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Microporous crystalline materials, such as zeolites
and metal−organic frameworks (MOFs), pos-
sess well-defined cavities and channels of

molecular dimensions. While these micropores offer unique
molecular sieving properties, their small size (usually
<1.5 nm) constrains molecular diffusion within crystals,
thereby limiting their efficiency in separation and catalytic
applications. Introducing mesopores (2−50 nm) or macro-
pores (>50 nm) in microporous crystals would facilitate
intracrystalline molecular diffusion, but there is a lack of
effective methods to achieve this goal for MOF crystals. In
this issue of ACS Central Science, Gu and coauthors report a
novel metal−organic framework solid solution (MOSS)
strategy that enables the homogeneous mixing of micro-
porous MOF NU-901 and mesoporous MOF NU-1000,
with tunable ratios, in single nanocrystals.1 When used as
gas chromatography stationary phases for separation of
various isomers, the MOSS nanocrystals exhibit unique elution
sequences and significantly enhanced separation resolution
compared to single-component MOF nanocrystals.1

The preparation of hierarchical zeolites to combine the
advantages of micropores (size and shape selectivity) and
mesopores/macropores (fast molecular diffusion) in one
material has long been an important area of research.
Among various synthetic methods, the most commonly
used is the “templating” method, in which organic macro-
molecules (e.g., surfactants and polymers) are embedded in
zeolite crystals during synthesis and subsequently removed by
calcination to produce mesoporosity.2,3

In recent years, efforts have also been made to prepare
hierarchical MOFs by creating additional secondary porosity
in MOF crystals. Unlike inorganic zeolites, MOFs are
organic−inorganic hybrid materials whose structures cannot
withstand the calcination required to remove organic
templates. Therefore, new synthetic strategies have been
developed to generate secondary porosity in MOFs.4−9

For example, macropores were created in ZIF-8 single
crystals by using a modified “templating” method, in which
polystyrene microspheres acted as templates that could be
removed by solvent dissolution rather than calcination
(Figure 1a). The obtained hierarchically structured ZIF-8
exhibited superior catalytic activity compared to the con-
ventional ZIF-8.5 Secondary porosity can also be generated
by the partial removal of organic linkers or metal clusters
from the framework (Figure 1b). It has been demonstrated
that the use of excess modulators during synthesis can lead
to the formation of missing-linker and missing-cluster
defects, locally producing larger pores;6 alternatively, post-
synthesis treatments (e.g., hydrolysis, thermolysis, ozonolysis,
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and laser photolysis) have also been used to generate
mesopores in MOFs by partially disrupting their structures.7−9

Although these methods can efficiently generate secon-
dary porosity in MOFs, they cannot control the size,
density, and distribution of secondary pores with molecular
precision. In most cases, the secondary pores produced are
irregular and disordered. Constructing heterostructures of
microporous and mesoporous MOFs by epitaxial growth is
another strategy to integrate different types of pores in one
material (Figure 1c).10 However, in this configuration, the
two types of pores are separated rather than mixed, and
thus, molecular diffusion in the microporous MOF remains
constrained.

Here, Gu and coauthors prepared a series of MOSS

materials by homogeneously mixing NU-901 (channel

diameter: ∼1.2 nm) and NU-1000 (primary channel

diameter: ∼2.8 nm) in single nanocrystals. In comparison

with previous hierarchical MOFs (Figure 1a−c), these

MOSS materials are characterized by uniformly distributed,

well-defined mesopores arising from a crystalline MOF

structure (Figure 1d). The presence of mesoporous

NU-1000 divides the microporous NU-901 crystal into

small domains, thereby reducing diffusion lengths and

improving molecular transport. This unique two-in-one MOF

structure is obtained by using mixed ligands of [1,1′,3′,1″-
terphenyl]-4,4″-dicarboxylic acid (LB) and 1,3,6,8-tetrakis

Figure 1. Schematic illustrations of various methods for generating secondary porosity in MOFs: (a) the “templating” method, (b) the creation of
structural defects, (c) the construction of a heterostructure, and (d) the metal−organic framework solid solution (MOSS) strategy.

Figure 2. Gas chromatograms of (a) xylene, (b) chlorotoluene, and (c) dichlorobenzene isomers using MOSS-3-, nano-NU-901-, and
nano-NU-1000-coated GC columns. Reproduced from ref 1. Copyright 2022 The Authors. Published by American Chemical Society.
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(p-benzoic acid) pyrene (H4TBApy), in which the ratio of
mesopores to micropores can be modulated by tuning the ratio
of LB to H4TBApy.
The synthesized MOSS materials were carefully charac-

terized using powder X-ray diffraction, N2 adsorption, and
electron microscopy techniques. The results collectively
demonstrated the coexistence of NU-901 and NU-1000
structures with tunable ratios. Impressively, the intergrowth
of the two MOF structures and their distributions in single
nanocrystals were imaged by scanning transmission electron
microscopy at a nearly atomic resolution, which provided
the most direct evidence for the proposed model.1

In the test of separating disubstituted benzene and
alkane isomers, the MOSS materials exhibited significantly
higher separation resolution than either NU-901 or
NU-1000 alone, and MOSS-3 with a 1:1 volume ratio of
mesopore to micropore provided the best performance.
Interestingly, in addition to higher separation resolution,
MOSS-3 also showed different elution sequences com-
pared to NU-901 and NU-1000 (Figure 2). Combining
experimental observations and Grand Canonical Monte
Carlo and molecular dynamics simulations, the authors
attribute the excellent separation performance of MOSS-3
to its optimal mesopore-to-micropore ratio that balances
the kinetic diffusion barrier and thermodynamic inter-
actions.

Further research can be carried out on the basis of this
interesting work. Given the availability of different
mesoporous MOFs, it will be interesting to explore whether
the MOSS strategy can be generally applied to MOF
combinations other than NU-901/NU-1000. Moreover,
efforts are needed to determine more precisely the domain
sizes and distribution of the two MOF structures in MOSS.
Additionally, atomic-resolution imaging to clearly identify
metal clusters and organic linkers should be employed to
fully comprehend the interfacial structure between the two

MOFs. The insights gained will guide the design of other
hierarchical MOF structures.
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