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Graphene-inspired porous polymer network
for ethane/ethylene separation andmethane
purification

Kelechi Festus1,2, Fuan Guo3, Saif Ullah 4, Sayan Maiti5, Ankit Mondal1,
Vladimir Bakhmutov1, Urme Podder1, Aishi Sikdar1,
Roknuzzaman Roknuzzaman 5, Hengyu Lin 1, Lei Fang1, Shengqian Ma 5,
Timo Thonhauser 4, HaoWang3, QingshengWang 2 & Hong-Cai Zhou 1

C2H4 and CH4 are essential for industrial applications. However, contamina-
tionwith other natural gases is a challenge to their utilization. Although several
sorbents have been investigated, their performance remains limited. This
study introduces graphene-inspired, PPN-20, a porous polymer network (PPN)
capable of separating C2H6/C2H4 and purifying CH4 from a C3H8/C2H6/CH4

mixture in a single step. The ultra-microporosity of PPN-20 enables pre-
ferential C-H···π interactions with C2H6 and C3H8. As a result, PPN-20 exhibits a
C2H6 and C3H8 uptake of 3.93mmol/g and 5.98mmol/g, respectively, at 298K
and 1 bar, representing the highest reported for any PPN. It achieves ideal
adsorbed solution theory (IAST) selectivities of 2.2 for C2H6/C2H4, 368.2 for
C2H6/CH4, 40.14 for C3H8/C2H6, and 294,336 for C3H8/CH4. This selectivity, to
the best of our knowledge, is the highest reported for any PPN in the case of
C2H6/C2H4 separation and for any sorbent in the cases of C2H6/CH4, C3H8/
C2H6, and C3H8/CH4 separation. Robustness tests, including breakthrough
experiments, IAST calculations, etc., demonstrate the reliability of PPN-20. Its
exceptional performance is attributed to precisely engineered pore sizes that
enhance the trapping of guest molecules. These results will pave the way for
the design of PPNs for short-chain hydrocarbon purification.

The demand to curb the rising effects of greenhouse gas emissions has
led to a very aggressive pursuit recently from government agencies
and industries in response to global warming1–3. Methane, the second
most abundant after carbon dioxide (CO2) and a more potent green-
house gas, has a global warming potential that is 21 times that of CO2,
but can also be used as a source of energy, making its capture and
storage a dual-purpose achievement by mitigating global warming
while providing an alternative energy source4. Ethylene, on the other
hand, is a vital feedstock for the production of polymer-based end

products or materials used across household items, automobiles, and
aviation facilities5–7. Industrially, many downstream product develop-
ment processes are energy-intensive, motivating the search for more
efficient alternatives. Purifying ethylene and methane from other
short-chain hydrocarbons is essential, as ethylene is widely used in
polymer manufacturing, while methane serves as an essential energy
resource to drive industrialization and curb global warming8–10. Cur-
rently, ethylene andmethane purification are predominantly achieved
through cryogenic distillation processes that are energy-intensive,
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highlighting the need for an alternative route11–14. Rising energy prices
render this strategy unfeasible for long-term commercial application
in industry, thereby driving the exploration of different kinds of sor-
bent materials for ethylene and methane purification.

Furthermore, the quest for alternative energy sources and solu-
tions to global warming has made methane crucial. However, the pri-
mary challenge in utilizing methane lies in its harvesting, capture, and
purification. Natural gases contain varying percentages of hydro-
carbons, which limits direct utilization and hence the need for further
purification steps15. Ethane and propane are among the major con-
taminants in natural gas andmust be effectively removed to boost the
purity of methane, since it cannot be used without their removal,
because they lead to explosion risk due to reduced ignition delay.

Ethane/ethylene separation through cryogenic distillation
remains critical in meeting the industrial demand for ethylene in the
production of several high-end polymer-based materials. This process
amounts to the consumption of about 800 PJ annually, which corre-
sponds to about 0.3% of global energy utilization13,16. Ethylene, a major
industrial feedstock, is notoriously produced through the energy-
intensive thermal cracking of hydrocarbons17,18. To reduce energy
footprint, the development of sorbents for the purification of ethylene
from ethane has drawn the attention of researchers. However, one of
themajor drawbacks in this direction is achieving the selective capture
of ethane over ethylene, whichwill enable a single-step purification19,20.
Several adsorbents have been reported in this regard, but many suffer
from weak selectivity for ethane/ethylene9,21,22 or poor ethane uptake
capability23,24 that limits their commercialization and industrial appli-
cation. The rational design of sorbents for this application requires the
consideration of the quadrupole moment of ethylene (1.50 × 10−26 esu
cm2) relative to ethane (0.65 × 10−26 esu cm2), polarizability difference
(ethylene: 42.52 × 10−25 cm3; ethane: 44.7 × 10−25 cm3), and the presence
of π electrons25. The design of an ethane-selective adsorbent requires
the pores to be nonpolar to boost the trapping of ethane guests in
the pores.

Sorbents such as Metal-Organic Frameworks (MOFs)19,26, Hydro-
gen Organic Framework (HOF)27, and Porous Organic Cage (POC)28

have been explored in the process to seek a solution to this problem.
However, PPNs remain relatively underexplored. PPNs are a group of
sorbent materials that have shown significant application in the cap-
ture and separationofgasmolecules29–32. PPNs have undergone several
modifications to achieve target goals such as carbon capture33 and
heavy metal recovery34 but their applications in methane purification
from alkanes, and ethane/ethylene separation have not been explored
as extensively as MOFs35,36. Fundamentally, PPNs are a class of porous
materials that are made from the polymerization of organic mono-
mers, resulting in voids suitable for the capture of gaseous molecules.
The tunability, stability, and robustness of these pores to fit the kinetic
diameters of target gases and their re-engineering through post-
synthetic modification make PPNs very exceptional. MOFs differ from
PPNs as a type of sorbentmaterialmade frommetal nodes and organic
linkers to grow porous crystalline moieties, whose downsides are the
high cost of starting materials, high reaction temperature, and low
chemical and thermal stability, which makes PPNs stand out37. Addi-
tionally, MOFs and COFs differ from PPNs because they are crystalline
materials formed due to the reversibility of their bonds, while PPNs
possess irreversible bonds and are therefore amorphous.

Herein, we design a robust PPN, PPN-20, featuring a graphene-
inspired structure with an effective pore size distribution, excellent
thermal and chemical stability, and facile reaction conditions
requirements for C2H6/C2H4 separation and CH4 purification from a
mixture of C3H8/C2H6/CH4. This is the first time, to the best of our
knowledge, thatPPNhasbeendeveloped for this kindof ultra-sensitive
two-fold application. PPN-20 exhibits the highest performance among
the PPNs reported for these applications. As a result, it will increase the
availability of ethylene and methane as key industrial feedstocks and

significantly reduce the energy footprint of industries. Importantly,
this studywill open the door for research into PPNs for efficient natural
gas separation.

Results and Discussion
Pore structure and morphology of PPN-20
To understand the morphology of the pores present in PPN-20
(Fig. 1a), small-angle X-ray scattering (SAXS) analysis was conducted.
Based on single-component gas adsorption, the pores of this sorbent
are ultra-microporous and microporous and, consequently, aid in the
high gas uptake and selectivity capability of PPN-20. This is corrobo-
rated by the radius of gyration (Rg) value (14 Å = 1.4 nm) derived from
the Guinier approximation of the SAXS result (Fig. 1b), which closely
matches the pore size distribution derived from the gas uptake
measurement.

Interestingly, the Porod approximation with a power law expo-
nent of 2.13 indicates that the pores are not smooth but have fractal
surfaces, possibly caused by the irregularity of the pore pattern
encountered during the polymerization process (Fig. 1c). This con-
clusion is supported by the power law coefficient being below 4 in the
highQ region because of the amorphous nature of the PPN-20, and the
inherent interpenetration that makes it difficult to know the exact
shape of the pores.

Framework structure and characterization
PPN-20 has porosity that is periodically surrounded by the six-
membered benzene rings and derived from the triple condensation
reactionof the acetyl groups of 1,3,5-triacetyl benzene (Supplementary
Figs. 1, 2). After the reaction, the resulting material adopts a graphene-
inspired hypercross-linked structure, which has quasi-periodic pores
that facilitate gas adsorption. The van der Waals density functional
(vdW-DF) level theoretical simulation results show a pore of 3.782 Å
(0.3782 nm) (which is ~5.7 Å (0.57 nm) without the hydrogen atoms, as
shown in Fig. 1a and a C–C bond length of 1.509Å in a completely
formed aromatic benzene ring and 1.409Å in an open ring (Fig. 2a).
The calculated C–H bond length is 1.08 Å (Fig. 2a). Additionally, the
side view indicates that the hydrogen atoms are pointing 0.8Å away
from the framework—so, the sheet has a tendency to buckle (Fig. 2b).
Specifically, the monomer was polymerized into a hyper-crosslinked
PPNmade up mainly of carbon and hydrogen as confirmed by Fourier
Transform Infrared Spectroscopy (FTIR) and Solid-state Nuclear
Magnetic Resonance (ss-NMR) (Supplementary Fig. 3a, 4b).

PPN-20 demonstrated high chemical stability when exposed to
water, acid, base, and various organic solvents for 24 hours, which
highlights its robustness forgas separation applications even in a harsh
chemical environment (Supplementary Fig. 3b, 3c). The C-H and O-H
vibrational stretching, which appeared centered at 2981 cm−1 and
3391 cm−1, respectively, are from the ethanol used to wash the sample.
The comparison of the 13C {1H} CP MAS NMR spectra of 1,3,5-triace-
tylbenzene (top) and PPN-20 (bottom) recorded at a spinning rate of
12 kHz was analyzed (Supplementary Fig. 4b). As seen, 1,3,5-triace-
tylbenzene shows the sharp resonances with δ(iso) of 200.0 and 197.5
ppm (C=O), 148.7, 134.7, 133.1, and 130.6 ppm (aromatic carbons) and
29.2 and 27.9 ppm (CH3). Furthermore, for PPN-20, which has a poly-
mer nature, all the resonances are reasonably broadened, experiencing
slight displacements: δ(iso) of 200.6 ppm (C=O), 142.5, 139.5, 131.4,
and 126.4 ppm (aromatic carbons) and 26.7 ppm (CH3).

Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM) reveal both the hypercross-linked morphology of
PPN-20 and the stacking of the various layers,whichobscure the direct
visualization of the individual pores present in the framework (Sup-
plementary Figs. 5, 6). The hypercross-linking substantially enhances
the thermal and chemical stability of the framework compared to the
starting monomer, ensuring that it can withstand both harsh thermal
and chemical conditions. To elucidate the chemical stability of PPN-20
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for potential industrial application, it was soaked in acid, base, water,
and organic solvents, but showed no sign of solubility as aforemen-
tioned. The thermal stability of PPN-20 is up to 360 °C, as seen from
thermogravimetric analysis (TGA) in Supplementary Fig. 7. Due to
the stacking and interpenetration of several layers of the framework,
the Powder X-ray Diffraction (PXRD) pattern shows no diffraction
peaks, confirming that PPN-20 is an amorphous solid (Supplemen-
tary Fig. 8).

Gas adsorption, selectivity, separation, and enthalpy of
adsorption
The pore-based properties of PPN-20 were studied extensively
through a single-component gas uptake measurement. The nitrogen
(N2) uptake and pore distribution measurement were conducted at
77 K and 1 bar to determine the surface area and pore-size distribution
(Fig. 3a). It was observed to have a permanent porosity with a pore
volume of 0.94 cm3/g, and a surface area of 1679m2/g (Supplementary

Fig. 2 |Minimal theoreticalmodel ofPPN-20.Top (a) and side views (b) of PPN-20
with the structural parameters calculated at the vdW-DF level. The blue region
(3.782 Å or 0.3782nm) in the framework shows the pore size and structure of PPN-
20, considering the influenceof the C-H bond length on the pore.While this kind of

pore size exists, bigger pores, as confirmed by the pore size distribution from N2

adsorption at 77K, are due to defects, random polymerization and monolayer
stacking, and interpenetration of the bonds. As seen in the figure, a (red),b (green),
and c (blue) vectors indicate the axes from which the monolayer can be viewed.

Fig. 1 | Structure and Pore Characterization of PPN-20. a Structure of PPN-20.
The blue benzene (or rings) is from the monomer (1,3,5-Triacetylbenzene), while
the light red rings are formed by the AIdol Triple Condensation reaction of the
monomers’ acetyl groups. b SAXS curve of PPN-20 fitted with Guinier approxima-
tion. c SAXS curve of PPN-20 fitted with the Porod approximation. The middle

region in (b) represents the Guinier approximation with a radius of gyration (14 Å =
1.4 nm), which shows that PPN-20 is microporous. The power-law exponent (c)
obtained from the Porod equation is 2.13, which demonstrates that PPN-20 has a
fractal surface. Source data are provided as a Source Data file.
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Table 1). The N2 Isotherm of PPN-20 has a type I adsorption isotherm
due to the presence of predominantly ultra-small pores. The pore size
distribution shows a sharp peak at 0.5 nm and other pores between
0.6 nm to 0.9 nm (Fig. 3b). The sharp peak at 0.5 nm indicates that
PPN-20 is not only microporous but also exhibits ultra-microporosity.
The sizes of these pores contributed immensely to the enhanced gas
uptake, selectivity, and the observed isosteric heat of adsorption (Qst)
(Fig. 3c, 3d).

Due to the absence of unsaturated bonds in C2H6, it is more
polarizable and has a larger kinetic diameter thanC2H4, which gives it a
preference for specific pores and inherently increases its selectivity in
PPN-20. PPN-20, to the best of our knowledge, has the highest selec-
tivity of C2H6/C2H4 ever reported for any PPN to date due to the pre-
sence of ultra-micropores. This factor also contributed to the higher
surface area that it has, even higher than any PPNmade using the facile
aldol triple condensation (ATC) reaction route reported by Fang et al38.
The presence of both ultra-microporous and microporous pores in
PPN-20 motivated the further investigation of its ability to adsorb
other gases such as methane, propane, ethane, and ethylene. To this
effect, the uptakeof thesegaseswas studied at 273 Kand298Kat 1 bar.
Impressively, PPN-20 showed 3.93mmol/g, 3.56mmol/g, 5.98mmol/g,
and 0.80mmol/g uptake for C2H6, C2H4, C3H8, and CH4, respectively,
at 298 K and 1 bar (Supplementary Figs. 9, 10, 14, 18, 22).

The IAST selectivity calculation was performed for various mix-
tures of gases. The selectivity of C3H8/CH4, C2H6/CH4, C3H8/C2H6, and
C2H6/C2H4 in a 50:50 (1:1) v/v mixture is 294,336.12, 368.16, 40.14, and
2.2, while the separation potential from the experimental single-
component gas adsorption is 5.18, 3.13, 2.05, and 0.37, respectively, at
298 K and 1 bar (Supplementary Figs. 10–25 and Supplementary
Table 2). The C2H6/C2H4 IAST selectivity of PPN-20 is significantly
higher than the state-of-the-art PAN-AN39 and surpasses all previously
reported sorbents for C3H8/CH4, C2H6/CH4, and C3H8/C2H6 (Supple-
mentary Table 3–6). Comparison of these performances with other

sorbents indicates that PPN-20 is superior in performance and is a
good candidate for industrial application or commercialization (Sup-
plementary Figs. 13, 17, 21, and 25). The Qst was also computed to
validate the selectivity. At zero coverage, C3H8, C2H6, C2H4, and CH4

had a Qst of 81.7 kJ/mol, 43.04 kJ/mol, 35.9 kJ/mol, and 16.25 kJ/mol
respectively, which decreased to 27.9 kJ/mol, 22.6 kJ/mol, 17.3 kJ/mol,
and 13.3 kJ/mol at 1 bar (Supplementary Figs. 26–30).

To validate the practical application of the IAST selectivity result
of PPN-20, breakthroughmeasurements were conducted at 298K and
1 bar for C2H6/C2H4 and C3H8/C2H6/CH4 mixtures since these condi-
tions replicate the industrial scenario. This experiment was conducted
for C2H6/C2H4 and C3H8/C2H6/CH4 in amixture ratio of 50:50 (v/v) and
30:30:40 (v/v/v), respectively (Fig. 4a, b). PPN-20 was packed in a
column, and as observed from the breakthrough curve, the C2H4

breaks before C2H6 after a significant time-lapse (Fig. 4a), which shows
that PPN-20 can purify a gasmixture of C2H6/C2H4 and produce a pure
outflow of C2H4 due to themolecular sieving effect of the sorbent. The
mass spectrometer connected to the breakthrough instrument
showed that C2H4 has more than 99% purity. It also demonstrated
efficiency in the separation of a ternary mixture of C3H8/C2H6/CH4,
where the methane gas breaks first, followed sequentially by C2H6 and
C3H8, attesting to the molecular sieving effect driving the perfor-
mance. The breakthrough pattern observed in the C3H8/C2H6/CH4

mixture is consistent with the kinetic diameter of each of the gases,
which enabled themolecule with the smallest size to break first before
the others. In the breakthrough experiment of C3H8/C2H6/CH4 (30/30/
40, v/v/v), the productivity for CH4 (purity > 99.5%) is 17.6 L kg−1, and
the dynamic adsorption capacities for C2H6 and C3H8 are 5.4 and
50.2 L kg−1, respectivelywhile in the breakthrough experiment of C2H4/
C2H6, (50:50, v/v) the productivity for C2H4 (99.5%) is 0.63 L kg

−1, and
the dynamic adsorption capacity for C2H6 is 21.4 L kg−1. The robustness
of PPN-20 was further investigated to ascertain its capacity through
five (5) breakthrough cycles of the binary (C2H6/C2H4) and ternary
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d Isosteric heat of adsorption of the short-chain hydrocarbons at 273 K, 298K, and
1 bar. Source data are provided as a Source Data file.
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(C3H8/C2H6/CH4) gas mixtures. The breakthrough curve after five (5)
cycles stayed consistent without any noticeable reduction or depre-
ciation in the efficiency of PPN-20 in both C2H6/C2H4 and C3H8/C2H6/
CH4. This observation elucidates the robustness of PPN-20 and its
potential for industrial application (Fig. 4c and 4d).

Binding mechanism, gas separation, and molecular
sieving effect
Thebindingmechanismwas investigatedusing thehelpof the electron
localization function (ELF), which reveals a strong covalent C–C bond
within the framework (Supplementary Fig. 31). To ascertain this, var-
ious theoretical bilayer stacking configurations were investigated to
elucidate how the pores are influenced by them (Supplementary
Figs. 32–34). Asmentioned above, the pores in the framework facilitate
the adsorption of small guest molecules. Since the exact structure is
not known, it was studied by exposing a simplified model, i.e., a local
geometry of a single sheet of the framework, to the C1–C3 hydro-
carbons CH4, C2H4, C2H6, and C3H8 and calculating their binding
energy. Two distinct binding sites were found for the guestmolecules:
one is on topof the pore region and the other at framework atoms (see
Supplementary Figs. 33 and 34). Our calculations suggest that the pore
sites are more favorable, and we refer to them as the primary binding
sites. The binding energies at this location at full loading are 0.382 eV,
0.336 eV, 0.290 eV, and 0.183 eV for C3H8, C2H6, C2H4, and CH4 (Sup-
plementary Table 7). The interaction with guest molecules is energe-
tically still preferable at the secondary binding site on top of
framework atoms (Supplementary Fig. 34); at that location, the bind-
ing energieswere found to be0.289 eV, 0.221 eV, 0.177 eV, and0.131 eV
(Supplementary Table 7). The reduction in binding energy at the sec-
ondary binding site is consistent with the increased separation of the
guest molecules from the framework (Supplementary Figs. 12, 16, 20,
and 24). Consistently, these calculations successfully reproduced the
binding trend observed in the experimental isotherm measure-
ments Fig. 5.

The binding mechanism was further analyzed for the various gas
molecules through induced charge densities, i.e., the charge rearran-
gement upon interaction with the framework, shown in Supplemen-
tary Figs. 35, 36. These induced charge densities show a stronger
interaction with the guest molecules at the primary sites compared to
secondary sites and follow the exact trend in binding strength. For
completeness and accuracy, the intercalation behavior of the largest
guest molecule studied—propane—within the graphene-inspired PPN-
20was also analyzed. Both the primary and secondary adsorption sites
exhibit favorable binding energies for propane. Notably, the results
obtained are consistent not only qualitatively but also quantitatively,
with bulk binding energies only ~10% lower than those of the mono-
layer. Propane adsorption induces a pronounced expansion of the
interlayer spacing relative to the original interlayer distance of 3.752Å.
This is because occupation of the primary binding site increases the
separation to6.471 Å, reflecting a substantial structural response to the
inclusion of the guestmolecule. An even greater expansion is observed
when propane resides at the secondary binding site, where the inter-
layer spacing reaches 7.115 Å. This larger displacement suggests that
the secondary site exerts a stronger perturbation on the host frame-
work, likely arising from distinct steric constraints and adsorption
geometries. Collectively, these findings demonstrate the high sensi-
tivity of the layered structure to molecular intercalation and highlight
the structural flexibility of PPN-20 that makes it suitable for the
adsorption and separation of these gases whose kinetic diameters are
within a close range (Supplementary Table 8).

Discussion
In summary,we reported a PPN-20 that possesses a combined inherent
capability to purify both a binary C2H6/C2H4 and a ternary CH4/C2H4/
C3H8gasmixture. Thiswas achieved through rational pore engineering
of the sorbent to adopt a molecular sieving effect to extrude gas
molecules based on their physical properties. PPN-20 is a hyper-cross-
linked polymer that has significantly high thermal and chemical
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stability, making it suitable for use in a harsh environment. It exhibits a
higher affinity for C2H6 and C3H8 due to their favorable fit within its
pore structures. The binding energy calculation is also consistent with
theobserved selectivity andQst results.Overall, PPN-20has thehighest
selectivity for C2H6 among all PPNs reported to date and C3H8 (useful
for methane purification) among all reported sorbents. Consequently,
these results will pave the way for the engineering of PPNs for natural
gas separation, a scarcely explored path. Efforts to explore its indus-
trial applications are underway. Although interpenetration during the
polymerization and different stacking patterns of the various layers
make it difficult to view the individual pores, PPN-20 remains a robust
graphene-inspiredmaterial for natural gas separation and purification.

Methods
Synthesis of PPN-20
Methane sulfonic acid was supplied by ThermoFisher Scientific, while
1,3,5-triacetylbenzene was purchased from TCI. All reagents were
analytical grade and used without further purification. 1,3,5-

triacetylbenzene (2.0 g, 0.979mmol) andmethane sulfonic acid (13ml,
200.3mmol) were added to a 50ml hydrothermal autoclave. Without
preheating to homogenize themixture, as reported by Fang et al38, the
vial was then transferred to an oven and heated at 120 °C for 24 hours.
After cooling to room temperature, water was added to quench the
reaction. The monolith was thoroughly washed with water and etha-
nol. Finally, the dark solid product was crushed and heated in a sand
bath to evaporate the solvents. The dried mass of the solid was 1.78 g
(~89% yield).

Sample characterization
The electron imaging of PPN-20 was done to study the morphology
and stacking of the various layers after the reaction. A combination of
Titan Themis3 300 S/TEM and FE-SEM: “(JSM7500, RRID: SCR_022202)
wasutilized for TEMandSEMstudies, respectively. FTIRof the PPNwas
performed using a Shimadzu IRAffinity-1 spectrometer. TGA was con-
ducted at a ramp rate of 5 °C/min under dynamic nitrogen flow over a
temperature range of 25–900 °C by a Mettler-Toledo TGA/DSC 1.

Fig. 5 | Preferred sites for gas adsorption. Optimized gas adsorption configura-
tions onmonolayer PPN-20. DFT-optimized structures showing (a) primary and (b)
secondary preferred binding sites of the light hydrocarbons in PPN-20. Black (red)

numbers in the “side view” indicate the closest distance from the carbon (hydro-
gen) atom of the adsorbed molecule to the sheet.
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PXRD was measured at room temperature with a Powder-ECO Bragg-
Brentano Theta/Theta diffractometer equipped with a Lynxeye
detector XT.

Small-angle X-ray scattering
Thenatureof the pore surfacewas studied using a SAXS (XenocsXeuss
3.0 system, France). Before the analysis, the powder sample was
packed into a 1mm thick washer with two faces covered with Capton
windows. The scattering pattern was obtained at room temperature. It
has a Dectris Eiger 2R 1M-pixel 2D detector and is equipped with a
GeniX 3D X-ray beam delivery system. The SAXS beam was from a
monochromatic Cu Kα (λ = 1.54) high-intensity X-ray beam. A sample-
to-detector distance of 900mm was maintained. The exposure time
was 20minutes and the 2D scattering patterns were acquired with a
line-eraser mode and then reduced into 1D plots after calibration with
LaB6 and silver behenate standards. Guinier and Porod laws equations
were used in fitting the SAXS data to determine the radius of gyration,
scattering vector, and scattering intensity40–42. The equations are given
as follows:
Guinier law:

I qð Þ= I 0ð Þ exp �q2R2
g

3

 !
ð1Þ

Porod law:

I qð Þ � q�4 ð2Þ

Where I(q) (unit: cm−1) is the scattering intensity, I(0) (unit: cm−1) is the
intensity when q =0 and is usually referred to as the forwarding
intensity, q (unit: Å−1) is the scattering vector, and Rg (unit: Å) is the
radius of gyration. The equation for the scattering vector is:

q=
4π
λ

sin θð Þ ð3Þ

Where λ (unit: Å) is the incident radiation wavelength and θ (unit:
degree) is the scattering angle. Note: The SASview 5.0.4 software was
used to process the data.

Solid-state NMR
The 13C {1H} MAS ss-NMR experiments were carried out with a Bruker
Avance-NEO ss-NMR spectrometer (400MHz for 1H nuclei) equipped
with a standard two-channel 4mm MAS probe head. The external
reference was C6D6 (128.6 ppm). The 13C {1H} CP MAS NMR spectra
were obtained at a spinning rate from8 to 12 kHzwith a standard cross-
polarization pulse sequence at 1H pulse of 2.5 μs 90°), CP contact time
of 4.0ms (power of 77.2W), and relaxation delays of 8 s. The standard
tppm15 pulse sequence has been used for high-power 1H decoupling.

Gas uptake measurement
The pore size and surface area were determined using the Micro-
meritics ASAP 2020 surface area and porosity analyzer. Ultra-high
purity (UHP) nitrogenwas used to determine the surface area and pore
size distribution at 77 K and 1 bar. The uptake of propane, ethane,
ethylene, and methane at 1 bar was also measured at 298K and 273 K,
respectively. Before this, the sample was degassed at 120 °C for
600minutes. The pore size distribution was determined using
MicroActive software (Micromeritics), assuming slit-poregeometry for
the analysis. The sample tubes were properly cleaned before use to
avoid contamination and interference with the measurement.

IAST selectivity
The selectivity of C3H8/CH4, C2H6/CH4, C3H8/C2H6, and C2H6/C2H4

(Supplementary Table 2) was calculated from the single-component

adsorption data measured at 298K. The adsorption data were fitted
with the Extended Langmuir equation below.

y=
a � b � p1�c

1 + b � p1�c
ð4Þ

Where y (mmol/g) is the amount of gas adsorbed on the surface per
gramof the sorbent,a (mmol/g) is themaximumadsorption capacity of
the sorbent. b (1/kPa) is the Langmuir constant. p refers to the nor-
malized pressure of the adsorbate gas. c represents a deviation from an
ideal homogeneous surface and is dimensionless. The plots of the fitted
parameters were used to calculate the selectivity of the gas mixtures
(Supplementary Figs. 11, 15, 19, 23). The IAST selectivity (Supplementary
Table 2) was calculated from the Myers and Prausnitz43 equation below
and the Extended Langmuir fitting parameters.

Sads =
q1=q2

p1=p2
ð5Þ

q1 and q2 are themole fractions of the adsorbed bulk phase at any
specific pressures (p1 and p2).

Binary gas separation potential
Separation potential can be calculated for PPN-20 since the single-
component adsorption has been experimentally collected, fitted, and
used to determine the IAST selectivity at 298 K and 1 bar necessary for
the computation44,45.
Using the experimental uptake:

Δqexp =q1 � q2 ð6Þ

Using the equimolar mixture:

Δq=q1 1� y1
y2S

� �
ð7Þ

or

Δq=q1 1� 1
S

� �
ð8Þ

S = IAST Selectivity. q1 = Amount of preferred gas molecules
adsorbed at a specific temperature and pressure. q2 = Amount of less
preferred gas molecules adsorbed at a specific temperature and
pressure. y1, y2 = Mole fraction of the gas molecules adsorbed.

Isosteric enthalpy of adsorption
The interaction between the surface of the sorbent and adsorbate
gases is represented by the Qst. The single-component adsorption was
measured at 273K and 298K and fitted with the Langmuir-Freundlich
equation below.

y=
a � b � pc

1 +b � pc
ð9Þ

Where y (mmol/g) is the adsorbed quantity. P (kPa) is the pressure. a
(mmol/g) is the adsorption capacity and b (1/kPac) are the strength of
the affinity between the adsorbate and the adsorbent. c represents a
deviation from an ideal homogeneous surface and is dimensionless.
Based on the fitting parameters, the Qst was determined from the
Clausius-Clapeyron equation given below:

∂ lnPð Þ
∂ 1=T
� � = � Qst

R
ð10Þ
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Where p is gas pressure, R is the universal gas constant, T is the tem-
perature of adsorption, and Qst is the enthalpy of adsorption (Sup-
plementary Fig. 30).

Structure simulation and binding energy
All ab initio calculations were performed with the help of the VASP
code46,47. The standard projector augmented wave (PAW) pseudopo-
tentials were used with a plane-wave basis set formalism. The kinetic
energy cutoff was set to 600 eV, and the Brillouin zone was sampled
with a Gamma-centered 5 ×5 x 1 k-point grid. To capture dispersion
forces accurately in layered systems, we used a fully non-local vdW-DF1
functional in all calculations48. The geometries were considered con-
verged when the forces on each atom were less than 0.005 eV/Å. The
energy convergence criterion for the SCF cycle was 10-6eV. The geo-
metries were first relaxed with a conjugate gradient (CG) algorithm
and later re-relaxed with a more robust Quasi-Newton (QN) optimizer.

Breakthrough experiment
Breakthrough tests were carried out in an auto mixed-gas break-
through apparatus (3P MIXSORB). The weight of all test samples
packed into the column (I.D. 6mm, volume 2mL) was approximately
0.5 g. The packed adsorbent was activated by heating to 120 °C for 5 h
under heliumflow (10mL/min). Themixed gases (C2H6/C2H4 (50/50, v/
v); C3H8/C2H6/CH4 (30/30/40, v/v/v)) at a flow rate of 2mL/min and a
helium gas at a flow rate of 6mL/min were switched to pass through
the adsorption bed. The outlet gas was analyzed by using a mass
spectrometer (MKS).

Data availability
All experimental and computational data supporting the findings of
this study are included in the published article, supplementary infor-
mation, and source data. Upon request, they can also be obtained from
the corresponding authors. Source data are provided with this paper.
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