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Metal Organic Frameworks (MOFs) are defined as an ordered array of repeating 
units consisting of metals and organic linkers that span either in two or three dimensions1. 
Interesting properties of many MOFs arise from the fact that they are porous, giving them 
capability to store other molecules via adsorption mechanism or host-guest chemistry2,3. 
This capability of storage has led to applications in gas storage and separation processes4.  

Since the discovery of MOFs, major improvement has been made in the 
systematic design and gas storage capacity of MOFs5,6. In addition, a significant effort 
has also been focused on the structural flexibility that is associated with a group of 
MOFs7,8. In fact, many unique properties such as gated and selective adsorption are 
associated with this structural flexibility9,10. Those properties might be used to explore 
new application of MOFs as stimuli responsive materials with switchable properties8. 
Responsive materials with switchable properties are particularly interesting because their 
functionality can be activated on-demand. This seminar will highlight some works related 
to the development of MOFs as a responsive material with switchable properties.  

 In the first work, Yaghi and co-workers11 reported a structurally non-
interpenetrated MOF-123 that could reversibly transforms into an interpenetrated MOF-
246 upon ligand removal or addition (Figure 1). This transformation is exquisite, as 
previously known MOFs could only have reversible degree of interpenetration. 
Isothermal adsorption and Powder X-Ray Diffraction (PXRD) studies show intermediate 
structures in the transition going from MOF-123 to MOF-246, and this gradual structural 
transformation is also associated with changes in gas adsorption profiles, until finally 
MOF-246 shows no adsorption capability due to complete interpenetration. This 
structurally reversible MOF-123 is an exhibition of reversibility in porosity and 
ultimately adsorption properties. 

   

   

Figure 1: a) The idea 
of interpenetration 
(left) and the three-
dimensional picture 
(right). b) Reversible 
process from MOF-
123 (left) to MOF-246 
(right). Interpenetrated 
network is shown in 
green. 
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Interpenetration is known for the structures of many minerals
and ice;[1] most notably for ice, it exists in doubly inter-
penetrating (VI, VII, and VIII) and non-interpenetrating (Ih)
forms with the latter being porous and having nearly half of
the density of the former.[2] In synthetic materials, specifically
in metal–organic frameworks (MOFs), interpenetration is
generally considered undesirable because it reduces poros-
ity.[3] However, on the contrary, many advantageous proper-
ties also arise when MOFs are interpenetrated, such as
selective guest capture,[3a] stepwise gas adsorption,[4e]

enhanced framework robustness,[5] photoluminescence con-
trol,[6] and guest-responsive porosity.[7] Therefore, various
strategies have been suggested to control interpenetration
during synthesis.[4] However, once these extended network
materials are prepared as interpenetrating or non-interpene-
trating structures, the degree of interpenetration generally
remains unchanged, because numerous chemical bonds must
be broken and subsequently reformed in a very concerted way

during the process unlike some interlocked coordination
compounds in solution (Figure 1a).[8]

Some extended structures, such as [(ZnX2)3(tris-(4-pyr-
idyl)triazine)2]n (X = Cl, Br, I) are known to show framework
interpenetration by heat treatments via amorphous inter-
mediate phases.[9] In contrast to this irreversible phase
transformation, [Ag6Cl(3-amino-1,2,4-triazolate)4]OH·6H2O
shows a reversible change in the degree of interpenetration
between five-fold and six-fold interpenetration.[10] However,
it has not been observed so far that extended structures
behave like discrete molecular systems exhibiting full and
reversible catenation. Herein, we report that the removal of
DMF ligands protruding into the small channels of a three-
dimensional metal–organic framework, [Zn7O2(NBD)5-
(DMF)2] (MOF-123; NBD = 2-nitrobenzene-1,4-dicarboxy-
late, DMF = N,N-dimethylformamide) triggers the transfor-
mation of this MOF to a doubly interpenetrating form, MOF-
246, [Zn7O2(NBD)5], whose crystal structure is identical to
the backbone of MOF-123. Moreover, addition of DMF to
MOF-246 results in the reverse transformation to give MOF-
123 (Figure 1b).

Solvothermal reactions between Zn(NO3)2·6 H2O and
H2NBD in a mixed solution of DMF/methanol produced
crystals of MOF-123, the framework of which is formulated as
[Zn7O2(NBD)5(DMF)2]. The crystal structure shows that in
the heptanuclear inorganic secondary building unit (SBU,
[Zn7O2(CO2)10(DMF)2]), which shares a structural similarity
with zinc benzoate complexes,[11] [Zn7O2(2,6-difluorobenzoa-

Figure 1. a) Catenation and decatenation processes in molecules (left)
are observed in three-dimensional MOFs (right), which can be termed
interpenetration and deinterpenetration. b) MOF-123 is converted into
the interpenetrating crystals of MOF-246 by the removal of coordinated
DMF (large pink spheres). C black, N blue, O red, Zn blue polyhedra.
The interpenetrated framework is shown in green.[*] S. B. Choi, Dr. Y. H. Jhon, Prof. J. Kim
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The second work was reported by Kitagawa and co-workers12; they introduced a 
system where structural transformation can be triggered by exposure to UV light (Figure 
2). Their approach is to introduce trans-azo-benzene molecule as a guest molecule inside 
[Zn2(terephtalic acid)2(triethylenediamine)] MOF. Inclusion of the azo-benzene forced 
the MOF to adopt an orthorhombic structure and the composite does not have nitrogen 
gas adsorption capacity. However, UV irradiation of the azobenzene inside the MOF will 
induce isomerization of the guest from trans-azobenzene to cis-azobenzene. The cis-azo-
benzene would force the MOF to adopt a tetragonal structure, and the composite showed 
improvement in the gas adsorption capacity. The tetragonal structure can be reverted 
back to the orthorhombic structure by heating the system. This system is showing an 
example of switchable gas adsorption capacity in MOFs by using UV trigger. 

 

Figure 2: Illustration 
of tunable adsorption 
capacity that is 
induced by structural 
conformation of the 
guest molecules. The 
red and orange 
objects are the 
different isomers of 
the guest molecules. 

 In the previous work, the conformation of azo-benzene triggers the structural 
transformation of the MOF, which is correlated to the gas adsorption capacity. However, 
one could think the reversed process might also be possible. Kitagawa and co-workers13 
introduced a composite system by using [Zn2(terephtalic acid)2(triethylenediamine)] as 
the MOF and distyryl benzene (DSB) as the guest (Figure 3). DSB is a dye molecule 
known to have fluorescence property that is dependent on its structural conformation, 
where a planar structure is known to have a higher quantum yield for the excitation-
emission process. Introduction of gas molecules into the composite will force the MOF’ 
structure from orthorombic to tetragonal as well as planarization of the DSB. The 
planarization will produce higher quantum yield in the excitation-emission process, 
shown by higher emission intensity.  This process is a showcase of controlled fluorescent 
switching by gas adsorption. Coupled with the fact that this composite is selective toward 
certain gases, these properties are useful for the development of gas sensors. 

 

Figure 3: Illustration of 
reversible fluorescent 
response from [MOF + 
DSB] composite. This 
process is induced by   
CO2 gas inclusion.
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ABSTRACT: We show that structural changes of a guest
molecule can trigger structural transformations of a
crystalline host framework. Azobenzene was introduced
into a flexible porous coordination polymer (PCP), and
cis/trans isomerizations of the guest azobenzene by light
or heat successfully induced structural transformations of
the host PCP in a reversible fashion. This guest-to-host
structural transmission resulted in drastic changes in the
gas adsorption property of the host−guest composite,
displaying a new strategy for creating stimuli-responsive
porous materials.

An intriguing challenge in host−guest chemistry is how to
achieve a transmission of structural changes from the

guest to the host and vice versa.1 Chemists are inspired by
sophisticated biological systems, such as in the perception of
light, where a photoinduced configurational change of the guest
chromophore retinal induces a structural change of the host
opsin protein, converting it from an inactive state to an
activated signaling state.2 Implementation of such guest-to-host
or host-to-guest structural transmission in artificial systems
would lead to a variety of advanced stimuli-responsive
properties, but the successful examples are rather limited.1,3−5

To attain this structural transmission accompanied by
responsive physical or chemical properties, we utilized porous
coordination polymers (PCPs) or metal−organic frameworks
(MOFs) composed of metal ions and organic ligands. PCPs/
MOFs have highly regular nanopores that can be utilized for
storage, separation, and catalysis.6−16 One of the most
advantageous features of PCPs/MOFs is that their flexible
frameworks are responsive to guest molecules while retaining
high regularity, which does not occur in conventional
microporous materials such as zeolites and activated
carbons.8,9,14,15 They are called soft porous crystals.14 If the
conformation of the guest is changed by external stimuli, the
host structure would be simultaneously transformed according
to the different guest shapes (Figure 1). This artificial guest-to-
host structural transmission has great potential to produce a
dynamic switching of functions of the host−guest composites,
such as porous, optic, electric, and magnetic properties.

In this work, we constructed a guest-to-host structural
transmission system by using flexible PCPs/MOFs for the first
time. Azobenzene (AB) was included in a flexible host
compound, [Zn2(terephthalate)2(triethylenediamine)]n (1;
pore size = 7.5 Å × 7.5 Å), in which two-dimensional square
grids are bridged by triethylenediamine (see the Supporting
Information).17 The pore structure of host 1 has been reported
to be deformed by inclusion of particular aromatic guest
molecules.4,17−19 The cis/trans isomerizations of AB by light
and heat efficiently triggered structural transformations of 1,
resulting in a drastic switching of the adsorption property of the
host−guest composite.
trans-AB was fully introduced into the nanochannels of 1 at

120 °C, after which excess AB external to the host crystals was
removed under reduced pressure. The obtained composite is
denoted as 1⊃AB. Scanning electron microscopy measure-
ments showed that the size of the composite crystals was ∼10
μm. X-ray powder diffraction (XRPD) measurements showed
that the host structure was changed by the inclusion of trans-
AB, clearly indicating the formation of the host−guest adduct
(Figure 2a,b). The number of AB molecules per unit cell of 1
was 1.0, as evidenced by elemental and thermogravimetric
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Figure 1. Schematic illustration of the concept of guest-to-host
structural transmission. Red and orange objects represent trans-AB and
cis-AB, respectively. The conformational change in the guest molecule
by external stimuli triggers a structural transformation of the crystalline
host framework. This structural transmission results in the efficient
switching of porous functions of the host−guest composite.
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Figure 2 | Introduction of reporter molecule DSB into flexible host 1, and structural and fluorescence changes of the composite by co-adsorption of CO2.
The original and deformed host structures are denoted as 1 and 10, respectively. The adsorption of CO2 on 10 � DSB induces the coupled changes of the PCP
structure and DSB conformations, resulting in the critical fluorescence response towards CO2. Pictures of the composite materials were taken at 195 K
under ultraviolet irradiation (excitation at 366 nm). The removal of CO2 from 1� [DSB+CO2] by vacuuming at 195 K regenerates the original composite
10 � DSB.

a clear blue fluorescence was observed from the composite on
introducing CO2 gas at 195K. The fluorescence colour change
started within a few seconds, and was complete within a few
minutes. Figure 3d shows the fluorescence spectra of 1

0 � DSB
under different CO2 pressures. The fluorescence spectrum of
1

0 � DSB under vacuum was broad, which may be explained by
hindrance of the relaxation process from the twisted state to the
planar excited state30,40. The spectra changedmarkedly and featured
vibronic structures above a specific threshold pressure (P =30 kPa)
that corresponds to the step of the adsorption isotherm. The
appearance of vibronic spectra is attributable to the planarization
of the DSB molecules30,40. Although conformational planarization
usually extends the effective ⇡-conjugation length of molecules,
the excitation and fluorescence spectra showed a slight blue shift
after CO2 uptake, which is probably because of the alteration
of the aggregation structure of DSB (Fig. 3d and Supplementary
Fig. S8)29,30,35. The original guest fluorescence of 10 � DSB was
regenerated by removingCO2 from the composite 1� [DSB+CO2],
confirming the easy reuse of the detection system. Note that the
shape and position of the fluorescence spectrum of 10 �DSB was
not affected by N2, O2, and Ar (Supplementary Fig. S9); thus, the
composite selectively sensed CO2 among the atmospheric gases.

Furthermore, the particular threshold pressure was detected by a
clear change in the solid-state fluorescence. This type of detection
is important for quality control to ensure the proper functions
of CO2-containing gases in industrial processes, and to safeguard
against their waste streams into the atmosphere8. Notably, the
DSB fluorescence in rigid PCPs was not sensitive to CO2, which
highlights the importance of the framework transformation for the
fluorescence response (Supplementary Fig. S10).

Flexible PCPs can also differentiate gases with similar properties,
which allows fluorescence detection of these gases. We employed
CO2 and C2H2 as target gases because it is important to distinguish
C2H2 from CO2 in the production and use of C2H2; however, this
differentiation is difficult because of their similar physicochemical
properties (Supplementary Table S2)41–43. The adsorption isotherm
of C2H2 for 1

0 � DSB shows a steep rise in the low-pressure
region and reaches saturation, which is very different from the
stepwise isotherm of CO2 (Fig. 4a). The observed difference might
be due to the stronger interaction of C2H2 with the pore walls
than that of CO2. The pore walls are mainly composed of aromatic
and aliphatic moieties, but there are negatively polarized oxygen
atoms of carboxylate ligands that can form attractive electrostatic
interactions with the positively polarized hydrogen atoms of
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In conclusion, MOFs are a versatile area of research owing to its unique porous 
and flexible structure. These properties have been exploited not only to develop MOFs 
for gas storage, but also stimuli responsive MOFs with switchable properties. Significant 
progress has been accomplished over the years and more research will continue in this 
promising area in order to produce MOFs whose properties can be activated on-demand. 
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