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INTRODUCTION

Carbon dioxide (CO,) emissions are the main contributor to the critical rise in global temperatures' -,
primarily caused by the burning of fossil fuels, such as coal and gasoline'”’. Hydrogen (H,), when used as an
energy carrier, produces no CO, emissions upon combustion, whereas methane (CH,) emits significantly less
CO, than traditional fossil fuels, thereby potentially mitigating the greenhouse effect®. The main challenge
limiting the use of H, or CH, as energy lies in the storage methods. Currently, the predominant techniques
for storing combustible gases involve liquefaction and compression, both of which require costly storage
systems and high pressures (typically 250 bar for CH, and 700 bar for H,)""""?/. In contrast to alternative
approaches, porous materials with high specific surface areas and designable topological structure show
exceptional promise for H, and CH, storage>">**.

The pursuit of ultra-high porosity has always been the primary challenge in the design and synthesis of

21-27]

porous materials'*. Frameworks connected by robust covalent bonds' are stable and have been
demonstrated to be suitable for H, and CH, storage. Nevertheless, the covalently connected frameworks with
ultra-high specific surface area are still quite rare. Notably, diamond structure mimetic porous aromatic
framework PAF-1 achieves an ultrahigh Brunauer-Emmett-Teller (BET) surface area (5,600 m>-g") with
extraordinary chemical-thermal stability”®’. Subsequent frameworks with ultra-high porosity using
tetrahedron-related building blocks were also reported™*\. It is well known that the pore size, pore shape
and pore environment are related to the H, and CH, storage performance!"*****!. Therefore, developing
topology-guided novel building blocks is an effective way to synthesize porous materials with ultrahigh
porosity, which will provide new insights for gas storage.

The acs [(3,6)-connected net] and bcu (8-connected body-centered cubic net) topologies, constructed from
highly connected trigonal prismatic and cuboidal building blocks, are both edge-transitive topologies widely
used in the design of metal-organic frameworks (MOFs) and covalent organic frameworks (COFs)t*#),
Herein, we synthesized PAF-336 and PAF-337 targeting acs and bcu topologies using unprecedented HBPT
[2,3,6,7,14,15-hexa(4’'-bromophenyl)triptycene] and DMOBPP [6,13-dimethoxy-2,3,9,10,18,
19,24,25-octa(4’-bromophenyl)pentiptycene] as monomers through Yamamoto-type coupling
reaction [Schemes 1 and 2]. To be noted, PAF-336 presents an extremely high BET surface area of ~5,210 m*.g"
and a large pore volume of 3.5 cm™g", showing significantly high H, and CH, storage performance.

EXPERIMENTAL

Materials

The chemicals used in this study include: 2,3,6,7,14,15-hexabromotriptycene (HBT, Alfa, > 97%),
(4-(trimethylsilyl)phenyl)boronic acid (Macklin, 98%), N-chlorosuccinimide (NCS, Energy Chemical, 98%),
tris(dibenzylideneacetone)dipalladium(o) [Pd,(dba),, Energy Chemical, 98%], tri-tert-butylphosphine
tetrafluoroborate [HP(tBu),BF,, Energy Chemical, 98%], sodium dithionite [Na,S,0,, Energy Chemical,
analytical reagent (AR) grade, = 88.0%], tetra-chloro-1,4-benzoquinone (Energy Chemical, 97%), anthracene
(Innochem, 99%), iodomethane (Innochem, 99%), 18-Crown-6 (Macklin, 99%), p-benzoquinone (Macklin,
99%), 1,5-cyclooctadiene (COD, Innochem, 98%), bis(1,5-cyclooctadiene)nickel(0) [Ni(COD),, Laajoo, 97%],
2,2"-bipyridyl (Aldrich, 99%), N,N-dimethylformamide [DMF, Macklin, 99.8%, with molecular sieves, Water
< 50 parts per million (ppm)], and tetrahydrofuran (THF, Macklin, 99.5%, with molecular sieves, Water
<50 ppm). All of the reagents were available commercially and obtained with a high level of purity, obviating
the need for additional purification steps.
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Scheme 1. Synthesis route of HBPT. HBPT: 2,3,6,7,14,15-Hexa(4’-bromophenytriptycene; HBT: 2,3,6,7,14,15-hexabromotriptycene; HTPT:
2,3,6,7,14,15-hexa(4’-(trimethylsilyl)phenyDtriptycene; NCS: N-chlorosuccinimide.
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Scheme 2. Synthesis route of DMOBPP. DMOBPP: 6,13-Dimethoxy-2,3,9,10,18,19,24,25-octa(4’-bromophenyl)pentiptycene; DMOBP:
6,13-dimethoxy-2,3,9,10,18,19,24,25-octabromopentiptycene; DMOTPP: 6,13-dimethoxy-2,3,9,10,18,19,24,25-octa
(4'-(trimethylsilyl)phenypentiptycene; NCS: N-chlorosuccinimide.

Synthesis method

Synthesis of HBPT

Synthesis of 2,3,6,7,14,15-hexa(4'-(trimethylsilyl)phenyl)triptycene (HTPT)

A combination of HBT (250 mg, 0.34 mmol) and (4-(trimethylsilyl)phenyl)boronic acid (1.00 g, 5.2 mmol)
was added to a mixed solvent of anhydrous THF (7 mL) and degassed 1 M aqueous (aq.) K,CO,-solution
(8 mL). The solution was deoxygenated three times by a freeze-pump-thaw procedure. Under Ar
atmosphere, Pd,(dba), (37.8 mg, 0.0413 mmol) and HP(tBu),BF, (29.9 mg, 0.103 mmol) were added quickly,
and the mixture was heated at 80 °C with magnetic stirring at 500 rpm for 22 h. After cooling to room
temperature, the reaction mixture was diluted with ethyl acetate (20 mL) and the phases were separated. The
organic layer was subsequently washed with saturated NH,Cl aq. solution, water, and brine. After drying
over anhydrous magnesium sulfate (MgSO,), the solution was evaporated under reduced pressure, affording
the crude product as a primrose yellow solid. After dispersing in methanol, sonication and filtration, the
product was washed with MeOH and dried at 80 °C to give HTPT
[2,3,6,7,14,15-hexa(4'-(trimethylsilyl)phenyl)triptycene] as a white powder (340 mg, 90% yield). The 'H
nuclear magnetic resonance (NMR) and ”C NMR (deuterated chloroform, CDCL,) spectra were shown in
Supplementary Figures 1 and 2. '"H NMR (500 MHz, CDCl,) 5 (ppm): 7.51 (s, 6 H), 7.31 (d, 12 H), 7.06 (d,
12 H), 5.80 (s, 2 H), 0.21 (s, 27 H). "CNMR (126 MHz, CDCl,) (ppm): 144.27, 141.96, 138.16, 137.86, 132.95,
129.40, 126.30, 53.35, -0.95.
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Synthesis of HBPT

A mixture of HTPT (200 mg, 0.18 mmol) and potassium bromide (KBr, 226 mg, 1.90 mmol) was dissolved in
a mixed solvent of CH,COOH (30 mL) and CH,OH (4 mL). The solution was heated at 60 °C for 40 min,
followed by the addition of NCS (202 mg, 1.50 mmol), after which stirring at 500 rpm was continued for
24 h. After cooling to room temperature, 200 mL of H,O and 100 mL of dichloromethane (CH,Cl,) were
added. The organic phase was separated, washed successively with 3 M HCl, aq. NH,, and water, and dried
over anhydrous MgSO,. After solvent removal, the crude product was washed extensively with n-hexane and
methanol to afford the pure product as a white powder (177 mg, 83% yield). The 'H NMR and "C NMR
(CDCl,) spectra were shown in Supplementary Figures 3 and 4. The molecular weight was measured as
1,183.8 g-mol" by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry [Supplementary
Figure 5], consistent with the calculated value. "H NMR (500 MHz, CDCI,) § (ppm): 7.49 (s, 6 H), 7.32 (d,
12 H), 6.92 (d, 12 H), 5.64 (s, 2 H). "C NMR (126 MHz, CDCL) (ppm): 144.42, 139.97, 136.79, 131.59, 131.44,
126.19, 121.19, 53.12.

Synthesis of DMOBPP

Synthesis of Compound 1

A mixture of anthracene (3.02 g, 17 mmol), p-benzoquinone (919 mg, 8.5 mmol) and
tetra-chloro-1,4-benzoquinone (4.18 g, 17 mmol) was dissolved in glacial acetic acid (AcOH, 250 mL) and
refluxed at 120 °C with magnetic stirring at 500 rpm for 24 h. After cooling to room temperature, the
resulting precipitate was collected by filtration. The residue was washed several times with diethyl ether and
dried under reduced pressure at room temperature to afford Compound 1 as a yellow solid (3.5 g, 90%
yield). The structure was confirmed using 'H NMR (500 MHz, CDCIl,, Supplementary Figure 6). 'H NMR 3§
(ppm): 7.35 (d, 8 H), 6.96 (d, 8 H), 5.76 (s, 4 H).

Synthesis of Compound 2

Compound 1 (414 mg, 0.90 mmol) and sodium bicarbonate (1.00 g, 12.0 mmol) were dissolved in anhydrous
DMEF (9 mL), followed by the addition of Na,S,0, (1.00 g, 6 mmol). The mixture was stirred at 500 rpm and
100 °C for 16 h. After cooling, the reaction mixture was poured into water (50 mL). The resulting white
precipitate, Compound 2, was collected by filtration, washed three times with water, and dried under
vacuum at 80 °C for 24 h (400 mg, 96% yield). The structure was confirmed by 'H NMR (500 MHz, CDCIl,,
Supplementary Figure 7). '"H NMR § (ppm): 8.01 (s, 2 H), 7.31 (dd, 8 H), 6.91 (dd, 8 H), 5.66 (s, 4 H).

Synthesis of Compound 3

A mixture of Compound 2 (790 mg, 1.70 mmol), freshly dehydrated K,CO, (1.20 g, 8.70 mmol) and
18-crown-6 (5 mg) was suspended in anhydrous acetone (75 mL), followed by the addition of iodomethane
(1.1 mL, 18 mmol). The mixture was stirred at 500 rpm and 70 °C for 14 h and then concentrated under
reduced pressure using a rotary evaporator. The resulting residue was dissolved in chloroform (CHCL,) and
washed with saturated brine. The organic layer was dried over anhydrous MgSO,, filtered, and concentrated
under vacuum. The crude material was purified by column chromatography (gradient elution: 25% to 50%
CH,Cl, in hexanes) and dried under vacuum at 60 °C for 24 h to afford Compound 3 as a white powder
(670 mg, 80% yield). The '"H NMR spectrum (CDCL,) is shown in Supplementary Figure 8. '"H NMR
(500 MHz, CDCl,) & (ppm): 7.32 (dd, 8 H), 6.93 (dd, 8 H), 5.67 (s, 4 H), 3.88 (s, 6 H).

Synthesis of 6,13-dimethoxy-2,3,9,10,18,19,24,25-octabromopentiptycene (DMOBP)
Compound 3 (490 mg, 1 mmol) and a catalytic amount of iron filings (50 mg) were added in anhydrous
CH,CI, (56 mL) in a flame-dried 100 mL Schlenk flask. The reaction flask was deoxygenated via three

freeze-pump-thaw cycles. After stirring at 500 rpm for 5 min to ensure the complete dissolution of


https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf

Cui et al. Chem. Synth. 2026, 6, 29 Page 5 of 15

Compound 3, bromine (Br,, 0.44 mL, 8.4 mmol) was added. The flask was then subjected to one cycle of
evacuation and nitrogen backfilling. After refluxing at 60 °C for 2 h, the reaction mixture was cooled and
slowly added into ethanol (40 mL). The resulting yellow precipitate was collected by filtration and purified by
recrystallization from a mixture of CHCI, and ethanol to afford DMOBP (867 mg, 78% yield). The 'H NMR
spectrum (CDCL,) is shown in Supplementary Figure 9. "H NMR (500 MHz, CDCl,) & (ppm): 7.58 (s, 8 H),
5.54 (s, 4 H), 3.86 (s, 6 H).

Synthesis of 6,13-dimethoxy-2,3,9,10,18,19,24,25-octa(4'-(trimethylsilyl)phenyl) pentiptycene (DMOTPP)

A mixture of 6,13-dimethoxy-2,3,9,10,18,19,24,25-octabromopentiptycene (DMOBP, 200 mg, 0.180 mmol)
and (4-(trimethylsilyl)phenyl)boronic acid (1.38 g, 7.13 mmol) was dissolved in a mixture of anhydrous THF
(18 mL) and degassed 1 M aq. K,CO,-solution (24 mL). The resulting mixture was deoxygenated via three
freeze-pump-thaw cycles. Under Ar atmosphere, Pd,(dba), (52.2 mg, 0.057 mmol) and HP(tBu),BF,
(41.3 mg, 0.14 mmol) were added rapidly, and the mixture was heated at 80 °C with magnetic stirring at
500 rpm for 24 h. After cooling to room temperature, the mixture was extracted with ethyl acetate (50 mL).
The organic layer was washed with saturated aq. NH,Cl, H,O and brine, then dried by anhydrous MgSO,.
After removal of the solvent under reduced pressure, the residue was purified by washing with a large
amount of methanol and dried under vacuum at 60 °C for 24 h to afford DMOTPP as a yellow precipitate
(214 mg, 71% yield). The structure was confirmed with '"H NMR (CDCl,, Supplementary Figure 10). "H NMR
(500 MHz, CDCL,) § (ppm): 7.46 (s, 8 H), 7.29 (d, 16 H), 7.01 (d, 16 H), 5.84 (s, 4 H), 3.93 (s, 6 H), 0.21 (s,
72 H).

Synthesis of DMOBPP

A mixture of 6,13-dimethoxy-2,3,9,10,18,19,24,25-octa(4'-(trimethylsilyl) phenyl)pentiptycene (DMOTPP,
200 mg, 0.12 mmol) and KBr (307 mg, 2.58 mmol) was dissolved in a solvent mixture of CH,COOH (45 mL)
and CH,OH (6 mL). the solution was heated at 60 °C with magnetic stirring at 500 rpm for 40 min, followed
by the addition of NCS (275.8 mg, 2.07 mmol) in one portion. The resulting mixture was stirred at the same
temperature for 24 h. After cooling to room temperature, the reaction was quenched with H,0 (200 mL) and
extracted with CH,Cl, (100 mL). The organic phase was separated, washed sequentially with 3 mol/L HCI, aq.
NH, and H,O, and then dried with anhydrous MgSO,. After removal of the solvent under reduced pressure,
the crude product was purified by washing with copious amounts of n-hexane and methanol to afford
DMOBPP as a yellow powder (176 mg, 85% yield). The '"H NMR and *C NMR (CDCl,) spectra were
provided in Supplementary Figures 11 and 12. The molecular weight was measured as 1,729.7 g-mol™ by
MALDI mass spectrometry [Supplementary Figure 13], consistent with the calculated value. 'H NMR
(500 MHz, CDCL,) § (ppm): 7.42 (s, 8 H), 7.30 (d, 16 H), 6.86 (d, 16 H), 5.86 (s, 4 H), 3.95 (s, 6 H). "C NMR
(126 MHz, CDCIl,) (ppm): 147.60, 144.99, 140.13, 136.94, 136.64, 131.81, 131.66, 126.25, 121.44, 63.68, 47.94.

Synthesis of PAF-336 and PAF-337

Ni(COD), (1.96 mmol, 538 mg), 2,2"-bipyridyl (1.96 mmol, 306 mg), and COD (2.04 mmol, 0.251 mL) were
successively added to dehydrated DMF (20 mL) under a nitrogen atmosphere. The mixture was heated at
80 °C with magnetic stirring at 500 rpm for 1 h to form the catalyst complex, followed by the dropwise
addition of a solution of HBPT (300 mg, 0.253 mmol) in dehydrated DMF (10 mL). After stirring at 80 °C for
72 h, the reaction mixture was cooled to room temperature and treated with 6 M HCI (30 mL) for 3 h to
remove the nickel species. The resulting solid was collected by filtration and washed with water, methanol,
and THF. The white precipitate was dried under vacuum at 120 °C to afford PAF-336 (165 mg, 92% yield).
PAF-337 (185 mg, 91% yield) was prepared following the same procedure, replacing HBPT (300 mg) with
DMOBPP (324 mg).
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Scheme 3. Topology-guided structural design and simulations of (A) PAF-336 and (B) PAF-337. HBPT:
2,3,6,7,14,15-Hexa(4'-bromophenyDtriptycene; DMOBPP: 6,13-dimethoxy-2,3,9,10,18,19,24,25-octa(4’-bromophenyl)pentiptycene.

Characterizations
The manufacturer, model, and country of origin of the experimental instruments have been provided in the
Supplementary Materials.

RESULTS AND DISCUSSION

Simulation and characterization of PAFs

Computational modeling can be employed to predict pore aperture and evaluate the structural feasibility of
porous materials. Therefore, the anticipatory frameworks for PAF-336 (based on acs topology) and PAF-337
(based on bcu topology) were constructed and validated using Material Studio software [Scheme 3].
Computational simulations revealed distinct pore volumes and pore geometries between the two topological
frameworks. PAF-336 exhibited a pore volume of 3.5 cm®g™" and featured hexagonal pores approximately
2.2 nm in size. In contrast, PAF-337 had a lower pore volume (2.2 cm’.g*) and contained elongated
hexagonal pores measuring approximately 2.4 nm x 1.2 nm. Guided by the simulated structure, two
bromine-terminated monomers (HBPT and DMOBPP) were strategically designed and synthesized.
Notably, the synthesis of monomer DMOBPP involves multiple steps compared to the relatively
straightforward synthesis of HBPT, which may pose challenges for the large-scale production and practical
application of PAF-337. These monomers served as building blocks for the subsequent preparation of
PAF-336 and PAF-337 via Yamamoto-type cross-coupling reaction.

Initially, the monomers of HBPT and DMOBPP were successfully synthesized and structurally characterized
[Schemes 1 and 2]. Their chemical identity and purity were rigorously confirmed through '"H NMR and "C
NMR spectroscopy [Supplementary Figures 1-4 and Supplementary Figures 6-12], followed by definitive
validation via MALDI mass spectrometry [Supplementary Figures 5 and 13]. The completion of the reaction
between the monomers was monitored using Fourier transform-infrared (FT-IR) spectroscopy. As shown in
Figure 1A and B [Supplementary Figures 14 and 15], the C-Br peak at 1,070 cm™ disappeared after the
reaction, signaling the successful synthesis of PAF-336 and PAF-337 via a C-C coupling reaction*.
High-resolution X-ray photoelectron spectroscopy (XPS) analysis of the monomers and resulting PAF-336
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Figure 1. (A) FT-IR spectra of PAF-336 and HBPT; (B) FT-IR spectra of PAF-337 and DMOBPP; (C) Solid-state *C CP-MAS and 2D 'H-"*C
HETCOR NMR of PAF-336; (D) Solid-state *C CP-MAS NMR of PAF-337; (E) N, adsorption isotherms of PAF-336 and PAF-337. FT-IR:
Fourier transform-infrared; HBPT: 2,3,6,7,14,15-hexa(4’ -bromophenyl ) triptycene; DMOBPP: 6,13-dimethoxy-2,3,9,10,18,19,24,25-
octa(4'-bromophenyl)pentiptycene; CP-MAS: cross-polarization magic-angle spinning; HETCOR: heteronuclear correlation
spectroscopy; NMR: nuclear magnetic resonance.

and PAF-337 revealed a distinct Br 3d peak in the monomers [Supplementary Figure 16], which disappeared
after Ullmann coupling. This absence confirms the bromine removal during polymerization. The chemical
structure of PAF-336 and PAF-337 was studied through the solid-state ’C cross-polarization magic-angle
spinning (CP-MAS) and 2D 'H-"C heteronuclear correlation spectroscopy (HETCOR) NMR. The solid-state
”C NMR spectra of both PAFs [Figure 1C and D] show two types of carbon atoms: aromatic (125-145 ppm)
and aliphatic (54 ppm for PAF-336; 48 and 60 ppm for PAF-337) carbon. Specifically, the 2D 'H-"C
HETCOR NMR spectrum of PAF-336 shows different hydrogen atoms at 5.7 and 7.7 ppm, which reveal
correlations with the aliphatic carbon atoms and aromatic carbon atoms. Strong correlations are exhibited as
blue-, orange-, and red-labeled carbon, suggesting the direct bonding of hydrogen with tertiary carbon and
aromatic carbon in the structure of PAF-336. The weak correlations of nonprotonated aromatic carbon
atoms with hydrogen reveal long-distance contact. Combined analysis of FT-IR and solid-state NMR
unequivocally confirmed the successful synthesis of both PAFs. Thermogravimetric analysis (TGA) under an
air atmosphere revealed that PAF-336 exhibited higher thermal stability than PAF-337, with initial
decomposition temperatures of ~400 and ~350 °C, respectively [Supplementary Figure 17]. Scanning
electron microscopy (SEM) images revealed spherical PAF-336 and PAF-337 particles with sizes of
200-300 nm [Supplementary Figures 18 and 19]. Powder X-ray diffraction (PXRD) analysis confirmed the
amorphous nature of both PAF-336 and PAF-337 [Supplementary Figure 20], consistent with previously
reported PAFs™; this was further supported by transmission electron microscopy (TEM) images showing
an absence of lattice fringes [Supplementary Figures 21 and 22].

As shown in Figure 1E, the nitrogen physisorption isotherms at 77 K reveal that both PAF-336 and PAF-337
exhibit Type I behavior according to the International Union of Pure and Applied Chemistry (IUPAC)
classification. The BET surface areas were calculated to be ~5,210 and ~3,430 m*g"', respectively. The lower
surface area of PAF-337 relative to PAF-336 is likely attributed to the higher molecular weight of the
DMOBPP monomer compared to HBPT, which increases framework density. Additionally, the bcu topology
involves denser packing of its constituent units, reducing internal voids and accessible surface area, thus
lowering specific surface area. Conversely, the acs topology typically features a more open arrangement,


https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/221b33d14987cbd3f6daef9d0d245911/1773298677/cs5091-SupplementaryMaterials.pdf

Page 8 of 15 Cui et al. Chem. Synth. 2026, 6, 29

promoting greater porosity and surface accessibility and thereby enhancing specific surface area*. To
confirm the reproducibility of PAF-336 synthesis, two independent batches showed nearly identical BET
surface areas (~5,210 and ~5,180 m*-g!, Supplementary Figure 23), demonstrating excellent synthetic
consistency. Considering the scope of practical applications, PAF-336 must be compressed into gas storage
tanks to minimize its volume. Therefore, we measured the nitrogen adsorption isotherms of PAF-336 after
compression under a pressure of 10 MPa. As shown in Supplementary Figure 24, the BET surface area
(5,140 m>-g") remains largely unchanged even in the compacted state, indicating that the porous structure is
well preserved under high pressure.

The pore size distribution analysis of PAF-336 and PAF-337 - derived from quenched solid density
functional theory (QSDFT) calculations employing a cylindrical pore approximation - exhibited a
pronounced peak centered at approximately 2.4 and 2.1 nm, respectively [Supplementary Figure 25].
Quantitative analysis of nitrogen physisorption data at a relative pressure (P/P,) of 0.95 revealed total pore
volumes of 3.5 cm™g" for PAF-336 and 2.5 cm™g" for PAF-337. The experimentally calculated pore volume
and pore size closely align with the theoretical predictions, with the exception of a slightly larger calculated
pore size for PAF-337, which is likely attributable to framework flexibility. This demonstrates that
computational simulations are a powerful tool for guiding the fabrication of highly porous polymers.
Furthermore, the porosity of both PAFs was compared to other previously reported porous materials,
including PAFs, COFs, hyper-cross-linked polymers (HCPs), and hydrogen-bonded organic frameworks
(HOFs) [Supplementary Figure 26 and Supplementary Table 1]. Remarkably, the total pore volume of
PAF-336 exceeds that of many porous materials with the same specific surface area. This significant
observation is attributed to the unique pore structure of PAF-336. The BET surface area (derived from N,
uptake at P/P, < 0.2) and the total pore volume (measured at P/P, = 0.95) are related yet distinct physical
properties. The high pore volume at a comparable surface area indicates a significant portion of larger pores,
likely originating from the framework’s intrinsic architecture and potential defects, which contribute more to
volume than to surface area. These features - substantial pore volume together with high specific surface
area - constitute critical parameters that significantly influence adsorption capacity and storage efficiency in
gas storage applications?***\. This structural characteristic improves the adsorption capacity of porous
materials by increasing adsorption sites and providing sufficient space. Furthermore, the chemical stability of
PAF-336 was systematically assessed under harsh conditions, including exposure to 6 M concentrated HCI
and 6 M NaOH for 72 h [Supplementary Figure 27]. The BET surface areas of the acid-treated and
base-treated PAF-336 were 5,050 and 5,080 m’-g", respectively, corresponding to 97% and 98% retention of
the pristine material’s porosity. These results demonstrate the excellent physicochemical stability of PAF-33s,
indicating its suitability for long-term practical gas storage applications.

Hydrogen storage of PAF-336

Building on the analysis of pore architectures and H, storage performance criteria®’, PAF-336 emerges as a
highly competitive candidate for H, storage applications, owing to its exceptionally high specific surface area,
structural robustness, and facile synthetic route. In contrast, PAF-337 exhibits inherent synthetic limitations
characterized by multistep synthesis, which impose potential challenges for practical application. Therefore,
PAF-336 was selected for subsequent property investigation. High-pressure hydrogen adsorption
measurements were conducted on PAF-336 at 77, 195, and 298 K to evaluate its H, storage performance. The
total adsorption capacity and heat of adsorption were calculated according to the calculation methods section
in the supporting information. The excess and total H, uptake values, as shown in Figure 2A, Supplementary
Figure 28 and 29, reveal a total capacity of 14.7 wt% (35 g-L") at 77 K and 100 bar, placing PAF-336 among
the top-performing materials [Figure 2B]. Upon increasing the pressure to 185 bar at 77 K, the uptake
reaches 19.0 wt%. This exceptional performance is attributed to the material’s high specific surface area and
large pore volume. Gravimetric and volumetric capacity are key metrics for vehicle applications, yet
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Figure 2. (A) Gravimetric hydrogen capacity of PAF-336 at various temperatures; (B) Comparison of gravimetric hydrogen capacity with
several high-performing adsorbents [Supplementary Table 2]. PAF-3362 used the data tested at 185 bar, while PAF-336 used the data
tested at 100 bar; (C) Comparison of gravimetric delivery capacities of hydrogen under PSA conditions (100 — 5 bar, 77 K)
[Supplementary Table 2]; (D) The hydrogen Q. for PAF-336. PSA: Pressure-swing adsorption.

balancing them is difficult. Materials with high volumetric capacity often have low gravimetric capacity due
to density-volume trade-offs™*”. As shown in Supplementary Table 2 and literature””, MOFs exceed 40 g-L"
in volumetric capacity but face stability issues and lower gravimetric performance compared to porous
organic polymers. Importantly, our material approaches the U.S. Department of Energy (DOE) volumetric
target while maintaining high gravimetric capacity, achieving a balanced adsorption performance that
directly contributes to vehicle lightweighting and reduced energy consumption®.

The delivery capacity of H, storage materials is crucial for practical applications. In light-duty fuel cell
vehicles, the minimum pressure needed to source hydrogen to the fuel cell module is 5 bar**!. Therefore, we
evaluated the hydrogen delivery capacity of PAF-336 by measuring its storage performance under 100 and 5
bar conditions [Supplementary Figure 30]. The delivery capacity under pressure-swing adsorption (PSA)
conditions (100 — 5 bar, 77 K) was determined to be 11.6 wt% for PAF-336, ranking among the top reported
porous materials and surpassed only by carbon-based PAF (C-PAF", 12.9 wt%) and silicon-based PAF
(Si-PAF™, 13.3 wt%) in gravimetric delivery capacity [Figure 2C]. For a more realistic approximation of
practical conditions, the volumetric and deliverable capacities of PAF-336 were determined based on its
tapped density to be 28.2 g-L* (77 K, 100 bar) and 22.3 g-L* (100 — 5 bar, 77 K), respectively
[Supplementary Figure 31]. To further improve the hydrogen delivery capacity, a tank design for cryogenic
condition H, storage has been proposed by the U.S. DOE center!**. In this design, hydrogen adsorption
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occurs at 77 K and 100 bar, while desorption occurs at a higher temperature and 5 bar. The delivery capacity
under pressure-temperature swing adsorption (PTSA) conditions (77 K, 100 bar — 195 K, 5 bar) was
determined to be 14.4 wt% for PAF-336 [Supplementary Figure 30].

The heat of adsorption is crucial for hydrogen adsorption and desorption because excessively high
adsorption heat can be detrimental to hydrogen desorption'*’. The isosteric enthalpy of adsorption (Q,) for
hydrogen of PAF-336 was calculated using a virial equation to be -4.0 k]-mol™* at low pressure
[Supplementary Figure 32 and Figure 2D], reaching the “optimal” value of -4.0 kJ-mol"' for cryogenic
condition H, storage”®™’. PAF-336 releases less heat during hydrogen adsorption than other porous materials,
indicating that it can adsorb and release hydrogen gas faster and more smoothly without significant heat
exchange.

Methane storage of PAF-336
Methane has become an important transitional fuel for achieving carbon offset energy systems due to its

13,51

large reserves, low cost, and low carbon-to-hydrogen (C/H) ratio"**'!. However, storage tanks and
multi-stage compression are still the majority of CH, storage technology at present, which is very
energy-consuming and unsafe. Porous materials with ultra-high specific surface area provide new strategies
for efficient and safe storage of methane. Here, high-pressure methane adsorption was tested to evaluate the
adsorption capacity of PAF-336 [Figure 3A, Supplementary Figures 33 and 34]. At 100 bar, the total CH,
uptake of PAF-336 was determined to be 0.536 g-g"' (180 cm™cm™) at 298 K and 0.612 g-g” (206 cm’cm™) at
273 K, respectively. It is worth noting that the gravimetric adsorption capacity of PAF-336 at 100 bar exceeds
the DOE target value (0.5 g-g"') at room temperature’*’. Compared to the state-of-the-art materials in
previous reports [Figure 3B], the adsorption capacity of PAF-336 is higher than most porous materials, only
slightly lower than that of PAF-333* (0.537 g-g™*) and NU-1501-Al"" (0.540 g-g"'). Moreover, PAF-336
maintained the high BET surface area (5,030 m*g") after high-pressure methane adsorption and desorption
tests [Supplementary Figure 35], confirming its stability in the CH, storage process.

The delivery capacity and storage capacity of methane determine the actual driving distance of adsorbed
natural gas (ANG) vehicles, as the minimum inlet pressure of the engine requires 5 bar!"*). As shown in
Figure 3C, the delivery capacity (100 — 5 bar) calculated for PAF-336 was 0.50 g-g"* at 298 K, ranking among
the top-performing reported porous organic materials, level with NU-1501-Al""). For a more realistic
approximation of practical conditions, the volumetric and deliverable capacities of PAF-336 were
determined based on its tapped density to be 103 g-L' (298 K, 100 bar) and 96 g-L"' (100 — 5 bar, 298 K),
respectively [Supplementary Figure 36]. Moreover, the deliverable methane capacity of PAF-336 was
evaluated at 298 K between 5 and 80 bar. As shown in Supplementary Table 3, PAF-336 exhibits a high
deliverable capacity of 0.42 g-g"' under these conditions. Although slightly lower than that of NU-1501-Al
(0.44 g-g™") under similar conditions, this value remains highly competitive among advanced porous
materials, demonstrating the promising potential of PAF-336 for CH, storage applications. Cyclical stability
is crucial for industrial CH, storage applications. The material demonstrates robust performance, as
evidenced by CH, capacity over three adsorption-desorption cycles [Supplementary Figure 37]. To further
investigate the methane-adsorbent interactions, the Q_ was calculated from adsorption isotherms of methane
measured at 273 and 298 K, employing the virial equation [Supplementary Figure 38]. Figure 3D shows that
PAF-336 has alow Q, value (10.2 kJ-mol") at minimal loading, lower than most benchmark porous materials
under similar conditions, which will reduce the CH, uptake at low pressure (5 bar)""****?, As evidenced by
the preceding investigation, the superior working capacity of PAF-336 arises from the synergistic interplay
between its high pore volume and low adsorption heat. High pore volume enhances methane adsorption
capacity by providing ample storage space'”**), while low adsorption heat facilitates rapid desorption by
overcoming the small energy barrier"®.
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Figure 3. (A) The total methane capacity of PAF-336 at 298 and 273 K; (B) Comparison of the total methane capacity and BET surface
areas with previously reported highly porous materials [Supplementary Table 3]; (C) Comparison of the gravimetric delivery capacity of
methane with some of the high performing adsorbents (100 — 5 bar, 298 K, Supplementary Table 3); (D) The methane Q,, for PAF-336.
BET: Brunauer-Emmett-Teller; DOE: U.S. Department of Energy.

CONCLUSIONS

In summary, we have rationally designed and successfully synthesized two porous aromatic frameworks,
PAF-336 and PAF-337, both featuring high specific surface areas and large pore volumes. Remarkably,
PAF-336 delivers exceptional gravimetric H, and CH, storage performance, ranking among the highest levels
ever reported for porous organic materials. This work demonstrates the powerful capability of rational
framework engineering in optimizing gas storage properties, and our ongoing efforts are focused on
developing innovative building blocks to further advance the gas storage performance of porous organic
frameworks.
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