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ABSTRACT: A new 2D interdigitated and highly flexible,
breathing metal−organic framework has been synthesized
through a diffusion technique by using the aldrithiol linker
and pyromellitate ligand. The compound shows selective,
stepwise, reversible, and hysteretic adsorption properties
for CO2 gas and H2O, MeOH, and CH3CN vapors.

Metal−organic frameworks (MOFs) are an intriguing class
of materials that have attracted intense research attention

because of their versatile structural features such as high surface
area,1a uniform cavities with predesigned molecular dimensions,
and tunable pore size and pore functionalization,1b,c making
them very auspicious for a wide range of applications in a variety
of areas like gas storage and separation,2a proton conductivity,2b

controlled drug delivery, etc.2c An enormous amount of work has
been done in this area by scientists like Kitagawa,3 Yaghi,4 Feŕey,5

Hupp,6 Zhou,7 Long,8 and several others.9 However, one
limitation of MOFs is that, once the inorganic nodes are
assembled with organic spacers into a crystalline state, they
become stationary. In contrast, flexible host frameworks are, in
general, guest-responsive, and that is an important criteria for
selectivity. Recently, Kitagawa10a and Feŕey10b reported a few
dynamic and flexible so-called third-generation MOFs that show
reversible structural changes upon guest adsorption and
desorption. Clearfield has also explored some highly robust
layered and pillared porous molecules based on phosphonates
that show interesting adsorption properties because of either the
flexibility of the pillars or their nanosized particles that pack in a
“house of cards” arrangement.9f Our effort to develop a guest-
responsive flexible framework for selective gas and vapor
adsorption resulted in a unique 2D MOF, {[Zn-
(C10H2O8)0.5(C10S2N2H8)]·5H2O]}n (1), which shows rever-
sible, stepwise, and hysteretic uptake of a large number of gases
and vapors.
Compound 1 was synthesized by the reaction of pyromellitate

and aldrithiol with Zn(NO3)2·6H2O by a diffusion technique.
Single-crystal X-ray diffraction analysis revealed that compound
1 crystallizes in the triclinic P1 ̅ space group. The asymmetric unit
of 1 contains half of a pyromellitate ligand, one ZnII ion, one
aldrithiol linker, and five H2O molecules. Out of eight oxygen
atoms in the pyromellitate ligand, four do not participate in
coordination but contribute intermolecular interactions through
uncoordinated H2O molecules. Each ZnII center has four-
coordinated tetrahedral geometry, which is fulfilled by two
nitrogen atoms from two different aldrithiol ligands and two
oxygen atoms from two pyromellitate ligands. Each aldrithiol acts

as a bidentate ligand toward two ZnII ions, whereas each
pyromellitate holds four ZnII ions. The opposite carboxylate
groups of pyromellitate coordinate to four ZnII ions in a
monodentate fashion, forming a 1D chain along the a axis; these
chains are interconnected by the aldrithiol linkers and give rise to
a neutral 2D layered architecture (Figure 1a).

Packing of these layers creates rhomboidal-shaped 1D
channels with a cross section of 8.6 × 12.7 Å2 that runs along
the b direction (Figure 1b). The guest H2O molecules inside the
pores are in contact with the free oxygen atoms on the
pyromellitate ligand as well as the nearest-neighbor H2O
molecules through hydrogen bonding.
Thermogravimetric analysis (TGA) of compound 1 revealed

that the guest H2O molecules can be completely removed in the
temperature range of 100−125 °Cwith a weight loss of 20%, and
the desolvated framework was found to be stable up to 250 °C
(Figure S1 in the Supporting Information, SI). The phase purity
of the bulk sample was confirmed by powder X-ray diffraction
(PXRD; Figure S2 in the SI). The absence of major low-angle
peaks in the PXRD pattern (Figure S3 in the SI) of a desolvated
sample indicates that the removal of guest molecules causes
structural changes in the framework.
Adsorption analysis with N2 at 77 K shows 3 wt % uptake

(Figure 2a), whereas no uptake was observed in the cases of H2
(77 K) and CH4 (195 K) (Figure S4 in the SI). If the original
cross section of the pores was retained, small molecules like H2
could have diffused into the pores easily. Interestingly,
compound 1 adsorbs a good amount (26.3 wt % at 1 bar) of
CO2 gas at 195 K (Figure 2a). The probable reason behind this
selectivity could be the interaction between electron-donating
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Figure 1. Views of 1 (a) along the z axis and (b) along the x axis
(rhomboidal-shaped 1D channels along the b direction). Color code:
Zn, magneta; N, blue;C, dark gray; S, yellow; O, red.
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uncoordinated oxygen atoms from the pyromellitate ligand and
the CO2 molecule, which results in the enhancement of uptake at
low temperature. Zhou et al.11 suggested that CO2−framework
interactions could be strengthened further by the negatively
charged groups around the carbon atom. Thallapally et al.12a and
Mu et al.12b also suggested that the CO2 selectivity could be
largely enhanced by the formation of an electron donor−
acceptor complex because of the incorporation of electron-
donating groups into the organic linkers in MOFs. Behind this,
we strongly believed that the high quadruple moment (−1.4 ×
10−39 Cm2)13 of CO2 might be encouraging the selectivity. The
strong interaction between CO2 and the framework is further
confirmed from the isosteric heat of CO2 adsorption value (Qst =
−24.21 kJ mol−1 at zero coverage), as calculated from the
adsorption data at 273 and 298 K (Figure S5 in the SI). Much less
uptake amounts in the cases of H2 and CH4 might be due to the
weak interaction with the framework, which is also reflected in
the isosteric heat of adsorption value (Qst = −1.51 kJ mol−1 for
H2 and Qst = −16.31 kJ mol−1for CH4; Figures S6 and S7 in the
SI).
Very surprisingly, we found that, at 195 K, the CO2 adsorption

isotherm exhibits a stepped adsorption curve with two distinct
jumps at 0.02 and 0.5 bar. The first step shows a typical type I
adsorption isotherm, and the saturation occurs at 0.5 bar with an
adsorption amount of 15.8 wt %, whereas the latter step starts
from 0.55 bar, with the adsorption amount attaining a value of
26.3 wt % in this case. It is interesting to notice that the
desorption curve does not retrace the adsorption pathway and it
exhibits two-step desorption at 0.3 and 0.19 bar with a small
hysteretic-type isotherm with slow kinetics, revealing the strong
affinity of the host framework for CO2. Incomplete desorption
indicates that the adsorbed CO2 is unfavorable to release upon
reduction of the external pressure, signifying that it is trapped
within the framework. The isotherms at 273 and 298 K (Figure
S8 in the SI) show adsorption uptake of 2.5 and 1.2 wt %,
respectively, and show no steps in the profile, which indicates
that the thermal energy of both the framework and guest
molecules reduced their interactions.
To probe and gain more perception into this intriguing

sorption behavior, the CO2 adsorption isotherms were measured
at various temperatures in the range of 298−195 K at 1 bar of
pressure (Figure S8 in the SI). Notably, above 273 K, the steps in
adsorption and desorption are not observed in the entire relative
pressure region. So, we anticipate that there is a threshold
channel expansion temperature and pressures exits. The
increased isosteric heat of adsorption value (Qst = −32.76 kJ
mol−1), as calculated from the adsoption data at 265 and 273 K
(Figure S9 in the SI), further supports that CO2 is strongly

interacting with the host framework and opens up the channels,
which causes the sudden steps in isotherm upon going to the low-
temperature region. From the results, we can infer that flexible
and dynamic MOFs can exhibit pressure-dependent, stepwise
adsorption−desorption isotherms because of a breathing effect,
as suggested by Feŕey et al.,14a Zhou et al.,14b and several
others.14c,d,6b

To assess the impression on the structural transformation of
the framework, the vapor sorption properties were explored with
MeOH, EtOH, CH3CN, and H2O at 298 K in its dry form. A
quite surprising pathway was observed in the adsorption and
desorption profiles of MeOH. The adsorption pathway of
MeOH exhibits a three-step adsorption curve (Figure 2b) with
three unequivocal jumps at 0.05, 0.3, and 0.9 bar, and the
adsorption profile ends up with an adsorption amount of 175 mL
g−1. Interestingly, the desorption curve retraces exactly the same
pathway. To follow the detailed structural transformation upon
adsorption of methanol, we took PXRD patterns of 1 at different
vapor-adsorbed states by interrupting the measurement. Careful
analysis of the resulting PXRD pattern of step 1 discloses a severe
structural change with a shift in the peak positions (2θ = 8.5 and
11.0°) as well as the disappearance of some peaks (such as 2θ =
12.3°) and a new peak predominant at 2θ = 13.2° (Figure 3). In

the PXRD pattern after complete adsorption steps, the peak at 2θ
= 8.5° in the as-synthesized compound was shifted to 2θ = 8.0°,
revealing that the compound exhibits a structure similar to the as-
synthesized one with slight expansion of the framework due to
the breathing nature.
The fascinating thing is that the entire structural trans-

formation is reversible with MeOH desorption. Although there
are an adequate number of reports explaining the structural
transformation, the complete reversible stepwise change along
the same path is unprecedented and observed for the first time.
The vapor sorption experiments with CH3CN and H2O also

show similar adsorption patterns (Figure 2b). In both cases, two-
step adsorption isotherms were obtained with a small change in
the position of the relative pressure region. The isotherm with
CH3CN showed two noticeable steps at P/P0 = 0.03 and 0.2 bar
with a sorption amount of 92.8 mL g−1, whereas H2O showed
109.5 mL g−1 of uptake with two distinct jumps in the isotherm at
P/P0 = 0.05 and 0.4 bar. The sorption isotherm with EtOH
displays a sharp single step at 0.9 bar of pressure with an
adsorption amount of 65 mL g−1. To affirm the structural
transformation, we took PXRD patterns during the experiments

Figure 2. (a) Gas adsorption isotherms at low temperatures: N2 and 77
K (green); CO2 and 195 K (red). (b) Solvent sorption isotherms at 298
K: MeOH (red); H2O (black); CH3CN (blue); EtOH (green).

Figure 3. Vapor adsorption isotherm of MeOH (left) and the PXRD
patterns (right) of (a) as-synthesized (black) and (b) desolvated (red)
compounds (c) at step 1 (green) and (d) after complete adsorption
(dark yellow).
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by intruding the measurement after complete adsorption steps
(Figure S10 in the SI). The PXRD patterns for CH3CN and
EtOHperfectly matched with the pattern of theMeOH adsorbed
sample, indicating that the structure after complete MeOH
inclusion is similar to these solvents also. From a comparison of
the PXRD patterns at different vapor-adsorbed states to the as-
synthesized ones, we concluded that, in the desolvated
compound, the peak at (010), which gives information about
the interlayer distances (Figure S11 in the SI), was drastically
shifted to higher angles, signifying severe shrinkage of the
framework due to the removal of guest H2O molecules, and in
the pattern at a complete vapor-adsorbed state, the above-
mentioned peak slightly shifted (2θ = 0.5°) to lower angles,
confirming the slight expansion of the framework and also
reflecting the breathing mechanism in the presence of solvent
vapors.
The PXRD pattern of H2O is exactly similar to that of the as-

synthesized compound. This is unsurprising because compound
1 achieved its original structure as a result of reaccumulation of
H2O molecules inside the pores, and the strong hydrogen-
bonding interactions between uncoordinated carboxylate oxygen
atoms and free H2O molecules restrict the framework from
expanding. The single step as well as smaller adsorption amount
in the case of EtOH can be justified by correlating the large
molecular diameter (4.3 Å) and less polarity of EtOH compared
to other solvents, whereas the noticeable steps in the case of
CH3CN and H2O could be ascribed by considering the relatively
small kinetic diameter (4.0 Å) compared to EtOH.
In conclusion, we report the synthesis and characterization of a

breathing MOF, which shows reversible and stepwise adsorption
toward a large number of adsorbates like CO2 gas and MeOH,
H2O, and CH3CN vapors. The results push the boundary in the
area of “soft-MOF” for designing a global molecular sponge.
Two-step adsorption indicates unusual structural changes in the
framework due to a “breathing effect”. Although several MOFs
show a structural change by external stimuli, only a few show a
definite stepwise sorption isotherm related to a “breathing
effect”,10b,14b and there is no report of any MOF that shows
stepwise, reversible, and hysteretic adsorption toward more than
one adsorbate. The first step of adsorption can be accounted for
through filling of the 1D channels, and the second step could be
due to filling of the 2D interlayer spacing between the layers.15

However, detailed furthur studies are needed to come to an
unambiguous conclusion.
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