltration membranes of con-
trolled thickness could be fabricated via simple filtration. Due to
the coexistence of intrinsic micropores and interlayer spacing
between the stacked sheets, CMT membranes exhibit ultrahigh
H, gas permeability with good selectivity and excellent operation
at high temperatures. Although we have demonstrated only the
gas separation application of CMT here, we anticipate that CMT,
as well as its analogs, will also impact other applications,
extending to areas such as ionic nanofiltration and water
desalination.

Methods

Synthesis of 3-TBTBP. 3,6-dibromophenanthrene-9,10-diaminium chloride (3,6-
DBPDA) was synthesized from 3,6-dibromophenanthrene-9,10-dione (3,6-DBPD,
purchased from Tokyo Chemical Industry). 3,6-DBPD (2.0 mmol, 0.73 g) and
NH,OH«HCI (143.0 mmol, 10.0 g) were added into a mixed solvent of pyridine
(6.0 ml) and EtOH (60.0 ml) to make a suspension, which was heated under reflux
for 24 h. The formed precipitate 3,6-dibromophenanthrene-9,10-dione dioxime
was collected and washed with EtOH to remove pyridinium hydrochloride. The
gray precipitate without further purification was dispersed again in 100 ml EtOH,
in which a solution of SnCl, (21.0 mmol, 4.0 g) in concentrated HCI (15 ml) was
added. The mixture was stirred at 70 °C for 4 h. After cooling down to room
temperature, the precipitate 3,6-DBPDA was collected and washed with water and
EtOH several times, followed by drying at 80 °C. To prepare 3-TBTBP, 3,6-DBPDA
(1.0 mmol, 0.44 g) and 3,6-DBPD (1.0 mmol, 0.37 g) were suspended in 80 ml
acetic acid in a round bottom flask in Ar atmosphere under stirring. The reaction
mixture was refluxed at 130 °C for 6 h after adding triethylamine (1.0 ml). The
precipitate was collected by filtration, and thoroughly washed sequentially via
Soxhlet extraction with ethanol, tetrahydrofuran, and N,N-dimethylformamide.
After drying at 120 °C overnight in vacuum oven, 3-TBTBP was obtained (0.65 g,
94%) as yellow powder. Elemental analysis (%): calculated for (CysH;,BrsN,): C,
48.32; H, 1.74; N, 4.02; Br, 45.92; found: C, 47.76, H, 1.97, N, 3.93, Br 45.37.
MALDI-TOF mass (negative mode) m/z = 697.3 (calcd. 696.0); No solution NMR
spectroscopic data were collected owning to its insolubility. Its structure was
confirmed with single crystal X-ray diffraction analysis (CCDC 1909146).

Single crystal growth. 3-TBTBP crude powders (~100 mg) were evenly dispersed
on a quartz boat, which was inserted into the quartz tube furnace. The quartz tube
is connected to a supply of Ar gas and a vacuum pump. The Ar flow was adjusted
to 50 ml min—! under vacuum (~35 Pa). The crude powder was heated at the first
heating zone at 350 °C to promote sublimation. The second heating zone was set at
320 °C for molecular transport. 3-TBTBP single crystals were deposited at the edge
of the third zone which was heated at 260 °C. Single crystals suitable for crystal-
lography analysis can be produced in about 4 h.
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Synthesis of CMT. The thermosetting polymerization experiments were con-
ducted in a tube furnace with an Ar gas flow of 100 ml min~!. In the tube furnace,
precursors with various substrates were put in a jar equipped with a lid to minimize
the disturbance of gas flow, so that only a tiny amount of precursor 3-TBTBP was
evaporated out and deposited at the low temperature area of the tube furnace.
Normally, samples were heated to 540 °C at a heating rate of 15 °C min~! and held
at 540 °C for 120 min to produce CMT. The synthesis details for CMT monoliths,
ultrathin 2D sheets or 1D nanotubes are provided in the Supplementary
Information.

Preparation of CMT membranes. The CMT polymer membranes were prepared
by pressure-assisted filtration in a dead-end filtration cell through polypropylene
(100 nm pore size, 47 mm in diameter, Sterlitech), AAO disks (100 nm pore size,
47 mm in diameter, Whatman), or nylon (200 nm pore size, 47 mm in diameter,
Whatman) membrane filters under 1 bar. The thickness of the membranes was
controlled by volume and concentration of the dispersion. In a typical experiment,
20 ml of 0.025 mg ml~! CMT polymer dispersion in IPA led to a membrane
thickness of about 500 nm. All membranes were dried at room temperature under
vacuum for 24 h before use.

Data availability

Research data supporting this publication is available at https://doi.org/10.5281/
zen0do.3698962. The source data underlying Figs. 1b-h, 2f-g, 3a, and Supplementary
Fig. 16 are provided as a Source Data file. The X-ray crystallographic coordinates for
structures reported in this study have been deposited at the Cambridge Crystallographic
Data Centre (CCDC), under deposition number CCDC-1909146. The data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Received: 26 November 2019; Accepted: 11 March 2020;
Published online: 02 April 2020

References

1. Bernardo, P., Drioli, E. & Golemme, G. Membrane gas separation: a review/
state of the art. Ind. Eng. Chem. Res. 48, 4638-4663 (2009).

2. Wang, S. et al. Advances in high permeability polymer-based membrane
materials for CO2 separations. Energy Environ. Sci. 9, 1863-1890 (2016).

3. Sanders, D. F. et al. Energy-efficient polymeric gas separation membranes for a
sustainable future: a review. Polymer 54, 4729-4761 (2013).

4. Park, H. B., Kamcev, J., Robeson, L. M., Elimelech, M. & Freeman, B. D.
Maximizing the right stuff: the trade-off between membrane permeability and
selectivity. Science 356, eaab0530 (2017).

5. Brown, A. J. et al. Interfacial microfluidic processing of metal-organic
framework hollow fiber membranes. Science 345, 72-75 (2014).

6. Rangnekar, N., Mittal, N., Elyassi, B., Caro, J. & Tsapatsis, M. Zeolite
membranes - a review and comparison with MOFs. Chem. Soc. Rev. 44,
7128-7154 (2015).

7. Jeon, M. Y. et al. Ultra-selective high-flux membranes from directly
synthesized zeolite nanosheets. Nature 543, 690-694 (2017).

8. Peng, Y. et al. Metal-organic framework nanosheets as building blocks for
molecular sieving membranes. Science 346, 1356-1359 (2014).

9. Wang, X. et al. Reversed thermo-switchable molecular sieving membranes
composed of two-dimensional metal-organic nanosheets for gas separation.
Nat. Commun. 8, 14460 (2017).

10. Song, Q. et al. Porous organic cage thin films and molecular-sieving
membranes. Adv. Mater. 28, 2629-2637 (2016).

11. Carta, M. et al. An efficient polymer molecular sieve for membrane gas
separations. Science 339, 303-307 (2013).

12. Hasell, T. & Cooper, A. L. Porous organic cages: soluble, modular and
molecular pores. Nat. Rev. Mater. 1, 16053 (2016).

13. Holst, J. R, Trewin, A. & Cooper, A. I. Porous organic molecules. Nat. Chem.
2, 915-920 (2010).

14. Song, Q. et al. Photo-oxidative enhancement of polymeric molecular sieve
membranes. Nat. Commun. 4, 1918 (2013).

15. McKeown, N. B. & Budd, P. M. Polymers of intrinsic microporosity (PIMs):
organic materials for membrane separations, heterogeneous catalysis and
hydrogen storage. Chem. Soc. Rev. 35, 675-683 (2006).

16. Jimenez-Solomon, M. F., Song, Q., Jelfs, K. E., Munoz-Ibanez, M. &
Livingston, A. G. Polymer nanofilms with enhanced microporosity by
interfacial polymerization. Nat. Mater. 15, 760-767 (2016).

17. Rose, L et al. Polymer ultrapermeability from the inefficient packing of 2D
chains. Nat. Mater. 16, 932-937 (2017).

18. Song, Q. et al. Controlled thermal oxidative crosslinking of polymers of
intrinsic microporosity towards tunable molecular sieve membranes. Nat.
Commun. 5, 4813 (2014).

19. Cooper, A. 1. Conjugated microporous polymers. Adv. Mater. 21, 1291-1295
(2009).

20. Dawson, R., Cooper, A. I. & Adams, D. J. Nanoporous organic polymer
networks. Prog. Polym. Sci. 37, 530-563 (2012).

21. Xu, Y, Jin, S, Xu, H., Nagai, A. & Jiang, D. Conjugated microporous
polymers: design, synthesis and application. Chem. Soc. Rev. 42, 8012-8031,
(2013).

22. Jiang, J.-X. et al. Conjugated microporous poly(aryleneethynylene) networks.
Angew. Chem. Int. Ed. 46, 8574-8578 (2007).

23. Cheng, G., Hasell, T., Trewin, A., Adams, D. J. & Cooper, A. I. Soluble conjugated
microporous polymers. Angew. Chem. Int. Ed. 51, 12727-12731 (2012).

24. Gu, C. et al. Electrochemical route to fabricate film-like conjugated
microporous polymers and application for organic electronics. Adv. Mater. 25,
3443-3448 (2013).

25. Meng, H. et al. Solid-state synthesis of a conducting polythiophene via an
unprecedented heterocyclic coupling reaction. J. Am. Chem. Soc. 125,
15151-15162 (2003).

26. Liu, W. et al. A two-dimensional conjugated aromatic polymer via C-C
coupling reaction. Nat. Chem. 9, 563-570 (2017).

27. Schmidt, J., Werner, M. & Thomas, A. Conjugated microporous polymer
networks via yamamoto polymerization. Macromolecules 42, 4426-4429 (2009).

28. Liang, B. et al. Microporous membranes comprising conjugated polymers with
rigid backbones enable ultrafast organic-solvent nanofiltration. Nat. Chem. 10,
961-967 (2018).

29. Matsumoto, M. et al. Lewis-acid-catalyzed interfacial polymerization of
covalent organic framework films. Chem 4, 308-317 (2018).

30. Zhang, M. et al. Electropolymerization of molecular-sieving polythiophene
membranes for H2 separation. Angew. Chem. 131, 8860-8864 (2019).

31. Fan, H. et al. Covalent organic framework-covalent organic framework bilayer
membranes for highly selective gas separation. J. Am. Chem. Soc. 140,
10094-10098 (2018).

32. Gu, C. et al. n-Conjugated microporous polymer films: designed synthesis,
conducting properties, and photoenergy conversions. Angew. Chem. Int. Ed.
54, 13594-13598 (2015).

33. Nicolosi, V., Chhowalla, M., Kanatzidis, M. G., Strano, M. S. & Coleman, J. N.
Liquid exfoliation of layered. Mater. Sci. 340, 1226419 (2013).

34. Hernandez, Y. et al. High-yield production of graphene by liquid-phase
exfoliation of graphite. Nat. Nanotechnol. 3, 563-568 (2008).

35. Li, H. et al. Ultrathin, molecular-sieving graphene oxide membranes for
selective hydrogen separation. Science 342, 95-98 (2013).

36. Ding, L. et al. MXene molecular sieving membranes for highly efficient gas
separation. Nat. Commun. 9, 155 (2018).

37. Abbott, L. J., Hart, K. E. & Colina, C. M. Polymatic: a generalized simulated
polymerization algorithm for amorphous polymers. Theor. Chem. Acc. 132,
1334 (2013).

38. Ozcan, A, Perego, C,, Salvalaglio, M., Parrinello, M. & Yazaydin, O.
Concentration gradient driven molecular dynamics: a new method for
simulations of membrane permeation and separation. Chem. Sci. 8, 3858-3865
(2017).

Acknowledgements

K.P.L. acknowledges NRF-CRP grant “T'wo Dimensional Covalent Organic Framework:
Synthesis and Applications”. Grant number NRF-CRP16-2015-02, funded by National
Research Foundation, Prime Minister’s Office, Singapore. S.Z. and K.P.L. acknowledge
NUS Cross-Faculty Resarch Grant 2D Polymers for Membrane-based Molecular
Separation’ with grant number R-279-000-582-133, funded by National University of
Singapore. Y.Y. acknowledges Shandong Provincial Natural Science Foundation, China
(ZR2019MB023). We acknowledge Prof. Neal Tai-Shung Chung for sharing the use of
PALS and gas separation equipment, and thank W. Fu, Z.X. Chen, S.H. Choi, C.H. Yao,
H. Xiao, and H. Yan for helpful discussions.

Author contributions

K.P.L. and S.Z. supervised the project. W.L. conceived the ideal of CMT and synthesized
the materials. D.S.J., S.J, J.T.L., and S.Z. conducted the gas separation experiment. Y.G.Y.
and W.S.W. performed the theoretical calculations. J.L., K.L., and Y.P.L. helped with
Raman and PL. LH.P helped with the crystal file analysis. Y.B. and H.X. helped with
AFM. W.Y. helped to collect XPS spectra. W.L., S.Z., M.D.G., and K.P.L analyzed the
data and wrote the manuscript with contributions from all the authors.

Competing interests
The authors declare no competing interests.

| (2020)11:1633 | https://doi.org/10.1038/s41467-020-15503-6 | www.nature.com/naturecommunications 7


https://doi.org/10.5281/zenodo.3698962
https://doi.org/10.5281/zenodo.3698962
https://www.ccdc.cam.ac.uk/1909146
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15503-6.

Correspondence and requests for materials should be addressed to M.D.G., S.Z. or K.P.L.
Peer review information Nature Communications thanks the anonymous reviewers
for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

8 | (2020)11:1633 | https://doi.org/10.1038/s41467-020-15503-6 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-15503-6
https://doi.org/10.1038/s41467-020-15503-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	A solution-processable and ultra-permeable conjugated microporous thermoset for selective hydrogen separation
	Results
	Thermosetting polymerization
	Processability
	Porous structure
	Membrane fabrication
	Gas separation performance

	Discussion
	Methods
	Synthesis of 3-TBTBP
	Single crystal growth
	Synthesis of CMT
	Preparation of CMT membranes

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




