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Abstract 22 

To achieve optimal performance in gas storage and delivery applications, metal-organic frameworks 23 

(MOFs) must combine high gravimetric and volumetric capacities. One potential route to balancing 24 

high pore volume with suitable crystal density is interpenetration, where identical nets sit within the 25 

void space of one another. Herein, we report an interpenetrated MIL-53 topology MOF, named GUF-26 

1, where one-dimensional Sc(µ2-OH) chains are connected by 4,4′-(ethyne-1,2-diyl)dibenzoate 27 

linkers into a material that is an unusual example of an interpenetrated MOF with a rod-like secondary 28 

building unit. A combination of modulated self-assembly and grand canonical Monte Carlo 29 

simulations are used to optimise the porosity of GUF-1; H2 adsorption isotherms reveal a very high 30 

Qst for H2 of 7.6 kJ mol-1 and a working capacity of 41 g L-1 in a temperature-pressure swing system, 31 

which is comparable to benchmark MOFs. These results show that interpenetration is a viable route 32 

to high performance gas storage materials comprised of relatively simple building blocks. 33 
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Introduction 35 

Metal-organic frameworks (MOFs) are network solids wherein metal ions or clusters are connected 36 

by organic ligands into extended structures.1 A number of MOFs have been proposed as potential gas 37 

capture and separation materials,2-7 including candidates for H2 storage applications,8-15 due to their 38 

prodigious storage capacities and ease of structure optimisation and functionalisation. To enhance 39 

adsorption capacity, the isoreticular principle16 – extending the linker length whilst maintaining the 40 

metal secondary building unit (SBU) and topology – is often applied.17 This strategy can enhance 41 

pore volume, but interpenetration of multiple nets within the pore space of each other can result in 42 

reduced overall uptake, albeit sometimes enhancing substrate selectivity.18-21 MOFs with topologies 43 

that exclude the possibility of interpenetration,22 as well as bespoke synthetic techniques,23 can also 44 

be used to maximise pore volume. At the same time, the main challenge to improve volumetric H2 45 

storage capacity is maximizing density as well as gas uptake.5, 24 Indeed, while many studies have 46 

previously focused on MOFs with high gravimetric BET areas and pore volumes, the high gravimetric 47 

H2 adsorption capacities did not readily translate to high volumetric H2 adsorption performance due 48 

to the low framework densities of these materials.25 Recently, the development of MOFs for H2 49 

storage has focused on materials which balance gravimetric and volumetric adsorption performance, 50 

whereby MOFs combining optimal pore volumes and structural density give way to materials with 51 

exceptional volumetric BET areas.8, 11, 26, 27 While many of these MOFs display exceptional H2 52 

adsorption performance, they often contain complex organic linker ligands and/or complex synthesis 53 

procedures.11 As such, accessing interpenetrated analogues of archetypal MOF systems represents a 54 

potentially straightforward route to materials with increased volumetric capacities, facilitated by the 55 

increase in MOF structural density and simultaneously enhanced adsorbate-adsorbent interactions.28-56 

30 57 

 58 

Classical MOFs such as those from the MIL family (MIL = Materiaux Institute Lavoisier) have 59 

displayed benchmark gas adsorption performance for numerous applications.31-33 While many MOFs 60 

of the MIL family utilise trivalent metals such as Cr3+, Fe3+ and Al3+, the use of light trivalent metals 61 

such as Sc3+ is considerably rarer. There are less than one hundred Sc MOFs and coordination 62 

polymers in the Cambridge Structural Database; compared to the 100,000 known MOFs, this is less 63 

than 0.1% of the available crystal structures,34 and only a fraction of these MOFs have been 64 

subsequently utilised for hydrogen storage.35-38 Sc MOFs exhibit SBUs analogous to their more 65 

common trivalent transition metal congeners, including the one-dimensional metal hydroxide chain 66 

SBU, where each metal is bridged by four carboxylate oxygen donors and two 2-OH linkers, as seen 67 

in MIL-53(Sc)39, 40 and MIL-68(Sc),41 as well as the discrete trimeric [Sc3O(RCO2)6] cluster observed 68 

in MIL-101(Sc)40, 41 and MIL-88B(Sc).35, 42 A further one-dimensional SBU, where ScO6 octahedra 69 
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are connected by face-sharing carboxylate units, is found in [Sc2BDC3], where BDC = 1,4-70 

benzenedicarboxylate,36, 43 and an analogue linked by 1,4-naphthalenedicarboxylate.44 These first five 71 

MOFs are all connected by the same BDC ligand, highlighting the need to carefully control reaction 72 

conditions such as time, temperature, and solvent, to select a desired phase.40 An alternative approach 73 

to control phases is the use of modulated self-assembly, where additives such as monotopic analogues 74 

of the multitopic MOF ligand (coordination modulation) or mineral acids (pH modulation) can tune 75 

self-assembly kinetics and/or template specific SBUs to allow fine control over phase formation in 76 

complex systems.45 Modulation has primarily been used to enhance and control physical properties 77 

such as crystallinity, defectivity, and porosity in MOFs linked by tetravalent metals such as Zr4+,46-49 78 

but emerging work suggests phase control is possible in MOFs linked by trivalent metals such as 79 

Al3+,50 Fe3+,51, 52 and Cr3+,53 while modulation of Sc MOFs has been used to control porosity.54  80 

 81 

Application of the isoreticular principle to MIL family MOFs has led to interpenetrated MIL-88 82 

topology materials containing the discrete M3O SBU,51, 54-56 but catenated versions of MIL-53 83 

topology MOFs with one-dimensional chain SBUs have not been reported to date. Indeed, it has been 84 

proposed that MOFs with such rod-like SBUs are highly unlikely to interpenetrate due to the short 85 

periodicity of the SBU – so-called “forbidden catenation”57, 58 – but exceptions have been reported.59 86 

Herein, we report the modulated self-assembly of a two-fold interpenetrated Sc MOF with the MIL-87 

53 topology, which we have named GUF-1 (Glasgow University Framework-1). Combining the 88 

extended 4,4′-(ethyne-1,2-diyl)dibenzoate (EDB2-) ligand with the Sc-OH infinite chain SBU results 89 

in a MOF with limited flexibility compared to the archetypal MIL-53(Sc), which endows GUF-1 with 90 

permanent porosity. By using a combination of experiments and simulations, we confirm that a 91 

mixed-modulation strategy is essential to access samples with optimal porosity, where the 92 

combination of excellent uptake with a relatively dense material means GUF-1 provides excellent 93 

volumetric H2 working capacities that are comparable to benchmark materials. 94 

 95 

Results and Discussion 96 

In the first instance, unmodulated solvothermal syntheses containing 4,4′-(ethyne-1,2-diyl)dibenzoic 97 

acid (EDB-H2, prepared according to a modified literature procedure60, 61) and Sc(NO3)3‧4H2O in 98 

N,N-dimethylformamide (DMF) carried out at 100 ˚C resulted in a mixture of phases. Addition of 99 

hydrochloric acid (HCl) to a reaction mixture of EDB-H2 and scandium nitrate in DMF that was 100 

heated at 100 ˚C for 24 hours yielded cuboidal single crystals of GUF-1 (see SI, Section S2). The 101 

MOF crystallises in the orthorhombic Cmme space group and has unit cell parameters of a = 7.3026(4) 102 

Å, b = 26.998(2) Å, c = 11.4979(8) Å. The structure of GUF-1-(HCl), named to denote the modulator 103 

used in its synthesis, consists of the characteristic one-dimensional chain, found in MIL-53(Sc)39, 40 104 
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and analogues, running down the crystallographic a-axis, where each metal is bridged by four 105 

carboxylate oxygen donors and two 2-OH linkers. Each EDB2– linker binds to four separate 106 

scandium atoms, but its extended length results in a structure with two-fold interpenetration, where 107 

the one-dimensional Sc-OH chains of one net sit in the centre of the rhomboid channel of the other 108 

(Figure 1a). Interpenetration is facilitated by the alkyne spacer at the centre of the EDB2– linker. The 109 

alkyne units of the interpenetrating nets stack upon one another, in an alternating fashion, at a distance 110 

of 3.65 Å apart from the centre of each alkyne bond (Figure 1b); we expect that steric hindrance 111 

would preclude a similar structure forming with a terphenylene-based linker, for example. This very 112 

small periodicity allows for interpenetration to occur, despite the one-dimensional chain SBU, which 113 

has a periodicity of ~7.3 Å, effectively locking the linkers together and limiting their movement 114 

relative to one another. Similar alkyne stacking has been observed in interpenetrated Zn MOFs of the 115 

EDB2-62 and 1,4-bis(1H-pyrazol-4-ylethynyl)benzene ligands.59 116 

 117 

 118 

Figure 1. The crystal structure of GUF-1-(HCl). a) Crystal packing viewed down the crystallographic a-axis, 119 

showing the two interpenetrated nets, coloured red and blue, with disordered DMF solvent molecules in one 120 

of the two rhombic channels. b) Stacking of alkyne spacers (represented as spheres) of the EDB2- linkers of 121 

adjacent nets, (i) = 3.65 Å (centroid to centroid). c) Hydrogen bonding between pore-bound DMF and bridging 122 

2-OH, with positional disorder not shown, (ii) = 2.892(8) Å (O‧‧‧O). Unless stated otherwise, C: grey; O: red; 123 

N: blue; H: yellow; Sc: Silver spheres. H atoms not involved in H bonding removed for clarity. 124 

 125 

Two different rhombic channels form; one contains DMF solvent that could not be modelled, and the 126 

other is occupied by disordered DMF molecules that form hydrogen bonds with the 2-OH units that 127 
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project into the pore through the formamide oxygen (O‧‧‧O = 2.892(8) Å, Figure 1c) to give an overall 128 

formula of [ScOH(EDB)]‧DMF. To the best of our knowledge, this is the first report of an 129 

interpenetrated MIL-53 material – isoreticular analogues have been reported with the extended 130 

naphthalene-2,6-dicarboxylate63, 64 and biphenyl-4,4′-dicarboxylate64-68 linkers, but not for longer 131 

struts – and suggests that linkers with sterically small spacers, such as alkynes, could lead to 132 

interpenetrated phases in other systems linked by infinite 1D SBUs.59  133 

 134 

The non-interpenetrated MIL-53(Sc), with BDC as linker, shows significant structural flexibility in 135 

the presence and absence of different guest molecules, with behaviour distinct from other homologues 136 

in the series.39, 69 To investigate the impact of interpenetration on the flexibility of GUF-1, both single 137 

crystal and powder X-ray diffraction techniques were employed. In the first instance, simple solvent 138 

exchange of GUF-1-(HCl) crystals was carried out over 72 h at room temperature to determine if the 139 

pore-bound DMF could be exchanged and if differing solvation influences flexibility (see SI, Section 140 

S3). Breathing in MIL-53(Sc) occurs via hingeing motions around the metal-carboxylate bonding, 141 

“flattening” the rhombus-shaped channel, and resulting in a complex range of open, closed, and 142 

partially closed structures.39, 69 In contrast, GUF-1-(HCl) shows distinct but minor changes when 143 

solvents are exchanged, which we have assessed by measuring angles Ψ and Φ, corresponding to the 144 

internal vertices of the rhombic pore, with a perfect square (Ψ = Φ = 90˚) expected to represent the 145 

fully “open” structure (Figure 2a). 146 

 147 

 148 

 149 

Figure 2. a) Schematic of pore vertice angles Ψ and Φ used to determine level of “openness” of GUF-1. b) 150 

Scanning electron micrographs of GUF-1-(AcOH) showing rod morphology. c) Powder X-ray diffractogram 151 

(flat plate, λ(CuKα) = 1.54183 Å) of GUF-1-(AcOH) compared to that predicted from the crystal structure of 152 

GUF-1-(HCl). d) Stacked powder-X-ray diffractograms (capillary, synchrotron radiation, E = 15 keV, λ = 153 

0.826338 Å) of GUF-1-(AcOH) under vacuum at different temperatures compared to that predicted from the 154 

crystal structure of GUF-1-(HCl). 155 

 156 

The “as-synthesised” DMF solvate, GUF-1-(HCl), has the most open form of the solvates examined 157 
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(Table 1). While single-crystal to single-crystal solvent exchange did change unit cell parameters, it 158 

was generally not possible to identify solvent in the pores, presumably due to disorder, but the loss 159 

of ordered DMF is suggestive of solvent exchange. Subtle changes are apparent after soaking in 160 

dichloromethane (CH2Cl2) and ethyl acetate (EtOAc). As the structure becomes more closed and the 161 

rhombic pore becomes more elongated, the b-axis increases, the c-axis decreases, and the unit cell 162 

volume decreases. The largest changes in unit cell parameters were found in the samples that were 163 

exchanged with 1,4-dioxane and isopropanol (iPrOH); the b-axis increases by roughly 1.30 and 1.16 164 

Å, respectively, coupled with a shortening in the c-axis by 0.87 and 0.71 Å. Quantitatively, going 165 

from the DMF solvate to the iPrOH solvate involves a unit cell volume contraction of 71.3 Å3 (3.1%).  166 

 167 

Table 1. Selected crystallographic data (150 K) for solvent exchanged single crystals of GUF-1-(HCl). 168 

Solvent a / Å b / Å c / Å Volume / Å3 Ψ / ˚[a] Φ / ˚[a] 

DMF[b] 7.3026 (4) 26.998 (2) 11.4979(8) 2266.88 (3) 99.2 80.8 

CH2Cl2 7.3179 (4) 27.334 (1) 11.2728 (6) 2254.86 (2) 101.0 79.0 

EtOAc 7.3142 (6) 27.545 (2) 11.189 (1) 2254.24 (3) 101.8 78.2 

1,4-Dioxane 7.3050 (6) 28.157 (3) 10.7836 (9) 2218.46 (3) 105.1 74.9 

iPrOH 7.3033 (4) 28.300 (1) 10.6231 (6) 2195.60 (2) 106.2 73.8 

[a]Angles Ψ and Φ correspond to the internal vertices of the rhombohedron shaped pore (see Figure 2a). 169 

[b]The “as-synthesised” crystal structure of GUF-1-(HCl). 170 

 171 

Bulk powder samples of GUF-1 can be synthesised (see SI, Section S2) by replacing HCl with acetic 172 

acid (AcOH) as modulator, to yield GUF-1-(AcOH) as micron-scale rod-shaped particles (Figure 2b). 173 

Samples were isolated by separating from the reaction solvent by centrifugation, followed by three 174 

acetone solvent exchanges and drying under reduced pressure in a vacuum dessicator, allowing for 175 

powder X-ray diffraction (PXRD) analysis to be carried out. GUF-1-(AcOH) shows a diffractogram 176 

similar to that predicted from the single crystal structure, but with minor differences suggesting 177 

potential flexibility on drying (Figure 2c). The position of Bragg reflections match the predicted 178 

diffraction pattern well, although relative intensities vary, which may be due to preferred orientation 179 

or minor changes in solvation (see SI, Section S4.1). To further examine the breathing of GUF-1 in 180 

the absence of guests, a bulk powder sample of GUF-1-(AcOH) was activated by washing in acetone 181 

three times and drying at 120 ˚C under vacuum (1.5 × 10-3 mbar for 24 hours on a rotary vane pump), 182 

and subsequently loaded into a capillary compatible with the gas cell70 at the I11 beamline at Diamond 183 

Light Source.71 Powder X-ray diffractograms (Figure 2d) were measured across a range of 184 

temperatures under vacuum, and Pawley fits used to assess the unit cell data (all diffractograms, fits, 185 

and unit cell data are provided in the SI, Section S4.2). At 298 K, V = 2277.1(1) Å3, which correlates 186 
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closely to the DMF solvate crystal structure collected at 150 K (V = 2266.9(3) Å3). The unit cell 187 

volume decreases slightly as the temperature is decreased (V = 2256.6(2) Å3 at 95 K). After bringing 188 

the sample back to room temperature, a similar decrease in volume is observed upon subsequent 189 

heating (V = 2257.1(2) Å3 at 393 K). This slight negative thermal expansion indicates the structure is 190 

closing and could be due either to the final removal of any residual solvent, or the increase in 191 

temperature facilitating additional flexibility. In any case, the volume changes are smaller than those 192 

observed by single-crystal X-ray diffraction upon solvent exchange, indicating host-guest interactions 193 

can influence the structure to a greater extent.  194 

 195 

To assess the porosity of GUF-1 and the effect of synthesis modulator on physical properties, N2 196 

adsorption isotherms were carried at 77 K out on unmodulated (GUF-1) and AcOH modulated (GUF-197 

1-(AcOH)) samples that had been activated by acetone washing and degassing (turbopump) at 150 198 

°C for 20 h (Figure 3a). Both isotherms presented a small step around P/P0 = 0.1 – this could be 199 

related either to stepwise pore-filling at different adsorption sites or the breathing phenomenon 200 

observed in flexible MOFs.72, 73 In any case, GUF-1-(AcOH) showed a higher overall uptake (159 vs. 201 

197 cm3 (STP)/g at 1 bar for GUF-1 and GUF-1-(AcOH), respectively) and BET area (SBET = 440 m2 202 

g-1 vs. 607 m2 g-1 for GUF-1 and GUF-1-(AcOH), respectively). Comparison of PXRD data for GUF-203 

1-(AcOH) before and after activation showed the appearance of some additional Bragg reflections, 204 

suggestive of possible flexibility or degradation (see SI, Figure S24).  205 

 206 

As the unit cell volumes of evacuated samples were similar to the crystal structure of the DMF solvate 207 

(see SI, Table S1), the GUF-1-(HCl) crystal structure with pore-bound solvent omitted (denoted “as-208 

synthesised”, where Ψ = 99.2˚, Φ = 80.8˚) was used as the basis for grand canonical Monte Carlo 209 

(GCMC) simulations to assess the N2 adsorption isotherm (see SI, Section S6). The simulation on a 210 

perfect and rigid structure predicts a much higher uptake of 274 cm3 (STP)/g at 1 bar (Figure 3b) – it 211 

also showed a perfect Type I isotherm, which rejects the potential idea of stepwise filling of different 212 

adsorption sites, and suggests the observed step is indeed due to structure breathing. As such, a 213 

modified modulated self-assembly protocol was followed using L-proline (L-Pro), which has been 214 

shown previously to enhance crystallinity and porosity in Sc54 and Zr46, 47 MOFs. L-Proline was used 215 

as a co-modulator with AcOH to give GUF-1-(L-Pro/AcOH); after activation, the N2 adsorption 216 

isotherm at 77 K showed a much higher uptake of 369 cm3 (STP)/g (SBET = 1080 m2 g-1) with narrow 217 

hysteresis. The isotherm also retained the step of the previous samples around P/P0 = 0.1, which 218 

occurred at an N2 uptake value of around 260 cm3 (STP)/g, very close to the uptake capacity predicted 219 

by GCMC simulations for the as-synthesised structure, and suggesting the MOF is opening beyond 220 

what is seen in the GUF-1-(HCl) crystal structure. The 1H NMR spectrum of an acid-digested sample 221 
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confirmed no L-proline, formylated proline, or DMF is retained in the pores (see SI, Figures S25 and 222 

S26), and suggests the MOF is fully activated and does not contain capping modulators as cluster-223 

bound defects. 224 

 225 

To probe this potential breathing, a fully “open” structure, where Ψ = Φ = 90˚, was generated and an 226 

N2 adsorption isotherm simulated. The predicted uptake of 372 cm3 (STP)/g at 1 bar is again in 227 

excellent agreement with the experimental isotherm (Figure 3b), suggesting GUF-1-(L-Pro/AcOH) 228 

is fully activated and exhibits breathing at low partial pressures. Comparison of PXRD data for GUF-229 

1-(L-Pro/AcOH) before and after isotherm collection showed no notable changes (Figure 3c), 230 

suggesting this breathing is reversible. GUF-1-(L-Pro/AcOH) therefore represents an example of a 231 

MOF with a potentially highly flexible topology wherein interpenetration likely limits this 232 

flexibility,74 and ensures permanent porosity,55 although we have not been able to prepare the non-233 

interpenetrated analogue to confirm this. 234 

 235 

 236 

 237 

Figure 3. a) Comparison of N2 adsorption/desorption isotherms (77 K) for GUF-1 samples prepared under 238 

different modulation conditions. b) Comparison of experimental N2 adsorption (77 K) by GUF-1-(L-239 

Pro/AcOH) with simulated isotherms for the “as-synthesised” (Ψ = 99.2˚, Φ = 80.8˚) and “open” (Ψ = Φ = 240 

90˚) structural models, which are pictured c) Stacked powder X-ray diffractograms of GUF-1-(L-Pro/AcOH) 241 

before and after activation compared to the predicted diffractogram. The as-synthesised sample had been 242 

washed three times with acetone and dried under vacuum (desiccator) for 24 hours. The activated sample had 243 

been degassed at 150 C for 20 h and an N2 adsorption/desorption isotherm collected at 77 K (one cycle). 244 

 245 

Having optimised the synthetic conditions to access pristine MOF, a H2 adsorption isotherm of GUF-246 

1-(L-Pro/AcOH) was carried out at 77 K (Figure 4). Interestingly, the low subatmospheric H2 247 

isotherm, with an uptake of 287 cm3 (STP)/g at 1 bar, shows the same narrow hysteresis as the N2 248 

adsorption isotherm; hysteresis in H2 adsorption isotherms is not commonly observed in MOFs.75, 76 249 

This adsorption capacity for H2 equates to 25.8 mg g-1, or 2.52 wt%. GCMC simulations predicted 250 

uptakes of 247 and 288 cm3 (STP)/g (2.18 and 2.52 wt%) at 1 bar for the as-synthesised and open 251 
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structures, respectively; the latter values are again very close to the experimental results and suggest 252 

GUF-1-(L-Pro/AcOH) breathes on exposure to H2 at these partial pressures.  253 

 254 

 255 

 256 

Figure 4. Experimental H2 adsorption/desorption isotherm (77 K) for GUF-1-(L-Pro/AcOH) compared to 257 

simulated isotherms for the as-synthesised and open structural models of GUF-1. 258 

 259 

To further probe the H2 adsorption performance of GUF-1-(L-Pro/AcOH), high-pressure adsorption 260 

isotherms were run at two temperatures, 77 K and 160 K, and up to 110 bar (Figure 5a). It is important 261 

to note that the experimentally measured values are excess amounts adsorbed (Nexc), which are 262 

transformed into absolute uptakes (Nabs) by using equation (1):  263 

 264 

Nabs =Nexc + ρVpore (1) 265 

 266 

where ρ is the density of the gas at the given adsorption pressure and temperature, obtained from the 267 

National Institute of Standards and Technology (NIST),77 and Vpore is the pore volume of the 268 

adsorbent.24 Similar to the adsorption of N2, the H2 isotherm at 77 K (Figure 5a) shows an interesting 269 

shape with two clear steps, evident from a dual-site Langmuir fitting (see SI, Figure S28), until it 270 

plateaus at ca. 80 bar with a volumetric uptake, based on the crystal density of the open structure, of 271 

41.1 g L-1. This could be indicative of further flexibility, induced by increased gas pressure, which 272 

has been observed in related systems.72 Figure 5b shows the comparison of the experimental 273 

adsorption isotherm with the GCMC simulated ones for both the open and as-synthesised structural 274 

models of the material. The experimental isotherm at 77 K displayed similar saturation uptake (523 275 

cm3(STP)/g at 100 bar), to that simulated for the open structure material (543 cm3(STP)/g at 100 bar), 276 

which suggests the larger pore volume of the open structure material enables enhanced H2 adsorption 277 

performance at higher pressures.   278 



10 
 

 279 

 280 

Figure 5. a) Volumetric H2 adsorption for GUF-1-(L-Pro/AcOH) measured at 77 K and 160 K; absolute uptake 281 

is shown by closed symbols, while open symbols represent excess uptake. Absolute uptake values were 282 

calculated based upon an experimentally measured pore volume (at P/P0 = 0.99) of 0.572 cm3 g-1 and a crystal 283 

density of 0.878 g cm-3 for the open structure. b) Experimental high pressure absolute H2 isotherm compared 284 

to GCMC calculated H2 uptake for the open and as-synthesised structures for GUF-1-(L-Pro/AcOH). c) 285 

Isosteric heat of adsorption (Qst) for H2 adsorption on GUF-1-(L-Pro/AcOH) calculated using the Virial method 286 

and H2 isotherms at 77 K and 160 K. d) H2 adsorption isotherms (77 K and 160 K) of GUF-1-(L-Pro/AcOH) 287 

and benchmark MOFs; closed symbols represent 77 K experiments, open symbols represent 160 K 288 

experiments. e) Cryogenic H2 gas delivery for pressure swing (100 bar/77 K → 5 bar/77 K) and temperature-289 

pressure swing (100 bar/77 K → 5 bar/160 K) storage systems for GUF-1-(L-Pro/AcOH). f) H2 working 290 

capacity of GUF-1-(L-Pro/AcOH) compared to benchmark materials (data replotted from corresponding 291 

publications for NU-100,9 NU-125,8 Ni(dobdc),10 NU-1500-Al,11 and NU-1501-Al11 and tabulated in the SI, 292 

Table S4). 293 

 294 

Interestingly, GUF-1-(L-Pro/AcOH) displays an exceptional high H2 uptake in the low-pressure 295 

region (0-2 bar), which suggests high adsorbent-adsorbate interaction energy between the MOF and 296 

H2 gas. We used the Virial method to estimate the isosteric heat of adsorption (Qst) using the H2 297 

isotherms collected at 77 and 160 K (Figure 5c). The experimental Qst at low coverage for GUF-1-298 

(L-Pro/AcOH) was ca. 7.6 kJ mol-1, which exceeds those for many previously reported high capacity 299 

benchmark adsorbents (see SI, Table S4), although higher values can been obtained by narrow-pore 300 

materials78-80 or those with open metal sites.81, 82 This high Qst for H2 can be attributed to the narrow 301 
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porosity of the closed structure and strong π-π interactions between H2 and the aromatic rings of the 302 

linker ligands of the GUF-1-(L-Pro/AcOH) framework. 303 

 304 

MOFs generally display Type I isotherms for adsorption of H2 under cryogenic conditions, with high 305 

loadings at low pressures, followed by a saturation of the H2 uptake at higher ones. This limits the 306 

overall working capacity of the adsorbent materials.5 To address this issue, the DoE Hydrogen 307 

Storage Engineering Center of Excellence (HSECoE) has proposed designing tanks for cryo-308 

adsorption storage that operate with H2 loading occurring at 77 K and 100 bar and discharge occurring 309 

at 160 K and 5 bar, ensuring the amount of deliverable H2 in nanoporous MOFs is maximised.10 In 310 

this way, we examined the material for use in cryogenic H2 gas delivery for pressure swing (100 bar 311 

and 77 K → 5 bar and 77 K) and temperature-pressure swing (100 bar and 77 K → 5 bar and 160 K) 312 

systems.  For the purposes of this study, we limited our analysis to benchmark materials whose H2 313 

adsorption performance was based on crystal structure densities. Figure 5d shows the comparison of 314 

the uptake of GUF-1-(L-Pro/AcOH) at 77 K with benchmark materials; GUF-1-(L-Pro/AcOH) 315 

exhibits slightly lower H2 uptake to that of NU-1501 and NU-1500, with NU-100 and Ni(dobdc) 316 

outperforming GUF-1-(L-Pro/AcOH) at higher pressures (see SI, Table S4). Calculating the working 317 

capacity for a cryogenic pressure swing (100 bar and 77 K → 5 bar and 77 K) system (Figure 5e), 318 

GUF-1-(L-Pro/AcOH), however, outperforms Ni(dobdc) by delivering ca. 26 g L-1 H2 between 100 319 

and 5 bar (Figure 5f). For a combined temperature-pressure swing (100 bar and 77 K → 5 bar and 320 

160 K) system (Figure 5e), GUF-1-(L-Pro/AcOH) displayed a working capacity of ca. 41 g L-1. This 321 

was found to be comparable to the previously reported benchmark materials examined under similar 322 

conditions (Figure 5f). Despite the slightly lower H2 uptake at 77 K compared to the current 323 

benchmarks such as NU-125,8 NU-1500,11 and NU-150111 (Figure 5d), the significantly lower H2 324 

uptake at 160 K enables GUF-1-(L-Pro/AcOH) to maximise the H2 delivered in a combined 325 

temperature-pressure swing system, illustrating its great potential for use H2 storage applications.  326 

 327 

Conclusions 328 

By using a carefully controlled self-assembly strategy and a reticular chemistry approach, we have 329 

reported an unusual example of an interpenetrated MIL-53 topology MOF, which has limited 330 

flexibility due to catenation but maintains permanent porosity. By using a sterically unhindered spacer 331 

at the centre of the EDB2- linker, close stacking of adjacent nets with low periodicity (3.65 Å) 332 

facilitates interpenetration, even with an infinite rod SBU. The full porosity of GUF-1-(L-Pro/AcOH) 333 

has been accessed by a combination of GCMC simulations and bespoke coordination modulation 334 

experiments, leading to a material with an excellent working capacity for H2 storage and delivery in 335 

a combined temperature-pressure swing system. The work shows the importance of coordination 336 
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modulation in both the discovery and optimisation of MOFs, while GUF-1-(L-Pro/AcOH) stands as 337 

an example of a material constructed from relatively simple building blocks that can still exhibit a 338 

highly desirable uptake and working capacity for hydrogen storage applications. 339 
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