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Hierarchically porous metal–organic 
frameworks with red topology for hydrogen 
and methane storage
 

Xu Chen    1,11, Lik Hong Wee    1,11, Mohammad Reza Alizadeh Kiapi    1,11, 
Christos Tampaxis    2, Jiarui Fan    3, Hamish W. MacLeod    1,  
Yan Zheng    4, Benjamin J. Moore5, Pascal Manuel6, Fabio Orlandi    6, 
Luke L. Keenan    7, Enci Zhang    4,8, Mehrdad Asgari1, Dhruv Menon    1, 
Georgia Charalambopoulou    2, Tom Willhammar    4,8, Sihai Yang3,5, 
William Shepard    9, Yong Cui    10  , Theodore Steriotis    2   & 
David Fairen-Jimenez    1 

The construction of highly porous metal–organic frameworks with complex 
topologies requires precise matching between linker conformation and 
node connectivity. Here we report the reticular design and synthesis 
of CU-6-M (M = Fe or Cr), assembled from conformationally adaptive 
diphenylethynyl linkers and six-connected trinuclear oxo-centred clusters. 
The ability of the linker to adopt multiple out-of-plane conformations 
satisfies the geometric requirements of a red topology, resulting in a highly 
interconnected hierarchical pore architecture. CU-6-Fe and CU-6-Cr exhibit 
an interconnected hierarchical pore system with Brunauer–Emmett–Teller 
surface areas up to 7,145 m2 g−1. This architecture enables total H2 uptakes of 
up to 17.5 wt% and 45.4 g l−1 at 100 bar and 77 K. Under temperature–pressure 
swing conditions, CU-6-Fe and CU-6-Cr deliver up to 16.9 wt% and 44.1 g l−1 
and also show record gravimetric CH4 storage at ambient temperature. 
These results establish linker flexibility as a key design parameter for the 
realization of complex, highly porous topologies for high-capacity storage 
of clean-energy fuel gases.

Topology-guided design enables systematic expansion of metal–
organic framework (MOF) structural diversity while providing control 
over framework connectivity and pore architecture to tune functional 
properties1,2. Central to this approach is reticular chemistry, which 
enables the controlled assembly of multitopic organic linkers with 
inorganic nodes into crystalline structures with well-defined topology, 
geometry and connectivity3,4. This ‘design by topology’ strategy allows 
key structural features to be encoded at the molecular level, thereby 
minimizing reliance on trial-and-error synthesis5. Topologically, the 
number of symmetry-independent vertices and edges are defined as 
the minimum possible based on the principle of minimal transitivity, 

favouring simpler and more predictable framework topologies6. 
Trinodal nets with transitivity [3 2], containing three types of node and 
two types of edge, are particularly suitable for constructing MOFs from 
branched polytopic linkers2,7. Their topological flexibility can accom-
modate large organic linkers and highly connected metal nodes, pro-
ducing complex polyhedral pores and large void volumes8. Although 
many such nets can theoretically be derived from parent minimal 
edge-transitive nets with transitivity [2 1], their experimental realiza-
tion remains challenging2. Recent advances in the molecular building 
block and supramolecular building block (SBB) methods9, edge expan-
sion strategies10 and merged-net approaches11 have enabled access to 
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deliver some of the highest physical H2-storage capacities under cryo-
genic conditions23. For example, NU-1501-Al (NU, Northwestern Uni-
versity) achieved a H2 capacity of 14.5 wt% (47.9 g l−1) at 100 bar and 
77 K (ref. 23). MOF-210 reached an even higher gravimetric capacity 
of 15 wt% at 80 bar and 77 K (ref. 24). However, given the inherently 
weak physisorption interactions between porous materials and H2 
molecules, their adsorption capacities decrease sharply at higher 
temperatures. Strategies such as reducing pore size or introducing 
open metal sites can increase the isosteric heat of adsorption, but 
near-ambient capacities remain limited25–27. Therefore, the adsorption 
and release operating temperature range of 248–373 K suggested by 
the DOE remains unachieved18,28.

Here we report the design and synthesis of a highly interconnected 
hierarchically porous MOF featuring a rare red topology. Guided by 
the analysis of structural requirements for constructing red nets, 
particularly focusing on the bending behaviour of organic linkers, we 
selected a semi-rigid diphenylethynyl-based linker capable of adopt-
ing multiple out-of-plane conformations. Although its ethynyl spacer 
is linear and rigid, rotation and bending of the adjacent phenyl rings 
provide sufficient conformational flexibility to accommodate differ-
ent coordination geometries and framework curvatures. Combining 
this linker with a 6-connected oxo-centred metal cluster (M3O) forms a 

increasingly complex and previously unreported topologies, providing 
promising routes to highly porous MOFs for gas-storage applications.

Hydrogen (H2) and methane (CH4) are promising automotive 
fuels in the transition to clean and renewable energy for achieving 
carbon neutrality12,13. While fuel-cell electric vehicles demonstrate 
the technical viability of hydrogen-powered transport, hydrogen is 
expected to have a pivotal role in hard-to-electrify sectors, including 
heavy-duty trucking, shipping and aviation14. However, the inherently 
low volumetric energy density of H2 and CH4 at standard tempera-
ture and pressure (STP) presents a major challenge for their practical 
application due to expensive infrastructure high energy input for 
cooling or compression, and raises safety concerns related to boil-off 
or high-pressure operations15–17. The US Department of Energy (DOE) 
has established 2025 targets for H2-storage systems as 5.5 wt% and 
40 g l−1 at near-ambient temperatures18. For CH4 storage, the DOE’s 
gravimetric and volumetric storage capacity targets are 0.5 g g−1 and 
263 cm3 (STP) cm−3 (ref. 19).

Physisorption-based H2 and CH4 storage in porous materials 
offers a safer, cost-effective and eco-friendly alternative to liquid or 
high-pressure gas-storage methods, enabling gas storage below 100 bar 
(refs. 20,21). While many porous materials have been explored22, their 
performance remains below the DOE’s ultimate targets. MOFs currently 

a

c d

+ +

red-a net

4-c node4-c node 6-c node

III

b

+

Planar 4-c linker Planar 4-c linker

+

Planar 4-c linker Bent 4-c linker

–0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50

∆
E 

(e
V)

Bending angle (degrees)

H4L1
H4L2
H4L3
H4L4
H4L5

R R

R R

COOH

COOH

COOHR =

COOH

COOH

H4L1

H4L2

H4L3

H4L4

H4L5
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three-dimensional (3D) red net as the sole crystalline phase. Building on 
this design strategy, we synthesized CU-6-Fe and CU-6-Cr (CU stands 
for Cambridge University), exhibiting a high Brunauer–Emmett–Teller 
(BET) surface area of 7,145 m2 g−1. CU-6-Fe and CU-6-Cr show gravi-
metric H2 uptakes of 17.5 and 15.9 wt%, respectively, at 100 bar and 
77 K, while maintaining high volumetric uptakes of 45.4 and 45.5 g l−1. 
In addition, computational analysis demonstrates that linker flexibil-
ity and precise control of metal-cluster connectivity are critical for 
constructing topologically complex, highly porous MOFs for clean 
energy storage.

Generation of red net and linker design
The augmented red (red-a) net with transitivity [4 9] can be theoreti-
cally derived from the parent reo net through edge expansion followed 
by face decoration of the 4-connected nodes29. This topology con-
tains rhombicuboctahedral (rco), cubic (cub) and cuboctahedral (cuo) 
cavities, and can be viewed as a corner-sharing assembly of alternating 
cubes, similar to MIL-hypo-130 (Fig. 1a). Topologically, it comprises both 
4-connected and 6-connected nodes. Geometrical analysis shows that 
the 4-connected units adopt two conformations: planar and slightly 
bent. Although two different rigid 4-connected linkers could, in prin-
ciple, realize this topology (Fig. 1b), this strategy often gives mixed 
phases. We therefore reasoned that a conformationally flexible linker 
could accommodate both geometries within one framework (Fig. 1b), 
enabling the targeted red-a net.

To test this hypothesis, we selected a conformationally adaptive 
diphenylethyne core (–Ph–C≡C–Ph–), which enables different bending 
angles depending on the molecular environment31. Five 4-connected 
linkers based on this core were designed with increasing lengths and 
evaluated by density functional theory (DFT) calculations, with total 
energy plotted as a function of bending angle relative to the linear 
configuration (Fig.1c,d; more details in Supplementary Section 2). 
Linkers H4L1, H4L2 and H4L4 exhibit monotonic energy increases on 
bending, indicating a preference for linear conformations. H4L2, which 
contains only one triple bond, shows the steepest energy increase and 
therefore the lowest tolerance for angular distortion. By contrast, H4L3 
and H4L5 initially decrease in energy on bending, reaching minima at 
15° and 21°, respectively, before starting to increase. These profiles 
indicate that both linkers favour moderately bent conformations and 
can accommodate bending over defined angular ranges with minimal 
energetic penalty. The contrasting behaviour of H4L3 and H4L4 further 
shows that linker flexibility is not governed by length alone, but also 
by molecular geometry. H4L3 and H4L5 were therefore identified as 
promising candidates for constructing red-a net. We selected H4L3 for 
subsequent synthesis because of its simpler preparation and potential 
to afford a higher-density framework (Supplementary Figs. 2–6). For 
clarity, H4L3 is hereafter referred to as H4L.

Synthesis and characterization
Heating H4L, FeCl3·6H2O and 4-nitrobenzoic acid in a dimethylforma-
mide (DMF) solution afforded red-coloured cubic single crystals, 
denoted as CU-6-Fe. Given the excellent hydrolytic stability of 
oxo-centred trinuclear Cr(III) cluster (Cr3O) based-MOFs32,33, we per-
formed the postsynthetic Cr(II) metathesis on CU-6-Fe to give green 
cubic crystals of CU-6-Cr (Supplementary Fig. 11). Synchrotron 
single-crystal X-ray diffraction (SCXRD) analysis revealed that CU-6-Cr 
crystallizes in the cubic space group P4̄3m  with a = 50.2563(1) Å 
(Supplementary Table 1), formulated as (Cr3(µ3-O)(H2O)2(OH)(L)1.5). 
The linkers L adopt two crystallographically independent conforma-
tions, termed La and Lb, with out-of-plane bending angles of approxi-
mately 3° and 13° (Fig. 2a,b and Supplementary Figs. 15 and 18). 
Assembly of 4-connected linkers L and 6-connected Cr3O clusters 
results in a distorted cube (cub) polyhedron (Fig. 2c), which serves as 
the basic SBB for CU-6-Cr. Each cub SBB consists of two La and four Lb 
linkers, with half of them adopting either horizontal or vertical 

orientations (Fig. 2d). Such a spatial arrangement results in a geomet-
ric distortion to the cub SBB, highlighting the conformational flexibil-
ity of linker L. Adjacent corner-sharing cub SBBs are eclipsed and 
staggered (Fig. 2e). Six pairs of cub SBBs further assemble into a rco 
cavity (Fig. 2f and Extended Data Fig. 1), with twelve of its square faces 
capped by inward-bent Lb linkers. The remaining square and triangu-
l a r  f a c e s  re m a i n  o p e n  a s  g u e s t - a c c e ss i b l e  w i n d ow s 
(Supplementary Fig. 19). The triangular windows are framed by three 
planar La linkers, whereas the distorted square windows are defined 
by four bent Lb linkers (Fig. 2g,h and Supplementary Fig. 19). These 
non-planar square windows interconnect adjacent rco polyhedrons 
into a continuous 3D network (Fig. 2j and Supplementary Fig. 20). 
Each cub SBB connects to four surrounding rco polyhedrons through 
four of its six square faces, which are capped by bent linkers Lb (Fig. 2i). 
Further stacking of eight neighbouring rco polyhedrons produces the 
third polyhedron, cuo (Fig. 2j,k, Extended Data Fig. 1 and 
Supplementary Fig. 21), whose six square faces are capped by six La 
linkers, while the eight remaining triangular faces are shared with 
eight surrounding rco polyhedrons. These triangular openings act as 
interconnected channels between the rco and cuo polyhedrons, fur-
ther enriching the hierarchical nature of CU-6-Cr (Fig. 2j,k, 
Extended Data Fig. 1 and Supplementary Fig. 22).

The structure of CU-6-Cr can be viewed as a 3D framework formed 
by the face-sharing assembly of cub, cuo and rco polyhedrons (Fig. 3a,d 
and Supplementary Fig. 23), generating a hierarchical pore architecture 
with three types of well-defined polyhedral cavities (Fig. 3b,d). The 
distorted cub pore adopts an ellipsoidal shape with dimensions of 
1.6 × 2.4 × 2.4 nm3. The cuo cavity features a larger internal diameter 
of 2.6 nm and two distinct triangular apertures of 1.6 and 1.8 nm. The 
largest rco cavity has an internal diameter of 4.1 nm and three types of 
aperture: two are shared with the cuo cavities, while the third, meas-
uring 1.8 nm, connects neighbouring rco cavities. The integration of 
these polyhedral cavities results in a highly interconnected 3D porous 
network (Fig. 3c and Supplementary Figs. 20 and 22). The calculated 
total solvent accessible volume is 89.7% using a probe radius of 1.2 Å 
(ref. 34). Topologically, La and Lb linkers can be simplified as two differ-
ent 4-connected units (Fig. 3e). Their combination with 6-connected 
trigonal prismatic Cr3O nodes forms an augmented 4,4,6-connected 
trinodal red net with the point symbol of {44.62}3{46.67.82}2 (Fig. 3e and 
Supplementary Fig. 24). Natural tiling analysis shows five distinct types 
of tile with transitivity [3 2 5 5] (Fig. 3f and Supplementary Fig. 25). Each 
largest blue tile with the face symbol of [68.86], representing the largest 
cavity, connects to the adjacent identical tiles and green tiles [68] via the 
purple [44.82] and pink tiles [43.62] (Fig. 3g and Supplementary Fig. 25). 
Although a previous theoretical study predicted the existence of the 
red topology29, its experimental realization has not yet been reported. 
The successful construction of CU-6-Cr with such a complex topol-
ogy while maintaining high phase purity highlights the importance 
of rational integration of a conformationally flexible linker backbone 
with a well-defined branch length in framework assembly. In particular, 
the incorporation of flexible ethynylene units into the linker proved 
essential for accommodating the geometric requirements of the red 
net structure.

Following transmetalation, inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) confirmed nearly complete exchange 
of Fe3+ by Cr3+, with ~0.08 wt% Fe content detected. Although the syn-
chrotron SCXRD data for CU-6-Fe remained insufficient for structure 
solution due to weak diffraction, its indexing yielded a cubic unit  
cell with a = 50.3292(1) Å, slightly larger than that of CU-6-Cr 
(Supplementary Figs. 29 and 30). We built a structural model for CU-6-Fe 
on the basis of the refined CU-6-Cr structure and the indexed unit cell 
parameters. In addition to synchrotron SCXRD, scanning transmission 
electron microscopy (STEM) enabled direct visualization of the highly 
porous structure of CU-6-Fe, despite its high electron-beam sensitivity35. 
Under low-dose conditions, we imaged CU-6-Fe and CU-6-Cr using 
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STEM through both annular dark-field (ADF) and integrated differential 
phase contrast (iDPC) modes (Fig. 3h–k and Supplementary Figs. 32 
and 33). Both ADF and iDPC images overlaid well with the simulated 
CU-6-Fe structure (Fig. 3i,k), confirming the high structural order of 
the crystals. STEM images collected along the [100] direction possess 
the plane group symmetry p4mm, and the corresponding selected area 
electron diffraction pattern has 4mm Laue symmetry in 2D (insets in 
Fig. 3h,j), which are both consistent with the space group P4̄3m. The 
phase purity of the bulk CU-6-Cr was confirmed by the well-matched 
simulated and experimental powder X-ray diffraction patterns 

(Supplementary Fig. 35). CU-6-Fe shows similar characteristic diffrac-
t i o n  peaks ,  alt h o ug h wi t h weaker  overall  intensities 
(Supplementary Fig. 35). To examine the role of linker flexibility in 
forming red-a net, we tested the ability of the less flexible H4L2 linker 
to form Fe-based MOFs. Despite extensive synthetic efforts, it consist-
ently produced competing mixed phases and resulted in only a low yield 
of the red-a net. Together, these contrasting outcomes for H4L2 and 
H4L linkers support the predictive potential of the topology-guided 
design strategy (Fig.1 and Supplementary Figs. 7–10, 12, 13, 26–28, 31, 
34 and 36; more details in Supplementary Note 1).
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Porosity and high-pressure H2 and CH4-storage 
performance
The well-defined hierarchical and interconnected pores within 
CU-6-Fe and CU-6-Cr are expected to promote high gas uptake. 

Screening of activation conditions showed that supercritical CO2 
activation was required to achieve the highest N2 uptakes at 77 K 
(Supplementary Fig. 37). As shown in Fig. 4a,b, CU-6-Fe and CU-6-Cr 
exhibit identical multi-stepped isotherms, with CU-6-Fe consistently 
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g, Packing of the adjacent tiles [68.86]. h,j, ADF (h) and iDPC STEM (j) images of 
a crystal of CU-6-Fe viewed along the [100] orientation, as well as the overlaid 
CU-6-Fe structure. Insets in h and j show the Fourier transformations of each 
respective STEM image. i,k, Lattice-averaged projected potential maps obtained 
from the images in h (i) and j (k), with p4mm plane group symmetry imposed. 
Both images are in good correspondence with the crystal structure of CU-6-
Fe viewed along [100]. The ADF image emphasizes heavier elements, clearly 
highlighting the positions of Fe ions in the crystal structure, while the iDPC 
image provides more contrast to lighter atoms such as carbon and oxygen, 
accentuating the linker molecules.
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showing higher uptake than CU-6-Cr in both 77 K N2 and 87 K Ar adsorp-
tion measurements. Among them, the steps present in the 87 K Ar 
adsorption isotherm are better defined than in the 77 K N2 isotherm36. 
Thus, our subsequent pore-size analyses are based on 87 K Ar isotherms. 
Both materials display a combination of type I and IV isotherms, charac-
terized by four clear, well-defined adsorption steps at relative pressures 
P/P0 = 0.0001, 0.10, 0.21 and 0.38, along with a minor step at P/P0 = 0.30. 
Non-local DFT analysis reveals identical hierarchical pore-size distri-
butions for the two frameworks, with four main maxima centred at 
approximately 1.7, 2.3, 2.9 and 3.5 nm, and an additional minor peak 
at around 1.2 nm for CU-6-Fe (Fig. 4c).

We then performed grand canonical Monte Carlo (GCMC) 
simulations of 77 K N2 and 87 K Ar isotherms (Fig. 4a,b and 
Supplementary Figs. 39–42). For CU-6-Fe, the simulated isotherms 
agree closely with the experimental data and reproduce the five 

characteristic steps observed experimentally. By contrast, the simu-
lations overestimate the uptake of CU-6-Cr, despite its unit cell param-
eters being nearly identical to those of CU-6-Fe. Such discrepancies are 
commonly associated with inaccessible porosity, non-porous impu-
rities or defects, which can arise during transmetalation37–39. In our 
case, consistent 77 K N2 isotherms obtained across three independent 
batches of CU-6-Cr (Supplementary Fig. 43) confirmed reproducibility. 
Although powder X-ray diffraction showed no evidence of crystalline 
Cr2O3 phases in CU-6-Cr, the reduced capacity may be rationalized by 
the presence of dispersed amorphous chromium species within the 
framework or other potential defects. Analysis of the simulated 87 K 
Ar adsorption isotherm of CU-6-Cr reveals sequential filling of cub, 
cuo and rco pores (Extended Data Fig. 2a). Extended Data Figs. 2c and 
3 and Supplementary Video 1 show these spatial volumes occupied 
by Ar at each adsorption step inside the relevant cavity as well as their 
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Fig. 4 | Porosity characterization and high-pressure gas-storage 
performance of CU-6-Fe and CU-6-Cr. a, Experimental (Exp.) and simulated 
(Sim.) 77 K N2 isotherms. b, Experimental and simulated 87 K Ar isotherms. c, 
Pore-size distribution calculated from Ar adsorption isotherms. V and W denote 
the cumulative pore volume and pore width, respectively. d,e, Simulated and 
total gravimetric H2-adsorption isotherms measured at 77, 120 and 160 K: CU-6-
Fe (d) and CU-6-Cr (e). f, Total volumetric H2-adsorption isotherms measured at 

77, 120 and 160 K. g, 87 K Ar adsorption isotherms of CU-6-Cr after exposure to Ar 
and air. h, Comparison between the total gravimetric and volumetric deliverable 
H2 capacity under temperature–pressure swing conditions: 77 K–100 bar to 
160 K–5 bar. Bulk-density-based data points for CU-6-Fe and CU-6-Cr are also 
included. i, Simulated and total gravimetric CH4 adsorption isotherms for CU-6-
Cr measured at 273, 288 and 298 K.

http://www.nature.com/natsynth


Nature Synthesis

Article https://doi.org/10.1038/s44160-026-01163-9

corresponding locations within the unit cell (more details in Supple-
mentary Note 2).

The BET surface areas of CU-6-Fe and CU-6-Cr, determined from 
77 K N2 adsorption isotherms using BETSI40, are 7,145 and 6,488 m2 g−1, 
respectively (Supplementary Figs. 44 and 45). Meeting all five 
extended-Rouquerol criteria implemented in BETSI40—guidelines for 
reliable and consistent BET surface area determination—CU-6-Fe ranks 
among MOFs with the highest BET surface areas reported so far, along-
side DUT-60 (8,890 m2 g−1)41, NU-1501-Al (7,241 m2 g−1)23 and MOF-210 
(6,341 m2 g−1)24. These benchmark values were recalculated from digitized 
77 K N2 isotherms using BETSI42 (Supplementary Table 7). Encouraged by 
the exceptional porosity, we evaluated the high-pressure H2-adsorption 

performance at 77, 120 and 160 K up to 100 bar (Fig. 4d–f). The excess 
H2-adsorption isotherms exhibit the type I shape, as expected for super-
critical gases, reaching maxima at around 60 bar before decreasing 
slightly at higher pressures43 (Supplementary Figs. 46 and 47). Such a 
high saturation pressure, compared with most porous adsorbents44, 
reflects the synergistic effect of microporous and mesoporous networks 
of the frameworks. Maximum excess uptakes of 8.4 and 8.0 wt% were 
obtained for CU-6-Fe and CU-6-Cr, respectively. When translated to 
total uptake, CU-6-Fe and CU-6-Cr exhibit gravimetric H2 uptakes of 
17.5 and 15.9 wt% at 100 bar and 77 K (Fig. 4d,e), along with volumetric 
H2 uptakes of 45.4 and 45.5 g l−1, respectively, calculated using bulk den-
sities derived from 77 K N2 isotherms (Fig. 4f). These values represent 
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Fig. 5 | Theoretical and experimental insights on H2 binding sites. a, 3D 
probability maps of H2 binding sites I and II, revealed by GCMC simulations, in 
cub, cuo and rco cavities. b, 3D probability maps of H2 binding sites I, II and III 
around the planar (La) and bent (Lb) linkers. c, Views of NPD-derived adsorption 

sites within the cub, cuo and rco cavities. d, NPD-derived adsorption sites 
adjacent to the planar linker (La) and bent linker (Lb). GCMC colour code: site I in 
yellow; site II in green and site III in purple; NPD colour code: site D2-I in yellow, 
site D2-II in cyan, site D2-III in red, site D2-IV in brown and site D2-V in purple.
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very high gravimetric H2 uptake, surpassing values reported for some 
benchmark adsorbents (Fig. 4h and Supplementary Table 7), includ-
ing NU-1501-Al23 and NU-10042. The total pore volumes of CU-6-Fe and 
CU-6-Cr, calculated from the N2 adsorption isotherms at P/P0 = 0.99, were 
4.14 and 3.67 cm3 g−1, resulting in bulk densities of 0.214 and 0.240 g cm−3, 
respectively. The slightly higher density of CU-6-Cr compensates for 
its lower gravimetric uptake, giving similar volumetric H2 uptake (45.5 
versus 45.4 g l−1) under identical conditions (100 bar, 77 K) (Fig. 4f and 
Supplementary Table 7). Unless otherwise stated, all reported volumetric 
values herein are calculated using the corresponding bulk densities.

In practical fuel-cell vehicles, H2 adsorbed below 5 bar is consid-
ered unrecoverable due to insufficient pressure to drive flow to the 
engine. Under a temperature–pressure swing from 77 K and 100 bar 
to 160 K and 5 bar, CU-6-Fe and CU-6-Cr achieve gravimetric deliver-
able capacities of 16.9 and 15.4 wt%, with corresponding volumetric 
capacities of 44.1 and 44.2 g l−1, exceeding the DOE’s 2025 target, albeit 
at cryogenic temperatures28. Their performances are comparable to 
benchmark H2-storage adsorbents such as NU-1501-Al23, NU-10042 and 
RP-H10145 (Fig. 4h and Supplementary Table 7). Besides the adsorption 
capacity, adsorbent stability is critical for practical refuelling applica-
tions. CU-6-Cr retains its porosity after 3 months of storage in an inert 
Ar atmosphere and after 24 h of exposure to ambient air (Fig. 4g). Pow-
der X-ray diffraction further shows that its framework remains largely 
intact after exposure to water vapour (Supplementary Fig. 35). By 
contrast, CU-6-Fe shows a ~20% reduction in N2 uptake after 1 month of 
storage in an Ar glovebox (Supplementary Fig. 48). Nevertheless, the Fe 
K-edge extended X-ray absorption fine structure experiments confirm 
that the local coordination environment of Fe3+ ions remained intact 
before and after the H2-storage measurements (Supplementary Fig. 49 
and Supplementary Table 4).

Owing to the exceptional H2 uptakes of CU-6-Fe and CU-6-Cr, 
we also tested high-pressure CH4 adsorption at 273, 288 and 298 K. 
At 80 bar, CU-6-Fe and CU-6-Cr show total gravimetric CH4 uptakes 
of 0.67, 0.59 and 0.53 g g−1, and 0.63, 0.56 and 0.50 g g−1, at 273, 288 
and 298 K, respectively, which are among the highest gravimetric 
CH4 storage capacities reported (Fig. 4i, Extended Data Fig. 4a,d and 
Supplementary Figs. 50 and 52). The uptake capacity of CU-6 surpasses 
the DOE’s gravimetric target (0.5 g g−1) at 80 bar at room temperature. 
The working capacity from 80 bar to 5 bar is 0.62, 0.54 and 0.49 g g−1 
for CU-6-Fe, and 0.58, 0.51 and 0.46 g g−1 for CU-6-Cr, at 273, 288 and 
298 K, respectively, comparable to the benchmark materials such 
as NU-1501-Al (0.44 g g−1 at 296 K)23 and 3D-TFB-COF-Me (0.35 g g−1 
at 298 K)46. However, it is important to note that, due to their lower 
densities, the volumetric capacities of CU-6-Cr and CU-6-Fe (211, 188 
and 168 cm3 (STP) cm−3, and 200, 175 and 159 cm3 (STP) cm−3 at 273, 288 
and 298 K, respectively, and 80 bar) are lower than those of bench-
mark MOFs (Supplementary Tables 8 and 9, Extended Data Fig. 4b,c 
and Supplementary Figs. 51 and 53). The inherent trade-off between 
gravimetric and volumetric CH4 capacities is often observed in highly 
porous MOF adsorbents23,24, as increased pore volume and surface area 
lead to lower bulk density and reduced volumetric capacity.

Insights on H2 uptake and binding sites
To further investigate H2 adsorption in CU-6-Fe and CU-6-Cr, we per-
formed GCMC simulations at 77, 120 and 160 K. The simulated iso-
therms closely reproduce the experimental adsorption profiles for 
CU-6-Cr and slightly underestimate the uptake for CU-6-Fe (Fig. 4d,e), 
supporting the structural integrity of the materials and validating the 
high-pressure adsorption measurements. The low-coverage isosteric 
heats of adsorption (Qst) obtained from Clausius–Clapeyron analy-
sis are 3.2 and 3.4 kJ mol−1 for CU-6-Fe and CU-6-Cr, respectively, in 
strong agreement with the corresponding fluctuation-method val-
ues of 3.23 and 3.34 kJ mol−1 obtained from GCMC simulations 
(Supplementary Figs. 56–61 and Supplementary Table 10), confirm-
ing weak host–guest interactions.

We obtained molecular-level insight into low-coverage adsorption 
by analysing the probability density distributions of H2 molecules in 
CU-6-Cr at 77 K and 0.04 bar (Fig. 5a,b, Supplementary Figs. 62 and 63a 
and Supplementary Videos 2–4). The simulations reveal three main 
adsorption regions, denoted sites I, II and III. Sites I and II are local-
ized around the Cr3O clusters, whereas site III is distributed around 
the organic linkers. Site I is positioned near the corner of the cub cavi-
ties, while site II is located near the corners of the cuo and rco cavi-
ties (Supplementary Fig. 63b). By contrast, site III is more diffuse and 
surrounds both the planar (La) and bent (Lb) linkers, with enhanced 
probability density near the phenyl and ethyne groups (Fig. 5b). In situ 
neutron powder diffraction (NPD) measurements on D2-loaded CU-6-Cr 
revealed five adsorption sites within the framework cavities, denoted 
D2-I to D2-V (Supplementary Figs. 64–67 and Supplementary Table 6). 
Figure 5c and Supplementary Fig. 63e,f show the centre-of-mass posi-
tions of these D2 adsorption sites within the cub, cuo and rco cavi-
ties. Among them, D2-I shows the highest occupancy of 0.73(3) and is 
located near the Cr3O cluster within the cub cavity [D2-I···OCr3O = 4.15 Å] 
(Supplementary Fig. 63e), indicating that it acts as the primary adsorp-
tion site. This position is fully consistent with site I identified from the 
GCMC simulations (Fig. 5b). By contrast, no experimental equivalent 
of simulated site II is directly observed in the NPD data.

The lower-occupancy NPD sites reveal the contribution of the 
organic linkers to secondary H2 adsorption. D2-II, with an occupancy 
of 0.17(2), lies close to the planar linker La separating neighbouring 
cub and cuo cavities. This site sits nearly coplanar with the linker 
and interacts closely with the phenyl group of the diphenylethyne 
core [D2-II···HPhenyl-La = 2.82 Å] (Fig. 5d). D2-IV, with an occupancy of 
0.13(2), lies within the cub cavity near linker La and interacts with the 
phenyl group of the diphenylethyne arm [D2-IV···HPhenyl-La = 2.69 Å; 
D2-IV···πPhenyl-La = 4.08 Å] (Fig. 5d). Site D2-V, with an occupancy of 
0.093(15), lies within the rco cavity near the centre of the bent linker 
Lb, 4.73 Å from the ethyne group (Fig. 5e). D2-III, with an occupancy of 
0.161(12), lies along the small diagonal channel connecting neighbour-
ing rco and cuo cavities through triangular openings (Figs. 3c and 5c 
and Supplementary Figs. 22 and 63f). Overall, the linker-associated 
adsorption sites (D2-II, D2-IV and D2-V) fall within the diffuse probability 
cloud of simulated site III (Fig. 5b), demonstrating strong agreement 
between the GCMC and NPD analyses, despite the absence of a direct 
NPD counterpart for simulated site II. DFT calculations were used to 
establish the energetic hierarchy of the H2 adsorption sites, showing 
that adsorption near the Cr3O clusters (−11.10 kJ mol−1) is favoured over 
linker-associated sites (−2.42 kJ mol−1) (more details in Supplementary 
Section 21 and Supplementary Note 3). Together, the GCMC, NPD and 
DFT analyses indicate that H2 adsorption in CU-6-Cr is dominated at 
low loading by weak but preferential interactions around the Cr3O 
clusters, followed by weaker adsorption around the organic link-
ers, enabling a favourable balance between high total uptake and 
deliverable capacity.

Conclusions
We report the reticular design and synthesis of CU-6, a highly porous 
MOF with a red topology and an interconnected hierarchical pore 
system. Computational analysis establishes linker flexibility as a key 
requirement for satisfying the geometric constraints of the red net, 
providing a rational basis for ligand selection. Beyond the structural 
characteristics, CU-6 combines an exceptionally high BET surface 
area and pore volume with a favourable balance between gravimetric 
and volumetric porosity, resulting in considerable H2 and CH4 stor-
age. In particular, CU-6 shows one of the highest gravimetric BET sur-
face areas reported among all highly porous MOFs, while retaining a 
high volumetric capacity and substantial deliverable capacity under 
temperature–pressure swing conditions. These results demonstrate 
how topology, linker conformation and hierarchical porosity can be 
jointly engineered to optimize gas storage, and establish the red net 

http://www.nature.com/natsynth


Nature Synthesis

Article https://doi.org/10.1038/s44160-026-01163-9

as a promising platform for developing high-performance adsorbents 
for clean energy applications.

Methods
All reagents were purchased from commercial sources and used with-
out further purification.

Synthesis of CU-6-Fe
FeCl3∙6H2O (150 mg, 0.56 mmol), H4L (125 mg, 0.17 mmol) and 
4-nitrobenzoic acid (1.25 g, 7.49 mmol) were dissolved in DMF (30 ml) 
by sonication. The resulting clear solution was divided into two 30-ml 
black-capped glass, sealed and heated in a 130 °C oven for 48 h. Red 
cubic crystals were formed and then washed with fresh DMF five times 
over 2 days. The resulting crystals were either stored in DMF for sub-
sequent Cr-exchange reactions or exchanged with dry ethanol for 
supercritical CO2 activation. Yield: 92 mg, 60%.

Synthesis of CU-6-Cr
Approximately 50 mg of CU-6-Fe crystals were immersed in 5 ml of 
degassed, anhydrous DMF inside a glovebox. A solution of anhydrous 
CrCl2 (300 mg) in 10 ml of anhydrous DMF was then added. The vial 
was sealed and removed from the glovebox, then placed in a preheated 
oven at 120 °C for 48 h. After cooling to room temperature, the resulting 
green crystals were collected and washed with fresh DMF six times over 
2 days. The crystals were then soaked in dry ethanol for 3 days, with the 
solvent replaced twice per day. Yield: 34 mg, 87%.

Data availability
All data are available in the article or its Supplementary Informa-
tion. Crystallographic data for the structures reported in this paper 
have been deposited at the Cambridge Crystallographic Data Centre 
(CCDC), under the deposition numbers 2521553 (CU-6-Cr), 2551031 
(CU-3-1), 2551030 (CU-3-2), 2551944 (CU-6-Cr_Bare) and 2551946 
(CU-6-Cr-D2). Copies of these data can be obtained free of charge via 
www.ccdc.cam.ac.uk/data_request/cif. Source data are provided with 
this paper.

Code availability
The code used to investigate the pore-filling process is available via 
GitHub at https://github.com/fairen-group/Pore-filling_Mechanism_
Study_in_Adsorption. Coordinate files of the optimized geometries 
used in the linker-flexibility energy analysis and binding-energy cal-
culations are available via GitHub at https://github.com/fairen-group/
CU-6_MOF_red_topology_source_data.
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Extended Data Fig. 1 | Schematic illustration for the assembly of CU-6 from 
cubic (cub) supramolecular building block (SBB). a, cub SBB. b, Formation of 
cuboctahedral (cuo) polyhedron by the planar faces (green square faces) from 
six cub SBBs. c, Formation of rhombicuboctahedral (rco) polyhedron by the bent 
faces (yellow square faces) from twelve cub SBBs. d, Stacking styles for cub, cuo, 

and rco polyhedrons. e, Assembly of cub, cuo, and rco polyhedrons into  
CU-6. (Color code: yellow, shared faces between cub and rco polyhedrons,  
green, shared faces between cub and cuo polyhedrons, blue, shared faces 
between adjacent rco polyhedrons, and pink, shared faces between cuo and  
rco polyhedrons).
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Extended Data Fig. 2 | Simulated 87 K Ar isotherm of CU-6-Cr showing the 
pore filling mechanism. a, Simulated 87 K Ar isotherm with highlighted pore 
filling adsorption steps. b, Representation of the natural tilings and the relevant 
pore cavities within the framework. c, 3D volume profile of the spatial volumes 
occupied by Ar at each adsorption step inside the relevant cavity as well as their 
corresponding locations within the unit cell. The first step in the isotherm at 
very low pressure corresponds to the adsorption of Ar in the vicinity of the 

Cr3O clusters, followed by the three major steps at 0.10, 0.21, and 0.45, which 
correspond to the sequential filling of the cubic (cub), cuboctahedral (cuo), and 
rhombicuboctahedral (rco) cavities. The minor step at P/P0 = 0.31 is related to 
the adsorption within short, channel-like pores that connect the neighbouring 
rco cavities. Note the correlation of colors and numbering with steps i–iv (Color 
code: yellow for cub, green for cuo, purple for small channel-like cavity, and blue 
for rco).
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Extended Data Fig. 3 | Sequential pore filling process revealed by simulated 
Ar adsorption. Process sequence to identify the spatial domains filled during: 
a, step i corresponding to cubic (cub) cavity. b, step ii corresponding to 
cuboctahedral (cuo) cavity. c, step iii corresponding to the channel connecting 

two adjacent rhombicuboctahedral (rco) cavities. d, step iv corresponding 
rco cavity, along the simulated Ar adsorption isotherm. The process includes 
the subtraction of the probability density before the step from the probability 
density after the step, followed by a filtering stage for noise cancellation.
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Extended Data Fig. 4 | High-pressure CH4 storage performance of CU-6-Fe 
and CU-6-Cr, and comparison with benchmark materials. a, Total gravimetric 
CH4 adsorption isotherms for CU-6-Fe measured at 273, 288 and 298 K. b, Total 
volumetric CH4 adsorption isotherms for CU-6-Fe measured at 273, 288 and 

298 K. c, Total volumetric CH4 adsorption isotherms for CU-6-Cr measured at 
273, 288 and 298 K. d, Comparison between the total gravimetric and volumetric 
deliverable CH4 capacity under pressure swing conditions: 298 K/80 bar to 
298 K/5 bar.
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