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Metal–organic frameworks (MOFs) have been recognized as prominent methane adsorbents for use in

cleaner modes of transportation. Currently, ultrahigh methane deliverable capacity is required for use in

heavy-duty vehicles and long-haul transportation under industrially and economically feasible working

conditions. Herein, we show that control over interpenetration in MOFs can serve as a realistic strategy

for boosting methane deliverable capacity without altering the underlying topology. Specifically, a new

MOF, termed ST-150 (ST ¼ ShanghaiTech University), is demonstrated to possess an high volumetric

deliverable capacity of 244 cmSTP
3 cm�3, which stands at a �70% improvement over its interpenetrated

counterpart–MOF-150. Due to the control over interpenetration, ST-150's deliverable capacity surpasses

that of an empty compressed natural gas tank by 20% at 298 K and 5.8–200 bar. Variable-temperature

solid-state nuclear magnetic resonance (NMR) spectroscopy combined with molecular simulation of

methane uptake reveals new insights into the importance of molecular dynamics and its impact on the

accessible pore volume, and ultimately, deliverable capacity for on-board methane storage in MOF

materials.
Introduction

Natural gas is an alternative fuel to diesel and petrol in green
transportation.1 Compared with compressed natural gas (CNG)
and liqueed natural gas (LNG), adsorbed natural gas (ANG) is
better positioned for on-board methane storage due to an
increase in volumetric energy density that is provided by the use
of porous materials.2 Featuring designable frameworks, well-
dened adsorptive sites, and superior porosity, metal–organic
frameworks (MOFs) have been widely studied for on-board
methane storage and subsequent use in ANG processes.3

Several prominent MOFs have demonstrated high uptakes4 and
deliverable capacities5–7 at pressures up to 35, 65, 80, or 100 bar.
Recently, we and others have propelled these MOFs into
methane storage applications with new, attractive working
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conditions that promote their use in heavy-duty vehicles and
long-haul transportation.8 Herein, we report a strategy for
optimizing deliverable capacity at 298 K and 5.8–200 bar by
controlling framework interpenetration in MOF materials.

Owing to the backpressure of an internal combustion
engine, methane uptake below a minimal desorption pressure
(Pdes; e.g., 5.8 bar)1c of a gas cylinder is considered to be unus-
able. Thus, the deliverable capacity is evaluated by subtracting
the unusable uptake from the total uptake at a certain maximal
working pressure (Pads; Scheme 1). Several exible MOFs6 have
shown optimal deliverable capacity based on a gate-opening
mechanism (Scheme 1a, red). In such systems, a MOF
switches from a contracted state, thereby minimizing the
unusable uptake, to an expanded state that maximizes the total
uptake under working pressures (Pads). However, in most of
these systems, control over the exibility in MOFs is not
straightforward because there is potential for the MOF to
become trapped in a gate-closed state under prescribed pres-
sures (Scheme 1a, blue).

Interpenetration9 has merit as a controllable alternative
method to use when tuning MOF adsorption properties,10 albeit
the impact of interpenetration on ultrahigh-capacity methane
storage has yet been reported. Herein, we illustrate how control
over interpenetration in MOFs can be utilized to boost the
deliverable capacity of a doubly interpenetrated MOF that
imposes higher unusable methane uptake (Scheme 1b, blue)10

to a non-interpenetrated MOF displaying higher total methane
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Scheme 1 Strategies for optimizing the deliverable capacity of on-
board methane storage in MOFs. (a) Adsorption isotherms of a flexible
MOF that experiences a gate-opening phenomena (red) in order to
achieve optimal deliverable capacity. As a result of gate-closure (blue),
the MOF fails to achieve an optimal deliverable capacity under the
prescribed working pressure. (b) Adsorption isotherms of rigid MOFs
with controlled interpenetration (red). The rigidity of the framework
minimizes the unusable uptake while, at the same time, improving the
total uptake in order to achieve optimal deliverable capacity. When the
framework is interpenetrated (blue), the MOF exhibits compromised
deliverable capacity.

Fig. 1 Solvent-directing strategy for constructing the crystal struc-
tures of MOF-150 and ST-150. The solvents used for producing single
crystals: MOF-150, DEF and EtOH; ST-150: DEF. Colour codes: Zn,
light blue; C, black; O, red; N, blue. One of the interpenetrated
frameworks in MOF-150 was dimmed for clarity.
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uptake (Scheme 1b, red). Indeed, this strategy yields an optimal
MOF system that is marked by its ultrahigh capacity for use in
on-board methane storage processes.
Results & discussion
Syntheses and characterization

As a proof-of-concept, the iconic MOF-150 (Fig. 1), [Zn4-
O(NTB)2],11 that adopts the doubly interpenetrated pyrite net
(pyr-C2) was pursued for this study. This MOF is constructed
from Zn4O(–COO)6 and 4,40,400-nitrilotribenzoate (NTB) building
units in DEF/EtOH (DEF ¼ N,N-diethylformamide; EtOH ¼
ethanol). A second counterpart MOF, ST-150 (Fig. 1, ST ¼
ShanghaiTech University), adopting the non-interpenetrating
pyr net, was realized using the same conditions with the
notable exception of the solvent system, which in this case
anhydrous DEF alone was employed (Section S1 in ESI†). The
successful control over interpenetration in ST-150 is realized by
reducing the amount of aprotic solvent used in the sol-
vothermal synthesis. When the volumetric ratios of DEF to
EtOH were varied from 7 : 3 to 9 : 1, several new X-ray diffrac-
tion peaks (Fig. 2a, e.g., 2q ¼ 6.8, 8.8, and 13.0�) were observed
suggesting the formation of non-interpenetrated ST-150
(Fig. 2b). This phenomenon is also consistently observed
when switching solvent systems from DEF/EtOH to DEF/
methanol and DEF/H2O (Fig. S1†). We speculate that the
J. Mater. Chem. A
formation of interpenetration in this system is sensitive to water
content in DEF, which might facilitate the formation of
framework interpenetration-directing Zn(OH)2 units within the
pores.12

While the crystal structure of MOF-150 was obtained rela-
tively easily, the resolution of single-crystal X-ray diffraction for
ST-150 was too poor to allow for structure elucidation. Accord-
ingly, the crystal structure of ST-150 was characterized by
synchrotron powder X-ray diffraction (PXRD, Section S2 in ESI†)
using Rietveld renement (Fig. 2c) against a non-
interpenetrated model (Fig. S8, Tables S1–S2†). This analysis
method resulted in satisfactory convergence (Rwp ¼ 7.92% and
Rp¼ 5.79%). ST-150 crystalized in the chiral cubic P213 (no. 198)
space group with a lattice constant of 22.440(5) Å. The frame-
work adopts the non-interpenetrated pyr net and the void
fraction reaches up to 76.2% of crystal volume (8616.6 Å3 of the
11 299.6 Å3 unit cell volume). The porous structure features
interconnected cages with an internal pore diameter of 11.5 Å.
For comparison, MOF-150 (Fig. S9, Tables S3–S4†) crystalizes in
the centrosymmetric cubic Ia�3 (no. 206) space group with
a lattice constant of 22.329(3) Å. The void fraction of MOF-150 is
39.8% and the structure is highlighted by its continuous
channels with an internal pore diameter of 7.35 Å.

To compare their respective porosities, ST-150 and MOF-150
were fully activated (Fig. S2–S6†) by applying vacuum and
heating at 120 �C for 24 h. N2 adsorption isotherms at 77 K for
both exhibit typical Type-I sorption behaviours (Fig. 2d and
S10†) that are characteristic of microporous materials. The N2

gas uptakes at P/P0 ¼ �1.0 are 500 and 320 cmSTP
3 cm�3,

respectively, and their pore volumes are calculated to be 1.23
and 0.44 cm3 g�1, respectively. The multipoint BET plot of the
N2 adsorption isotherms (Fig. S11–S14†) affords specic surface
areas of 3008 and 1082 m2 g�1 for ST-150 and MOF-150,
respectively. Narrow pore size distributions centred at 10.9
and 7.5 Å (Fig. 2d, inset), for ST-150 and MOF-150, respectively,
were determined by tting the Ar adsorption isotherms at 87 K
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Control experiment of the solvent directing strategy for interpenetration control as analysed by PXRD patterns; (b) comparison of PXRD
patterns of ST-150 and MOF-150; (c) synchrotron PXRD patterns of activated ST-150 and the Rietveld refinement against a non-interpenetrated
model; (d) N2 adsorption isotherms at 77 K for ST-150 and MOF-150 and the pore size distribution derived from their Ar adsorption isotherms at
87 K (inset); (e) high-pressure (0–200 bar) methane uptake at 298 K for ST-150 and MOF-150; (f) comparison of unusable methane and
deliverable capacity (5.8–200 bar) of ST-150 to those of MOF-150 and other benchmark MOFs. *MIL-101 methane uptake is at 303 K. (g)
Variable-temperature solid-state 13C NMR partial spectra of ST-150; (h) temperature dependence of the linewidth, Dn, in ST-150 andMOF-5. The
solid line represents the least squares curve fitted with an exponential function; (i) dependence of deliverable capacity of methane storage (from
GCMC simulation) and accessible volume (from Zeo++ analysis) of ST-150 to the rotational angles of benzene ring from 0 to 180�.
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(Fig. S15†). Indeed, these results are consistent with the pore
metrics determined from their crystal structures. The data ob-
tained from these gas sorption measurements validate the
successful control of interpenetration from two-fold to none,
while at the same time, in terms of volumetric porosity, both
MOFs have similar surface areas (1634 and 1315 m2 cm�3 for
ST-150 and MOF-150, respectively), which has been considered
as a gure of merit for volumetric capacity in methane storage.5g

High-pressure methane uptake

In order to evaluate methane storage performance of the
interpenetrated (MOF-150) and non-interpenetrated (ST-150)
MOF structures, methane adsorption isotherms at 298 K were
measured from 0 to 200 bar (Fig. 2e, Section S4 in ESI†).

Total CH4 adsorption is calculated using the equation:

ntot ¼ nex + Vp � rbulk(p,T);
This journal is © The Royal Society of Chemistry 2021
where ntot is the total adsorption, nex is excess adsorption, Vp is
pore volume calculated from the N2 uptake plateau, and
rbulk(p,T) is the bulk gas density at different pressures and
temperatures as obtained from the relevant U.S. National
Institute of Standards and Technology database. Total CH4

adsorption isotherms for each MOF were then tted using Tóth
Model13 equations where n is the total amount adsorbed
inmmol g�1, P is the pressure in Pa, nL is the saturation capacity
in mmol g�1, b is the parameter in Pa�1, and t is the hetero-
geneity parameter of adsorbents.13

The total uptake of ST-150 is 278 cmSTP
3 cm�3 at 200 bar and

298 K (Fig. 2e) with the deliverable capacity being 243 cmSTP
3 cm�3

over the pressure range of 5.8 to 200 bar. Interestingly, this
capacity is �70% higher than that of MOF-150 (145 cmSTP

3 cm�3)
and rivals the deliverable capacities achieved by the benchmark
MOF materials (Fig. 2f), HKUST-1 (232 cmST

3 cm�3) and MIL-101
(233 cmSTP

3 cm�3 at 300 K). By tting the methane isotherms at
J. Mater. Chem. A
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three distinct temperatures (273, 283, and 298 K, Fig. S19–S20†)
with a virial equation (Fig. S21–S22†), the zero-coverage heat of
adsorption (Fig. S23†) of ST-150 was calculated as 12 kJ mol�1,
which is much lower than that of the MOF-150 (19 kJ mol�1). This
result indicates that control over interpenetration reduces unus-
able uptake from 78 to 34 cmSTP

3 cm�3 at 5.8 bar with relatively
lower heat of adsorption.
Solid-state NMR spectroscopy

The high uptake and deliverable capacity of ST-150 benet from
inherent linker motion, framework exibility, and crystal lattice
dynamics, all of which have been considered as positive attri-
butes of MOFs for high-capacity methane storage.7 To verify the
high porosity, high crystallinity, and linker dynamics of MOFs,
in-depth solid-state NMR spectroscopic studies were carried out
on the activated MOF-5, ST-150, and MOF-150.

Variable-temperature (VT) 1H solid-state NMR spectroscopy
were performed at 248–393 K (Section S5 in ESI†). 1H spin-
lattice relaxation time T1 was measured using inversion-
recovery sequence under nitrogen (Fig. S24 and Table S5†),
showing typical T1 for MOF-150 (2–3 s), much longer T1 for ST-
150 (14–17 s), and surprisingly, exceptionally longer T1 for MOF-
5 (115–119 s), which indicates a remarkable trend of increasing
framework exibility that is in consistence with higher
porosity.14 Furthermore, we revealed that when measuring
under dry air the T1 become signicantly shorter (Fig. S24 and
Table S6†) to various extents for MOF-5 (0.6–1.0 s), ST-150 (0.3–
0.5 s) and MOF-150 (0.15–0.3 s). Such T1 reduction is attributed
to the strong paramagnetic relaxation effect of O2 in the air,
which is similar to the case of observed 29Si T1 reduction in
zeolites.15 Therefore, under air we can greatly enhance NMR
sensitivity and dramatically speed up the spectral acquision by
10–100 times, which provides a new efficient methodology to
access high-resolution a 1H–13C cross-polarization magic angle
spinning (CPMAS) NMR spectroscopy of MOFs.

O2-enhanced
13C CPMAS solid-state NMR spectroscopy is

implemented on activated MOF-5, ST-150, and MOF-150 to
characterize molecular dynamics with slower motion for the
rst time in MOFs via linewidth analysis based on a transverse
relaxation approach.16 The VT 13C CPMAS NMR spectra of MOF-
5, ST-150 and MOF-150 are well resolved with all chemical shi
assigned (Fig. S25–S27†). The assignments of tertiary and
quaternary carbons in ST-150 and MOF-150 have been validated
by varying the CP contact time (Fig. S27–S28†), which facilitated
the study of phenyl ring dynamics based on the off-axis C–H.

For the organic linker (1,4-benzenedicarboxylate; BDC) in
MOF-5 (Fig. S25†), the sharp C3 signal at 265 K (22 Hz in line-
width at 128.9 ppm) broadened signicantly upon heating until
reaching a maximum of �400 Hz above 363 K. In contrast, the
linewidths of the C1 (COO) and C2 signals (both 7 Hz at 265 K)
increased modestly to 20–40 Hz. This suggests that the phenyl
ring re-orients around the two-fold C1–C1’ axis (a so called p

ip) at rates in the order of 1H decoupling frequency.
Similarly, in the 13C CPMAS NMR spectra of ST-150, the

peaks of C3 and C4 are broadened along with increasing
temperature reaching maxima (Fig. 2g), while C1, C2, and C5
J. Mater. Chem. A
signals increase to a lesser extent, which results from the same
p ip of phenyl rings. More interestingly, at temperatures as low
as 248 K (Fig. S26†), the two ring C–Hs, C3 and C4, each dis-
played four resolved peaks, corresponding to the four crystal-
lographic independent sites in its crystal structure (Fig. S8†).
With increasing temperature, the C3 signals gradually broaden
and merge into one resonance centred at 129–132 ppm with
a broad component underneath, and C4 signals become two
resonances at 121–123 ppm, until reaching maximal linewidth
at 373 K. Such dynamic spectral features are characteristic of ap
ip of phenyl rings from two inequivalent linkers. In contrast,
no temperature dependence of line broadening was observed in
those of the MOF-150 (Fig. S27†).

Analysis of the C3 linewidth dependence on temperature
over the range of 293 to 373 K, assuming an Arrhenius activation
process,16 yielded an activation energy (Ea) of 26.6 and
33.6 kJ mol�1 for ST-150 and MOF-5, respectively (Fig. 2h and
Table S7†). These activation energies are close to that of MFM-
115 (40 kJ mol�1) that has a similar (–Ph)3N motif.7b It is worth
noting that the present methodology bypassed the difficulty in
deuterium enrichment of organic linkers required for 2H NMR,
and yield precise dynamics information on the same natural
abundant materials for gas storage. The observed lower activa-
tion energy of rotational dynamics might enable reorientation
of benzene rings to optimize the methane packing at higher
pressures, which has been recognized as a favourable feature
for MOFs to achieve higher deliverable capacity.7a
Grand canonical Monte Carlo simulation

To investigate the impact of the dynamic motion on adsorption
of methane in ST-150, we performed grand canonical Monte
Carlo (GCMC, Section S6 in ESI†) simulations. The methane
adsorption isotherm at 298 K was estimated by performing
a GCMC simulation implemented in RASPA 2.0.17 In GCMC
simulations, the framework was regarded as rigid. Methane was
described by the one site united-atom model with the parame-
ters obtained from TraPPE force eld. Because a methane
molecule is neutral in the TraPPE forceeld, no electrostatic
interaction was considered between CH4 and the MOF.
Dispersion interaction energies for MOFs were computed using
a Lennard-Jones (LJ, Table S8†) potential form with parameters
from the Dreiding force eld. The Lorentz–Berthelot mixing
rule was used for the pairwise interaction parameters. All pair-
wise interactions were truncated and shied to zero at
a distance of the cut-off radius of 12 Å. A simulation box was
prepared by expanding aMOF unit cell repeatedly to ensure that
the dimensions along each x, y, or z direction is at least twice the
cut off radius. A total of 400 000 MC cycles with random
translation, rotation, swap, and regrowth (i.e., insertion) moves
were used in each simulation; 2 � 105 cycles for equilibrium
and the other 2 � 105 cycles for production.17a Considering the
signicant effect of linker orientation and phase transition on
methane adsorption7a, we rotated the linker of ST-150 from
0 (i.e., the original ST-150) to 180� and the adsorption isotherm
of methane was estimated at 298 K over the pressure range of 0–
200 bar (Fig. S30†). The maximum methane uptake of ST-150
This journal is © The Royal Society of Chemistry 2021
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occurs when the benzene rings rotate with 40� – this leads to 20
cm3 cm�3 higher uptake than that of the case when rotation
happens with 100�. The trend in the variation of methane
uptake upon linker rotation is found to be similar to that of the
variation of accessible volume of ST-150 (Fig. 2i). The accessible
volume exhibits 10% improvement from 0.61 to 0.67 cm3 g�1,
which allows the framework to adsorb more methanemolecules
at high pressure.18

Conclusions

In summary, by control over interpenetration, ST-150's deliv-
erable capacity reaches as high as 244 cm3 cm�3 for on-board
methane storage at 298 K and 5.8–200 bar. This is a �70%
enhancement in comparison with its counterpart MOF-150 and
surpasses those of the benchmarkmaterials, HKUST-1 andMIL-
101. The high deliverable capacity in ST-150 benets from
a lower heat of adsorption, which decreases the unusable
methane uptake, as well as themolecular dynamics for enabling
dynamic motions of benzene rings to have more accessible
volume for higher methane uptakes. This result illustrates the
feasibility of an alternate strategy of control over interpenetra-
tion for ultrahigh capacity methane storage by tailoring the
porosity and molecular dynamics.
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Hung., 1971, 69, 311; (c) J. Tóth, Adsorption: Theory,
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