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ABSTRACT: Metal−organic frameworks (MOFs) have been emerging as promising
multifunctional materials and have shown particularly useful applications for gas storage
and separation. We have briefly outlined the early development of this very active research
field to provide us a clear picture on what are MOFs and how the research endeavor has
been initiated and explored. Following that, we have demonstrated why MOFs are so
unique for gas storage and separation: high porosities, tunable framework structures, and
immobilized functional sites to fully make use of pore space for gas storage, to optimize
their sieving effects, and to differentiate their interactions with gas molecules. Finally, we
have provided a perspective on further development of porous MOFs for gas storage and
separation.

The last two decades have witnessed the emerging of func-
tional metal−organic framework (MOF) materials.1 Such

materials can be easily self-assembled from their correspond-
ing metal ions/clusters with organic linkers.2 Because a variety
of different chemically, optically, magnetically, electrochemi-
cally, biologically, and catalytically active metal ions/clusters
and organic linkers can be incorporated into such frame-
work materials, whereas their porosities have enabled them
to encapsulate a number of different guest substrates such
as gases, ions, nanoparticles, biological chemicals, and dyes, this
new type of inorganic−organic hybrid materials has wide appli-
cations on gas storage, separation, sensing, catalysis, drug
delivery, nonlinear optics, lasing, and data storage.3−9

It is interesting to briefly overview the development of this
very active research field, so we can learn from the history on
how a new research endeavor has been initiated and explored
exponentially even beyond our imagination. In the early 1990s,
research has been mainly focused on the syntheses, X-ray crys-
tal structures, and topological rationalization of coordination
polymers (CPs) or coordination networks (CNs) by scientists
Robson, Zaworotko, and Ciani et al. within crystal engineering

community though potential applications for molecular sieving
and ion exchange have been proposed.10−12 Given the fact
that (a) a few coordination complexes, for example, Ni(4-Me-
Pyridine)4(NCS)2, can take up gas/vapor molecules,13 (b)
single-crystal X-ray structures of a few coordination polymers
have been established to have framework structures,14 (c) a
large number of inorganic linkers such as O2−/OH− in porous
zeolite materials,15 CN− in Prussian Blue,16 and phosphates and
sulfides17 in other type of porous materials, it seems to be quite
natural to foresee the potential of such coordination polymers
as porous materials. However, it took a long time to eventually
establish the permanent porosities of the first several coordi-
nation polymers because of the difficulty to stabilize the frame-
works that can survive under thermal/vacuum activation. The
frameworks which can retain their crystalline features through
solvent guest exchanges were realized by Lee and Yaghi inde-
pendently in 1995 by making use of the very similar guest
solvents such as C6D6 to replace C6H6 in [Ag(TEB)CF3SO3]·
(C6H6)2 and C6H5NO2, C6H5CN, and C6H5Cl to replace
pyridine in CoC6H3(COOH1/3)3(NC5H5)2·2/3NC5H5.

18,19 It
was also in 1995 (Yaghi), for the first time, termed the metal−
organic framework and showed that this framework can survive
thermal activation at 200 °C for 6 h to retain its framework
crystalline nature, as confirmed by powder XRD.20 At the same
time, Lee and Moore established that Ag(l)(CF3SO3)]·2C6H6
(1 = 1,3,5-tri(3-ethynylbenzonitrile)benzene) can survive gentle
thermal activation at 110 °C for 10 min through unit cell
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determination and PXRD studies.21 Subsequently, Yaghi estab-
lished porous MOFs M3(BTC)2·12H2O (M = Co2+ and Zn2+),
which can reversibly take up water and ammonia molecules
in 1996.22 The breakthrough was eventually realized during
1997−1999 in which a few porous coordination polymers have
been exclusively established experimentally for gas sorption
isotherms: Kitagawa established the high pressure gas sorption
isotherms of M2(4,4′-bpy)3(NO3)4

23 in 1997 and Yaghi realized
the gas sorption properties of Zn(BDC)24 (MOF-2) in 1998.
The one, MOF-5 (later on also termed as IRMOF-1), dis-
covered by Yaghi,25 immediately attracted wide attention because
of its extremely high porosity with BET over 3000 m2 g−1. In
1999, Rosseinsky and Yaghi independently and exclusively
established the pore structures of two MOFs by single X-ray
diffraction studies.26 Apparently, it is high porosities of such
framework materials that distinguish themselves from other
traditional porous materials such as zeolites and activated carbons.
Since the early 2000s, the term “metal−organic framework” has
been widely utilized simultaneously with “coordination polymers”
or other similar terms such as “coordination networks”, “metal−
organic coordination networks”. Scientists have been developing
the research on MOF/CP materials from different perspective,
it is understandable that they would prefer to use one term over
another. As suggested by IUPAC,27 “metal−organic framework”
was subclass of “coordination polymers” with void spaces to
“highlight those stable porous coordination polymers, and to
emphasize the similarity of these special types of coordination
polymers with those traditional porous solid materials in terms of
their framework structures, topologies and properties. Essentially,
porous coordination polymer and metal−organic framework have
the same meanings, which are defined from two different
perspectives: the term “porous coordination polymer” emphasizes
the bonding nature between metal ions and bridging organic
linkers and structurally polymeric features from the chemistry
point of view; whereas the term “metal−organic framework”
highlights the similarity with traditional framework solids,
particularly zeolite framework materials and, thus, emphasizes
the robustness and the porosity from the material point of view.”2

The syntheses of MOFs were established in early 2000s as
well, as exemplified in the solvothermal synthesis ofMOF-14.28

Further extensive studies on the construction and exploration
of MOFs have motivated Yaghi and O’Keeffe to establish the
reticular chemistry for MOF materials, which to certain extent
has enabled us to rationally design and construct porous MOFs
of specific porosities and functions. Porous MOFs have some
unique features for gas storage and separation: (1) extremely high
porosities which can be up to 7000 m2/g, (2) tunable framework
structures and porosities, (3) rationally immobilized functional
sites and pores surfaces. Herein, we highlight the current status of
porous metal−organic frameworks on gas storage and separation.
Porous MOFs with High Porosities for Gas Storage. In

recent years, significant progresses have been made in syn-
thesizing new MOFs with record high surface areas and pore
volumes exceeding 7000 m2 g−1 and 4 cc g−1 by utilizing longer
organic linkers and activation with supercritical carbon dioxide
(SCD).29 To make use of the extremely high pore volumes and
surface areas, porous MOFs are very promising candidate
materials for high pressure gas storage. Studies have shown that
the high pressure gravimetric gas storage capacities are basically
proportional to their pore volumes or surface areas;30−32 this
means that the larger the porosity, the larger the gravimetric gas
uptake by MOF materials under high pressure. To illustrate this
effect of high porosity, we will provide some examples of such

porous MOFs with high surface areas exhibiting the
corresponding high gravimetric hydrogen, methane, and carbon
dioxide storage capacities.

Hexacarboxylates have been widely employed to construct
porous rht-type frameworks with high porosities. In this series
of MOFs, the surface areas and pore volumes can be pro-
gressively boosted accordingly by increasing the length of the
organic linkers. Notable examples include NOTT-112, PCN-
68/NOTT-116, PCN-69/NOTT-119, NU-100/PCN-610,
and NU-111.2 The use of rht-type topology can effectively
avoid framework interpenetration to create high pore volumes
and BET surface areas, which are obviously favorable to high-
pressure gas storage. For example, Schröder and co-workers
utilized an elongated hexacarboxylate ligand with Cu(NO3)2·
3H2O to yield a rht-based MOF NOTT-112 (Figure 1a).33

The fully evacuated sample shows a high BET surface area of
3800 m2 g−1 as well as excellent gravimetric H2 adsorption
capacities of 10.0 wt % at 77 bar and 77 K (Figure 1b). By using
triple bond spacers to replace the phenyl spacers of the organic
linker in NOTT-112, Hupp et al. synthesized a new MOF
termed NU-11134 with a high BET surface area of 4930 m2 g−1.
Owing to its higher surface area and pore volume, the total H2
gravimetric uptake by NU-111 reaches up to 13.5 wt % at similar
conditions (Figure 1d), which is much higher than that of
NOTT-112. As the size of organic linker is further elongated in
NU-110 (also termed PCN-610),35,36 the resulting framework
exhibits the third highest surface area of 6143 m2 g−1 under acti-
vation using the SCD method. Most importantly, this MOF
represents the highest total H2 gravimetric uptake of 16.4 wt %
at 70 bar and 77 K among reported rht-based MOFs (Figure 1f).
It is worth noting that the record total H2 gravimetric uptake by
existing MOFs so far was published by Yaghi and co-workers
for MOF-210 (17.6 wt % at 80 bar and 77 K) with ultrahigh
BET surface area exceeding 6200 m2 g−1.37 From these results,
it appears that the gravimetric H2 storage capacities of porous
MOFs at 77 K are indeed proportional to their pore volumes or
surface areas. When an operating temperature is no lower than
−40 °C, these values are still short of the DOE H2 storage target
of over 5.5 wt % in gravimetric capacity under a maximum storage
pressure of 100 atm.38 Therefore, further endeavors should be
focused on increasing the interactions of hydrogen gas molecules
with MOFs to meet the DOE H2 storage target.
The gravimetric CH4 storage capacities of MOF materials

under high pressure and room temperature (RT) are also basically
dependent on their BET surface areas or pore volumes. To study
the effect of porosities on gravimetric CH4 methane storage at RT
and 35 bar, He et al. examined a series of copper−tetracarboxylate
frameworks (NOTT-100, NOTT-101, NOTT-102, NOTT-
103, and NOTT-109) with similar structures whose porosities
are systematically varied.30 The results showed that the gravi-
metric methane uptake in this series of MOFs progressively
increases with increasing porosity. Similarly, studies on a number

The high pressure gravimetric gas
storage capacities are basically
proportional to their pore vol-

umes or surface areas; this means
that the larger the porosity,
the larger the gravimetric gas
uptake under high pressure.
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of reported porous MOFs by Kong et al. revealed that the total
gravimetric methane storage capacity at 60 bar and RT can be
approximately calculated based on the following equation: Ctotal

(cm3 (STP) g−1) = 147.2 + 0.06526 × BET (m2 g−1),31

indicating that the larger the surface area, the larger the absolute
CH4 uptake by the MOF. Among existing MOFs, MOF-21037

and DUT-4939 have the maximum gravimetric methane uptakes
of 536 and 540 cm3 g−1, respectively, at RT and 60 bar
because of their extremely high BET surface areas of 6240 and
5476 m2 g−1. Simultaneously, by carefully examining the methane
storage properties of six promising MOFs, Peng et al. also realized
that values for the total gravimetric CH4 uptake of the MOFs
essentially linearly with surface area and can be approximately
calculated based on the equation: Ctotal (cm

3 (STP) g−1) =
127.1 + 0.07951 × BET (m2 g−1).32 From this linear dependence,
they estimate that a hypothetical MOF with surface area 7500 m2/g
and pore volume 3.2 cc/g could reach the current DOE gravimetric
target of 0.5 g/g.40

The influence of framework porosities on gravimetric CO2

capture has also been studied. Apparently, the total gravimetric
CO2 capture capacities of the MOFs at high pressure trend
to increase as their BET surface areas increases. This trend can
clearly explain the behavior of DUT-49: with extremely high
BET surface area and pore volume (2.91 cm3 g−1), this MOF
shows the highest total gravimetric CO2 uptake of 947 cm3 g−1

at RT and 30 bar.38 Additionally, at RT and 50 bar, MOF-210
represents the highest total gravimetric CO2 uptake of about
2870 mg g−1.37

Porous MOFs with Tunable Framework Structures and
Porosities for Gas Storage and Separation. As demon-
strated above, the main factor for the gravimetric gas storage
capacities is still the porosity, which is related to the pore
volume or BET surface area. For practical applications, the
volumetric gas storage capacities might be even more important
than gravimetric storage capacities given the fact that the
vehicles will have limited space to put the tanks for gas storage.

Apparently, high surface areas of MOFs cannot guarantee high
volumetric gas storage capacities because such highly porous
MOF materials tend to show low framework densities.31 Ideal
porous MOFs for high volumetric gas storage need to have
balanced porosities and framework densities as well as high
densities of suitable pore cages for the recognition of gas
molecules.30−32 By judicious selection of metal ions/clusters
and bridging organic linkers, porous MOFs provide an ideal
platform to tune their framework structures and thus densities,
which enabled us to systematically optimize their gas storage
capacities, particularly volumetric gas storage capacities.41−44

The well-known MOF HKUST-1, first reported by Chui
et al.,41 has been widely investigated for high pressure methane
storage. This 3D framework contains three different types
of cages with small cages of ∼4, 10, and 11 Å in diameter
for the recognition of methane molecules (Figure 2a). Although it
has the moderate BET surface area of 1850 m2 g−1 and low
gravimetric CH4 storage capacity of 0.216 g g−1, this material
exhibits an exceptionally high volumetric methane storage capacity
of 267 cm3 (STP) cm−3 at 298 K and 65 bar (Figure 2b), the
highest reported so far.32 This is the first MOF material with
a volumetric methane storage capacity that meets the new DOE
target if the packing density loss is ignored.40 The window site
of the small octahedral cage and open Cu2+ coordination site were
found to be two of primary methane adsorption sites, as revealed

Ideal porous MOFs for high
volumetric gas storage need to
have balanced porosities and
framework densities as well
as high densities of suitable

pore cages for the recognition
of gas molecules.

Figure 1. Different cages in the crystal structures of (a) NOTT-112, (c) NU-111, and (e) NU-100, and high pressure H2 adsorption isotherms at 77
K for (b) NOTT-112, (d) NU-111, and (f) NU-100 (black curves with open and closed symbols represent the total and excess gravimetric H2
uptake, respectively). Reprinted with permission from refs 33 (Copyright 2009, Royal Society of Chemistry), 34 (Copyright 2012, American
Chemical Society), and 35 (Copyright 2010, Nature Publishing Group).
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by the high-resolution neutron powder diffraction experiments
combined with a grand canonical Monte Carlo simulation
(GCMC) (Figure 2c).42 Therefore, the optimized structure and
pore size within HKUST-1 should be mainly responsible for its
high volumetric methane storage capacity. Before this work, Chen
and co-workers realized that the optimal pore spaces within
UTSA-20 have enabled the pore spaces to be fully utilized for
methane storage, resulting in its very high volumetric methane
storage of 195 cm3 cm−3 at RT and 35 bar.43

To target high volumetric CO2 uptake at RT and high
pressure, MOF materials also need to have balanced poro-
sities and framework densities to maximize the pore-usage
efficiency. Hupp and co-workers developed a highly porous
(3, 24)-connected MOF NU-111 using a C3-symmetrical
organic linker, exhibiting a high surface area of 4930 m2/g and
pore volume of 2.09 cm3/g.34 Due to the balanced porosity and
framework density, NU-111 shows the highest absolute
volumetric CO2 uptake of 350 cm3 cm−3 at RT and 30 bar.
This value is higher than that of MOF-210 (221 cm3 cm−3)
and NU-100 (250 cm3 cm−3) whose surface areas exceed
6000 m2 g−1.31 Similarly, in terms of volumetric H2 uptake,
despite the lower BET surface area (2300 m2 g−1) and pore
volume (1.08 cm3 g−1), SNU-5045 exhibits higher absolute
volumetric H2 uptake of 50.0 g L

−1 than 44 g L−1 inMOF-21037

(the best one for gravimetric H2 uptake) under similar conditions.
It is reasonable to suggest that the optimum frameworks and
pores/cage sizes within MOF materials play the most important
part in optimizing the volumetric gas storage capacity rather than
simply high BET surface areas and pore volumes.
The research efforts have been dedicated not only to the

development of MOFs for gas storage applications but also to
MOFs for gas separation, as well.4,46−48 It is well established
that rational control and tuning of small pore/window sizes
within porous MOFs at the molecular level can efficiently
improve their sieving effects for the selective separation of
gas molecules. This is because their selective sorption behaviors
are mainly determined by size-exclusive effects in which small
gas molecules can go through the pore channels while large
ones are blocked. Up to now, a large number of MOFs have
shown the promising potential of the highly selective separation
of gas mixtures by rationally and systematically tuning pore/
window sizes.
Chen and co-workers designed and synthesized three 3D doubly

interpenetrated primitive cubic MOFs, termed Cu(FMA)(Pyz)0.5,
Cu(FMA)(4,4′-Bipy)0.5·0.25H2O, and Cu(FMA)(4,4′-Bpe)0.5·

0.5H2O by self-assembly of fumarate (FMA) with different pillar
linker pyrazine (Pyz), 4,4-bipyridine (4,4′-Bipy), and trans-bis-
(4-pyridyl)ethylene (4,4′-Bpe).49 Among these MOFs, the pore
void spaces can be systematically tuned from nonporous con-
densed (Figure 3b) to a pore aperture of 1.4 × 1.8 Å (Figure 3d)
and then 2.0 × 3.2 Å (Figure 3f), simply by increasing the pillar
linker length. Sorption studies show that the dehydrated
Cu(FMA)(4,4′-Bipy)0.5 does not take up both H2 and N2 at
77 K. Obviously, the small pore apertures of 1.4 × 1.8 Å within
Cu(FMA)(4,4′-Bipy)0.5, which are much smaller than the sizes of
H2 (2.8 Å) and N2 (3.64 Å) molecules, are believed to effectively
block the entrance of gas molecules. In contrast, Cu(FMA)(4,4′-
Bpe)0.5 with the rationally designed pore apertures of 2.0 × 3.2 Å
shows selective sorption behavior with respect to different gas
molecules. As shown in Figure 3i, this MOF can selectively
absorb significant amount of H2 (2.8 Å) while excluding Ar
(3.4 Å), N2 (3.64 Å), and CO (3.76 Å) at 77 K and 1 atm by
taking advantage of size-exclusive effects. Furthermore, this frame-
work also exhibits a certain degree of dynamics at a higher tem-
perature of 195 K, in which the pore apertures can be enlarged to
facilitate the entrance of some gas molecules, leading to the selec-
tive adsorption of CO2 over CH4 and N2 at 195 K (Figure 3j).
Another promising example of systematically tuning pore

sizes for the highly selective adsorption of CO2 over N2 and
CH4 was reported by Zaworotko and co-workers.50 In this
work, they constructed three different MOFs namely SIFSIX-2-
Cu, SIFSIX-2-Cu-i, and SIFSIX-3-Zn using a rational crystal
engineering or isoreticular chemistry strategy. The pore sizes
in this series range from SIFSIX-2-Cu with pore dimensions
of 13.05 Å × 13.05 Å, to doubly interpenetrated SIFSIX-2-Cu-i
affording 5.15 Å × 5.15 Å pores, and finally to SIFSIX-3-Zn
with 3.84 Å × 3.84 Å channels (Figure 4a). Despite the reduc-
tion in surface area compared with SIFSIX-2-Cu, the isostruc-
tural framework SIFSIX-2-Cu-i exhibits substantially higher
CO2 uptake of 121.2 cm

3 g−1 as well as 7−10 times higher CO2/
CH4 and CO2/N2 IAST selectivities, as confirmed by column
breakthrough tests. This remarkable increase was presumably
attributable to the smaller pore size for SIFSIX-2-Cu-i than that
of SIFSIX-2-Cu, resulting in the stronger interactions between
the pore surfaces and guest CO2 molecules. Most importantly,
the IAST calculations combined with column breakthrough
experiments further revealed that the framework of SIFSIX-2-
Zn, with extremely narrow pore dimensions of 3.84 Å2, shows
the highest CO2/CH4 and CO2/N2 selectivities among this series
of MOF materials (Figure 4b), indicating the best adsorption

Figure 2. (a) Three different types of cages in HKUST-1. (b) Methane adsorption isotherms for HKUST-1 at various temperatures. (c) Two
primary adsorption sites for methane: open copper site (upper) and the small cage window site (down) in HKUST-1. Reprinted with permission
from refs 32 (Copyright 2013, American Chemical Society) and 42 (Copyright 2010, Wiley-VCH).
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selectivity toward CO2 over N2 or CH4 observed until now. The
isosteric heat of CO2 adsorption (Qst) in this series of MOFs
progressively increased following SIFSIX-2-Cu (22 kJ mol−1) <
SIFSIX-2-Cu-i (31.9 kJ mol−1) < SIFSIX-2-Zn (45 kJ mol−1)
(Figure 4d); this increase was believed to be a result of rationally
tuning pore sizes in this series of MOFs, which can efficiently
enhance the affinity of MOFs toward CO2 molecules and, thus,
the adsorptive selectivity of CO2.
To tune pore size by framework interpenetration, Chen

and co-workers have successfully achieved a micporous MOF,

Zn(BDC)(4,4′-Bipy)0.5 (MOF-508) (BDC = 1,4-benzenedi-
carboxylate) for separation of aliphatic isomers.51 This doubly
interpenetrated MOF shows a reversible open−dense frame-
work transformation, which is dependent on the uptake or
removal of guest molecules. The open form of this MOF has 1D
pores of 4.0 Å, which are slightly larger than the size of methane
(3.8 Å). This feature allows its pore surface interactions with
the linear parts of alkanes, making it potentially useful for the
GC alkane separation. Apparently, the retention of alkanes on
the column is mainly dependent on the length of the linear part

Figure 4. (a) The variable pore size channel structures of SIFSIX-2-Cu, SIFSIX-2-Cu-i, and SIFSIX-3-Zn. SIFSIX-2-Cu, pore size = 13.05 Å;
SIFSIX-2-Cu-i, pore size = 5.15 Å; SIFSIX-3-Zn, pore size = 3.84 Å. (b) Breakthrough experiments on SIFSIX-2-Cu-i and SIFSIX-3-Zn with a
10:90 mixture of CO2/N2 (298 K, 1 bar). (c) The modeled structure of a 3 × 3 box of unit cells of SIFSIX-3-Zn reveals close interactions between
the electropositive carbon atoms of CO2 molecules and fluoride atoms of SIFSIX anions. (d) Qst of CO2 adsorption on SIFSIX-2-Cu-i and SIFSIX-
3-Zn in the low-pressure region. Reprinted with permission from ref 50 (Copyright 2013, Nature).

Figure 3. Crystal structures of frameworks Cu(FMA)(Pyz)0.5 (a, b), Cu(FMA)(4,4′-Bipy)0.5·0.25H2O (c, d), Cu(FMA)(4,4′-Bpe)0.5·0.5 H2O (e, f),
and Cu(FMA)(4,4′-Bpe)0.5 (g, h) showing doubly interpenetrated primitive cubic nets and corresponding pore void spaces as well as gas sorption
isotherms of Cu(FMA)(4,4′-Bpe)0.5 at (i) 77 K (H2, green; N2, blue; Ar, magenta; CO, yellow) and (j) 195 K (CO2, red; CH4, pink; N2, blue).
Reprinted with permission from ref 49 (Copyright 2007, American Chemical Society).
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of the alkane because of their different van der Waals interac-
tions with the microporous MOF walls. As a result, the pentane
and hexane mixtures can be straightforwardly separated in a GC
column packed with single crystals ofMOF-508 according to the
length of the linear part. This is the first example of such porous
MOFs capable of selectively separating of linear alkanes from
branched alkanes.
Using porous mixed MOFs (M’MOFs) as adsorbents, Chen

et al. highlighted the first example of microporous materials
termed M’MOFs-2 and -3 for their highly selective separation
of C2H2/C2H4.

52 Owing to the smaller micropores compared
withM’MOF-2,M’MOF-3 shows remarkably higher separation
selectivity with respect to C2H2/C2H4 separation by making use
of the size-exclusion effect. To further tune the micropore
shapes and sizes within M’MOFs to maximize such size-exclusion
effect, the same group designed and synthesized four other
porous M’MOFs (M’MOFs-4−7), in which the pore shapes and
sizes were systematically modulated by the change in both
metalloligands and organic ligands.53 On the basis of IAST and
breakthrough data, the separation capacity of M’MOF-2a−7a
trends to follow the order M’MOF-3 > M’MOF-4 > M’MOF-6
> M’MOF-2 > M’MOF-5 > M’MOF-7. This appears that the
fine-tuning of the micropores within this series of M’MOFs is
very crucial and important to target their highly selective recogni-
tion and thus separation of C2H2/C2H4.
Porous MOFs with Rationally Immobilized Functional

Sites and Pore Surfaces for Gas Storage and Separation.
Incorporation of functional sites within porous MOFs is
another promising strategy to enhance their gas storage and
separation capacities.54 Generally, the interactions between
porous MOFs and gas molecules are typically van der Waals
interactions, which can be improved by the limited small pores
within MOFs. However, the enhancement by such small pores
for their strong interactions is very limited. It is, thus, very
important to immobilize some functional sites such as open
metal sites (OMSs), Lewis basic/acidic sites and dynamic
groups to serve as specific binding sites, which can induce the
strong interactions with gas molecules. To utilize such strong
interactions for the recognition of gas molecules, some porous
MOF materials with high gas storage and separation capacities
have been successfully targeted in recent years.

Because of the very explosive nature of acetylene, acetylene
storage must be realized at room temperature and under
pressure of 0.2 MPa in terms of safety concerns, so it is a great
demand to immobilize specific binding sites into porous MOFs
for the enhanced interactions with acetylene and, thus, high
acetylene storage. Chen and co-workers first demonstrated that
the immobilization of OMSs into porous MOFs can remarkably
enhance acetylene uptake.55,56 The results demonstrated that

HKUST-1 and MOF-505 with open Cu2+ sites take up a
significantly larger amount of acetylene than others without
the OMSs (Figure 5g). The strong binding of the open Cu2+

sites for acetylene molecules has been exclusively established by
neutron powder diffraction studies on the fully deuterated
acetylene loaded HKUST-1 (Figure 5h). To further understand
the effect of the OMSs on acetylene storage, the same group
reported a series of isostructural MOFs M2(DHTP) (M = Co2+,
Mn2+, Mg2+, and Zn2+; DHTP = 2,5-dihydroxyterephthalate)
with high density of different OMSs.56 The OMSs within this
series of isostructural MOFs exhibit differential interactions with
acetylene molecule in which Co2+ has the strongest interac-
tions with acetylene and a very high adsorption enthalpy of
50.1 kJ mol−1 at the low coverage. Such high adsorption
enthalpies in Co2(DHTP) leads to the highest volumetric
acetylene storage capacity ever reported with a capacity of
230 cm3 cm−3 (STP) at 295 K and 1 atm (Figure 5i). The high-
resolution neutron powder diffraction studies on acetylene-
loaded Co2(DHTP) suggest that the open Co2+ sites have very
strong interactions with acetylene molecules to exhibit a Co−C
bonding distance of 2.65 Å (Figure 5j). Such strong interactions
of open Co2+ sites with acetylene was considered to be the main
reason for the extraordinarily high acetylene storage capacity of
Co2(DHTP), which was also exclusively confirmed by the first-
principles calculations.
The effect of OMSs on the H2 adsorption at low pressure has

been realized by Chen et al. in 2005.57 In this study, they first
utilized a tetracarboxylic linker containing meta-benzenedicar-
boxylate units to construct a NbO type framework MOF-505
(also termed NOTT-10058). By removal of the coordinated
water molecules, open Cu2+ sites can be simply introduced into
pore surface to enhance the hydrogen−framework interactions
and, thus, the H2 uptake at 77 K and 1 bar. By taking advantage
of neutron diffraction experiments and theoretical calculations,
Zhou and co-workers also demonstrated that the created OMSs
within a series of M2(DHTP) materials are the primary and
strongest H2 binding sites, which can significantly increase the
H2 uptake by the M2+−H2 interactions.

59

The separations of light hydrocarbons into single compo-
nents are very important industrial processes because all of
them are very important energy resources or raw chemicals in
the petrochemical industry. To systematically investigate the
potential of MOF materials for hydrocarbons separation, He
et al. carefully selected a total of 19 different MOFs in a wide
range of functionalities.60 In all separation tasks investigated,
it was found that MOFs with high density of OMSs, such
as Co-MOF-74, Mg-MOF-74, and Fe-MOF-74, have signifi-
cantly better separation performance than other MOFs. In
particular, Fe-MOF-74 suggests the most potential to “frac-
tionate” a 6-component CH4/C2H2/C2H4/C2H6/C3H6/C3H8
mixture to yield individual pure components. By making use
of neutron powder diffraction experiments combined with
computational modeling, Long and co-workers demonstrated
that the unsaturated hydrocarbons acetylene, ethylene, and
propylene in Fe-MOF-74 displayed side−on binding modes
with Fe−C distances in the range of 2.42 to 2.60 Å, whereas the
interactions of both ethane and propane with the Fe2+ cations
are weaker due to the elongated Fe−C distance of approxi-
mately 3 Å (Figure 6a).61 As a result of such different metal−
adsorbate interactions, this material displays an initial steep
rise in the unsaturated hydrocarbons acetylene, ethylene, and
propylene isotherms with a correspondingly slow increase in
the propane and ethane isotherms (Figure 6b), suggesting a

The incorporation of some func-
tional sites such as open metal
sites, Lewis basic/acidic sites, and
dynamic groups within porous
MOFs can introduce the specific
interactions for the recognition of
gas molecules and, thus, remark-
ably enhance their gas storage

and separation capacities.

The Journal of Physical Chemistry Letters Perspective

dx.doi.org/10.1021/jz501586e | J. Phys. Chem. Lett. 2014, 5, 3468−34793473



Figure 5. Single-crystal X-ray structures of (a) HKUST-1, (b) MOF-505, (c) MOF-508, (d) MIL-53, (e) MOF-5, and (f) ZIF-8, showing open
Cu2+ sites (green), 3D frameworks, and corresponding pore/cage sizes. (g) Acetylene adsorption isotherms of microporous MOFs at 295 K;
HKUST-1 (black); MOF-505 (red); MOF-508 (green); MIL-53 (blue); MOF-5 (cyan); and ZIF-8 (pink). (h) The crystal structure of one
C2D2 per Cu-loaded HKUST-1, showing the open Cu2+ sites for the recognition of acetylene molecules. (i) Acetylene adsorption isotherms of
porous MOFs at 295 K (Co2(DHTP) (red); Mn2(DHTP) (blue); Mg2(DHTP) (green); HKUST-1 (black); Zn2(DHTP) (pink). (j) The
crystal structure of 0.54 C2D2 per Co-loaded Co2(DHTP) along the c axis exhibiting the high density of adsorbed acetylene molecules in
pseudo-one-dimensional arrays. Reprinted with permission from refs 55 (Copyright 2009, American Chemical Society) and 56 (Copyright
2010, Wiley-VCH).

Figure 6. (a) Left: A portion of the solid-state structure of Fe2(dobdc)·2C2D4; orange, red, gray, and blue spheres represent Fe, O, C, and D
atoms, respectively. Right: the H4(dobdc) ligand and the first coordination spheres for the iron centers in the solid-state structures obtained upon
dosing Fe-MOF-74 with acetylene, ethylene, ethane, propylene, and propane. (b) Gas adsorption isotherms for methane, ethane, ethylene, and
acetylene. (c) Experimental breakthrough curves for the adsorption of equimolar propane/propylene mixtures flowing through a 1.5 mL bed of
Fe-MOF-74 at 318 K with a total gas flow of 2 mL/min at atmospheric pressure. (d) Left: Calculated methane (red), ethane (blue), ethylene
(green), and acetylene (orange) breakthrough curves for an equimolar mixture of the gases at 1 bar flowing through a fixed bed of Fe-MOF-74 at
318 K. Right: Schematic representation of the separation of a mixture of methane, ethane, ethylene, and acetylene by using just three packed beds
of Fe-MOF-74 in a vacuum-swing adsorption or temperature-swing adsorption process. Reprinted with permission from ref 61 (Copyright 2012,
Science).
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promising potential for use in small hydrocarbon separations.
Breakthrough data indicated that Fe-MOF-74 can efficiently
separate an equimolar mixture of ethylene and ethane into the
pure component gases from 99 to 99.5% purity. For an equi-
molar mixture of propylene/propane gas, 100% pure propane
can be obtained from the outlet gas, and greater than 99%
propylene are produced during the desorption step (Figure 6c).
When four-component methane/ethane/ethylene/acetylene
mixtures go through the three packed beds of Fe-MOF-74, it
might be possible to procure pure methane, ethane, ethylene,
and acetylene in a different process (Figure 6d). Thus, their
results highlighted the extraordinary prospects for the usage
of Fe-MOF-74 as a solid adsorbent in the separation of small
hydrocarbons.
To immobilize dynamic pyrimidine groups into a porous

MOF, our recent work highlighted a novel material UTSA-76
exhibiting record high methane storage working capacity.62 The
framework in UTSA-76 has exactly same structure and com-
parable porosity with NOTT-101 (Figure 7a). However, the
volumetric methane storage capacity was significantly improved
from 237 cm3 (STP) cm−3 in NOTT-101 to 257 cm3 (STP) cm−3

in UTSA-76 at 65 bar and 298 K (Figure 7b). It is also notable
that UTSA-76 shows a record methane storage working capacity
of ∼200 cm3 (STP) cm−3, featuring it as a very promising mate-
rial for methane/natural gas storage for transport applications.
The computational studies and neutron scattering experiments
suggest that the exceptionally high working capacity in UTSA-76
was probably attributed to the central “dynamic” pyrimidine
groups within UTSA-76 (Figure 7c), which was believed to be
capable of adjusting their orientations to optimize the methane
packing at high pressure.
In recent years, MOFs have attracted great attention as porous

materials for CO2 capture and separation. The incorporation
of functional sites within porous MOFs has been shown to be a
powerful strategy that can significantly improve their post-
combustion CO2 capture and separation capacities.3,63−67 In this
regard, Chen and co-workers systematically examined a series of
porous MOFs that have different pore structures, surface areas,
and pore-surface functionalities for their performance on post-
combustion CO2 capture.

65 The results indicated that the immo-
bilization of specific sites such as open metal sites and −NH2
sites can certainly induce their strong interactions with CO2
molecules and then enhance the capacity of CO2 capture and
separation. Notably, Mg-MOF-74 with extremely high den-
sity of open Mg2+ sites represents the highest gravimetric and

volumetric adsorption capacity on MOFs at 0.1 bar so far.66

Furthermore, they also discovered a MOF [K(H2O)2Co3(cit)-
(Hcit)] (UTSA-16) (H4cit = citric acid) exhibiting extraordi-
narily high volumetric uptake of CO2 (up to 160 cm3 cm−3) at
ambient conditions (Figure 8a). In CO2(50%)/CH4(50%) and
CO2(15%)/N2(85%) flue gas mixture, simulated breakthrough

Figure 7. (a) X-ray crystal structure of UTSA-76. (b) Temperature dependent high-pressure methane sorption isotherms of UTSA-76 (data of pure
methane gas stored in a high pressure gas tank is represented as dash black curve). (c) The variation of the total energy as the central rings of the
UTSA-76 and NOTT-101 linker are rotated around the linker backbone, derived from DFT calculations. Reprinted with permission from ref 62
(Copyright 2014, American Chemical Society).

Figure 8. (a) Comparison of the absolute loading of CO2 at 296 K on
UTSA-16 and some selected MOFs. From top to bottom, Mg-MOF-
74 (magenta down triangle), UTSA-16 (gray hexagon), Zn-MOF-74
(cyan circle), bio-MOF-11 (red left triangle), Cubtc (black star), Cu-
tdpat (yellow up triangle), UTSA-20 (violet cross), ZIF-78 (orange
star), Zn5(bta)6(tda)2 (olive diamond), Zn(bdc)(dabco) (purple
pentagon), MIL-101 (navy left triangle), Yb(bpt) (green hexagon)
andMOF-177 (pink square). (b) CO2 dimers trapped within the cage,
and the cooperative interactions between trapped CO2 molecules with
the framework. Reprinted with permission from ref 65 (Copyright
2012, Nature Publishing Group).

The Journal of Physical Chemistry Letters Perspective

dx.doi.org/10.1021/jz501586e | J. Phys. Chem. Lett. 2014, 5, 3468−34793475



experiments indicated that UTSA-16 shows a high separation
selectivity and capacity for CO2 capture applications at ambient
conditions. Both the immobilized terminal water molecules
and suitable pore/cage space are considered to be responsible for
its high CO2 separation selectivity and capacity because of the
strong interactions between pore surfaces with CO2 molecules, as
revealed by neutron diffraction studies (Figure 8b). Additionally,
Long and co-workers also demonstrated that the alkylamino-
functionalization within porous MOFs obtained though post-
synthetic modification can improve the selective adsorption
of CO2 over CH4 and N2 at low pressure.67 Very recently, by
incorporation of functional bulky hydrophobic links, Yaghi and
co-workers reported three hydrophobic MOF materials, namely
ZIF-300, ZIF-301, and ZIF-302.68 All three MOFs are capable
of effective separation of CO2 from N2 even under humid
conditions without any loss of performance over three cycles and
can be readily regenerated by using a N2 flow at ambient
temperature, making them very promising for the use in practical
applications.
Using a soft nanoporous MOF material with open metal

sites, Kitagawa and co-workers have achieved unpreceden-
ted highly effective trapping of CO from a gas mixture with
N2.

69 Self-assembly of paddle-wheel clusters Cu2(CO2)4 with
5-azidoisophthalate (aip) leads to an infinite kagome-́type
2D framework [Cu(aip)(H2O)](solvent)n (PCP 1) (aip =
5-azidoisophthalate). After removal of the coordinated water
molecules, the 2D structure of PCP 1 can be reversibly trans-
formed into PCP 2, which has a 3D framework by forming the
paddle-wheel chains along the c axis (Figure 9a). The activated

PCP 2 can preferentially take up much more amount of
CO (175 mL (STP) g−1) over that of N2 (71 mL (STP) g−1) at
80 kPa with distinct two-step adsorption (Figure 9b). During
the second CO adsorption step after point c, a structural
transformation occurs on PCP 2 to form the resulting PCP 3
that has a similar structure to that of PCP 1, leading to a steeply
increased CO uptake (Figure 9c). The coordination of CO
molecules toward open Cu2+ ions to form a Cu2+−CO bond
was considered to be the main reason that induces such
structure transformation from PCP 2 to PCP 3, which is more
favorable to further accommodation of CO molecules in the
center of open channels. Most importantly, PCP 2 exhibits
the unprecedented high separation ability in a wide range
of CO mixtures with N2. The coordination of CO molecules
with open Cu2+ ions combined with 1D small channels of PCP
2 with an open-close system were proposed to be capable
of enhancing the selectivity of CO over N2. Their work opens
a promising new route to introduce open Cu2+ ions into a soft
nanoporous material for the high separation selectivity of CO
from mixtures with N2.
MOF materials can also be widely fabricated into thin mem-

branes for their gas separation. The use of functional linkers
is a promising strategy to introduce gas selectivity in a MOF
membrane. Using a stepwise deposition method, two pillared
layered MOF Cu2(ndc)2(dabco) (ndc = 1,4-naphtalenedicarbox-
ylate; dabco = 1,4-diazabicyclo(2.2.2)octane) and Cu2(BME-
bdc)2(dabco) (BME-bdc = 2,5-bis(2-methoxyethoxy)-1,4-benzene-
dicarboxylate) were selected by Fischer and co-workers to fabricate
into MOF membranes for gas separation.70 Cu2(ndc)2(dabco) is

Figure 9. (a) Reversible structural transformation of the channels between PCP 1 (upper), PCP 2 (middle), and PCP 3 (down). (b) CO sorption
isotherms at 120 K. Filled and open symbols represent adsorption and desorption data, respectively. (c) XRPD patterns measured at each point (a to
j) shown in the CO sorption isotherms. The simulated patterns for the dried PCP 2 and CO-adsorbed PCP 3 are shown at the bottom and top,
respectively. (d) X-ray crystal structures of CO-adsorbed PCP 3: top (upper) and side (down) views of CO adsorbed channel S. Reprinted with
permission from ref 69 (Copyright 2013, Science).
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a large-pore MOF in which there are no specific interactions
between the pore surface and gas molecules. Thus, Knudsen
separation factors (0.6) were observed in the CO2/CH4 separation.
In contrast, Cu2(BME-bdc)2(dabco) included a linker BME-bdc
with two long ether side functional groups (O(CH2)2OCH3). This
polar functionalization was expected to increase the framework
affinity for CO2 compared to CH4. As a result, the Cu2(BME-
bdc)2(dabco) membrane in equimolar mixtures of CO2/CH4
exhibits high adsorption selectivity of CO2 over CH4 with a
selectivity factor of 4.5, which is great higher than the correspond-
ing Knudsen coefficient (0.6). Such high selectivity of CO2 over
CH4 in Cu2(BME-bdc)2(dabco) membrane was mainly attributed
to the preferential interactions between CO2 and the framework
rather than molecular sieving effect. This study demonstrated the
concept of introducing functional groups into porous MOFs to
remarkably improve the separation efficiency of MOF membranes.
Conclusions and Perspective. In this Perspective, we have

outlined three types of successful strategies, including high
porosities, optimum framework structures and porosities, and
immobilized functional sites, to construct porous MOFs for
their promising potential on gas storage and separation. From
the reviewed literatures, we have identified that the gravimetric
gas storage capacities of porous MOFs are basically proportional
to their pore volumes or surface areas under high pressure.
A large number of MOFs with extremely high porosities exceed-
ing 6000 m2/g have been studied and reported, exhibiting
corresponding high gravimetric H2, CH4, or CO2 storage capaci-
ties. As demonstrated computationally by Hupp et al., the
hypothetical maximum surface area for a MOF material can be
up to ∼14600 m2/g; thus, it is expected that the new record
gravimetric gas storage capacities will be probably targeted as the
BET surface areas will be further increased in the near future.
Compared with the gravimetric gas storage capacity, a high
volumetric gas storage capacity is the most critical metric for
practical H2/CH4 fueling in vehicles. In order to target the high
volumetric gas uptake capacity, the optimum framework struc-
tures and pore/cage sizes need to be well studied and explored
rather than simply pursuing ultrahigh porosity. The ability to
rationally and systematically tune the pore or window size has
enabled us to further explore the very promising MOF materials
for small gas separation and purification. By immobilizing
different functional sites within porous MOFs to serve as specific
binding sites for the recognition of gas molecules, it is certainly
capable of enhancing their gas storage and separation capacities,
particularly at moderate temperatures. Open metal sites within
porous MOFs play much more important roles for their gas
storage under low pressure. Because it is not practical to release
all the gas molecules under vacuum and it is necessary to have
certain pressures within the tanks filled with MOF materials to
facilitate the fast release of the gas molecules (for example, 5 bar
is widely accepted as the releasing pressure for methane storage),
MOFs with high densities of open metal sites are not necessarily
favorable to the overall high gas storage working capacities,
which have been clearly demonstrated in MOF-74 series for their
methane storage.71 With increased understanding of the
relationship between MOFs’ porosity/structure/functionalization
and their gas storage/separation properties, it is expected that
some even better MOF materials for gas storage and separation
will be rationally designed and targeted in the near future.
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R.; Hubberstey, P.; Schröder, M. Exceptionally High H2 Storage by a
Metal-OFarharO. K.ganic Polyhedral Framework. Chem. Commun.
2009, 1025−1027.
(34) Farha, O. K.; Wilmer, C. E.; Eryazici, I.; Hauser, B. G.; Parilla, P.
A.; O’Neill, K.; Sarjeant, A. A.; Nguyen, S. T.; Snurr, R. Q.; Hupp, J. T.
Designing Higher Surface Area Metal−Organic Frameworks: Are
Triple Bonds Better Than Phenyls? J. Am. Chem. Soc. 2012, 134,
9860−9863.
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