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ABSTRACT: Starting with the same precursors, pyridine-
2,3-dicarboxylate (pyrdc) and 4,4′-bipyridyl (bipy), two
3D po rou s c oo r d i n a t i o n po l yme r s , { [Cu -
( b i p y ) 0 . 5 ( p y r d c ) ] · 3H 2O } ( 1 ) a n d { [ C u -
(bipy)0.5(pyrdc)]·0.5bipy·3H2O} (2), have been synthe-
sized by changing the solvent system from MeOH/H2O to
EtOH/H2O. Single-crystal structure analysis revealed that
1 and 2 are supramolecular isomers with 3D pillared-layer
structures having 1D channel systems. Isomer 1 has a
flexible structure and shows gated adsorption behavior,
while framework 2 has a rigid backbone and exhibits the
adsorption properties of typical microporous materials.

Functional porous coordination polymers (PCPs) or
metal−organic frameworks are promising materials

because of their high surface area, modifiable pore surface,
and tunable pore size.1 The material properties of PCPs are
solely determined by their framework structure, and so there
has always been a thrust to fabricate new PCPs by tuning the
chemical environment of the pore, which may be useful for
advanced material properties, like separation, optoelectronic,
sensor, drug delivery, etc.2−5 Factors like the temperature,
solvent, and reaction stoichiometry greatly influence the
process of self-assembly, and it is possible to generate different
network superstructures by varying those parameters using the
same building units. The fabrication of such diverse network
superstructures, a typical phenomenon in coordination
polymers known as “supramolecular isomerism” or “poly-
morphism”, has gained enormous attention because of its
advantage in controlling the structural rigidity, flexibility, and
regularity, which can modulate the functionality.6 Structural
rigidity arises from strong metal−ligand binding, which uses
linkers having constitutional stiffness or metal clusters as the
building units, whereas the flexibility stems from flexible linkers,
variable coordination geometry of the metal ions, or guest-
induced cooperative movement of the framework on a periodic
scale.7 In contrast to rigid frameworks, flexible or soft porous
frameworks offer ideal platforms for molecular recognition
properties, which enhance the selectivity by responding to

specific guest molecules in a particular way.8 Although during
the past few years there are reports on supramolecular
isomerism for a particular metal ion and ligand pair system,
to the best of our knowledge, different functional supra-
molecular isomerisms and their structure−property relation-
ships based on the rigid and flexible structures have yet to be
properly accounted for. Here, we report the synthesis, structure,
and adsorption properties of two new 3D PCPs, {[Cu-
( b i p y ) 0 . 5 ( p y r d c ) ] · 3 H 2 O } ( 1 ) a n d { [ C u -
(bipy)0.5(pyrdc)]·0.5bipy·3H2O} (2), derived from pyridine-
2,3-dicarboxylate (pyrdc) and 4,4′-bipyridyl (bipy) with CuII.
The two frameworks are related by structural isomerism and
exhibit different adsorption behaviors with small molecules.
The crystal structures of the compounds were determined

from single crystal X-ray diffraction analyses and the geometry
around each CuII atom in 1 and 2 is distorted square pyramidal
with a CuO3N2 chromophore (Figures 1 and S1 in the
Supporting Information, SI). The frameworks of 1 and 2 are
made up of 2D nets, constructed of pyrdc and CuII (Figure
1c,d), and are further pillared by bipy to generate 3D
frameworks with water-filled channels (Figures 1e,f and S1,
SI). 1 and 2 have similar molecular formulas (if the guest
molecules are ignored) and are related as structural isomers.
The isomerism arises because of the different binding modes of
the 3-carboxy group of pyrdc with CuII (Figure 1a,b). Each CuII

atom in 1 is bonded to three pyrdc and one bipy ligands. The
pyridyl N (N1) and O (O1) atoms of the 2-carboxy group of
one of the pyrdc groups are bonded to CuII in a chelated
fashion in the square plane, while the remaining two O-atom
coordinations, one in the equatorial plane and the other in the
axial plane, are provided by O4 and O4a of the 3-carboxy group
from two different pyrdc ligands; the latter are in the μ2-O4

bridging mode with a nearby CuII center and are responsible for
expanding to the 2D net (Figure 1c). The fifth coordination at
the axial site is fulfilled by a pyridyl N (N2) atom of bipy, the
pyridyl rings of which are at an inclination of 49° to the (010)
plane and pillar the 2D nets to construct a 3D pillared-layer
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framework (Figure 1e). The resultant 3D framework houses a
1D channel (6.0 × 4.2 Å2; ∼Vvoid = 23.4% of the total crystal
volume along the crystallographic a axis) occupied by guest
water molecules. The coordination environment around CuII in
2 is similar to that of 1, except that the 3-carboxy groups of
pyrdc bind in a syn−anti bidentate fashion with the two
neighboring CuII centers, resulting in the formation of a 2D
corrugated sheet in the bc plane (Figure 1d). The pillars bipy,
which steer the 2D nets to construct a 3D framework, are
aligned in a criss-cross manner parallel to the c axis. Unlike
framework 1, framework 2 has two different channels, a larger
one along the crystallographic c direction, 10 × 6.8 Å2 (Figures
1f and S1 in the SI), and a smaller one, 7.8 × 1.7 Å2, along the
crystallographic b direction (Figure S2 in the SI). The channels
are occupied by guest water molecules. Besides this, 2 possesses
one more channel along an imaginary axis passing through the
diagonal of the bc plane and at a distance of 0.5a, 6.1 × 3.1 Å2,
which is occupied by guest bipy molecules (Figure S3 in the
SI). The dehydrated framework houses 1175.2 Å3 free volume,
which is 30.4% of the total crystal volume, as calculated by
PLATON.9 Topological analyses suggest that the 2D layers in 1
and 2 are different, wherein 1 has a 4-connected net (Schlafl̈i
symbol 44.62) and 2 has a 3-connected net (Schlafl̈i symbol
4.82), and both are uninodal (Figures S4 and S5 in the SI).10

This difference in the 2D layer topology probably steers the
formation of different 3D superstructures in 1 and 2, resulting
in supramolecular isomerism.
Thermogravimetric analyses (TGA) reveal that both

compounds are stable up to 210 °C after the removal of
guest water molecules (Figure S6 in the SI). Although 2
contains guest bipy molecules in its framework, these are not
released in this temperature range. This is because the guest
bipy molecules in 2 are in strong interaction (π−π and
electrostatic) with two different rings (Figure S7 in the SI). The
powder X-ray diffraction (PXRD) pattern of the dehydrated
compound of 1 (1′) shows a shifting of low-angle peaks to
higher 2θ value (8.54° → 9.38°), suggesting structural
contraction upon guest removal (Figure S8 in the SI).
However, when 1′ is exposed to water vapor, the original
framework regenerates. In contrast to 1′, 2′ exhibits no changes
in the peak positions even though it sustains a loss of the guest
water molecules, as shown in Figure S9 in the SI. The PXRD
study of the PCPs concludes that isomer 1 has a flexible
structure, while 2 has a rigid framework.

To unravel the porous properties of compounds 1 and 2,
corresponding dehydrated samples were subjected to adsorp-
tion experiments with gas and solvent vapors. N2 isotherms of
1′ and 2′ measured at 77 K reveal no uptake, suggesting only
surface adsorption and no inclusion in the pore (Figure 2).

However, quite surprisingly, CO2 adsorption profiles of the two
compounds display completely different behaviors, in contrast
to N2 profiles. The CO2 adsorption profile of 1′ exhibits
unusual behavior with a negligible uptake up to P/P0 ≈ 0.9
(Figure 2a). However, at a pressure of about P/P0 ≈ 0.9, a steep
uptake was observed, suggesting a gate-opening-type behavior
and the compound starts to adsorb rapidly with a final uptake
value of 38 mL g−1. Interestingly, the profile displays broad
hysteresis, retains almost all of the adsorbed CO2 molecules up
to P/P0 ≈ 0.2, and then starts to release. To the best of our
knowledge, this is the second example of such an observation
after that reported by Joobeom et al.11 The gate opening and
large hysteresis in the profile can be explained by comparing the
PXRD patterns of 1 and 1′.12 The PXRD pattern shows a
shifting of the (001) peak (this plane contains the 2D layer;
Figure S10 in the SI) to a higher 2θ angle in 1′, indicating
structural contraction upon the removal of guest water
molecules from 1. The mechanism of structural contraction
upon dehydration has been correlated based on a similar
pillared-layer structure of {[Cu2(pzdc)2(dpyg)]·8H2O} (pzdc =
pyrazine-2,3-dicarboxylate; dpyg = 1,2-dipyridyl glycol), which
has the same topology in the 2D {Cu(pzdc)} layer as that of 1
(Scheme 1 and Figure S8 in the SI).13 In the dehydrated
structure of {[Cu2(pzdc)2(dpyg)]·8H2O}, the neighboring Cu

Figure 1. Binding mode of pyrdc with CuII in 1 (a) and 2 (b). 2D
layer formed by CuII and pyrdc in 1 (c) and 2 (d). View of the 3D
pillared-layer frameworks of 1 (e) and 2 (f) showing 1D channels.

Figure 2. Gas adsorption isotherms for 1′ (a) and 2′ (b): CO2 (black
curves) at 195 K and N2 (red curves) at 77 K. Closed symbols indicate
adsorption and open symbols desorption.

Scheme 1. Proposed Topology Change in the 2D Layer of 1:
(a) As-Synthesized 1, (b) Desolvated
{[Cu2(pzdc)2(dpyg)]·8H2O}), (c) 3D Structure with Water-
Filled Channels, and (d) Schematic Showing the Change in
Pore Structure upon Dehydration
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atoms move away from each other by 1.14 Å because of the
breaking of the axial Cu−O bond. Instead of single oxygen
bridging, now the carboxylate group bridges two Cu atoms via
both O atoms (Figure S11c in the SI). We hypothesized that a
similar change in the structure 1′ would have reduced the space
between the 2D layers and hence the window of the 1D
channel. As a consequence, in the dehydrated structure, the
pores become inaccessible to CO2 molecules at low pressures.
However, because of the highly polar nature of the pore surface,
CO2 molecules with large quadrupole moments interact with
the framework strongly and lead to the reopening of the pore
structure at high P/P0, and hence a gated uptake is observed.
The CO2 adsorption profile of 2′ is shown in Figure 2b,

which displays a gradual uptake with increasing pressure, with
the final uptake reaching 53 mL g−1. This observation is in stark
contrast to the CO2 profile of 1′ and is anticipated. The
divergence of the adsorption profiles arises because of the
different solid-state behaviors of the frameworks upon desol-
vation. The different gas adsorption behaviors of the supra-
molecular isomers can be related to the flexibility and rigidity
associated with frameworks 1 and 2 and are unprecedented.
To confirm the structural flexibility and rigidity further,

solvent adsorption experiments were carried out at ambient
temperature. MeOH profiles show behavior similar to that of
CO2 gas adsorption isotherms (Figure 3). However, because of

the high polarity of MeOH molecules, the gate opens at low
pressure, P/P0 ≈ 0.15, in the case of 1′. The profile displays a
slow increase at the beginning, then increases steeply at P/P0 ≈
0.15, and reaches a saturation value of 137 mL g−1 at P/P0 ≈
0.9. A similar MeOH adsorption profile was also observed in
{[Cu2(pzdc)2(dpyg)]·8H2O}.

12 In the case of compound 2′,
however, because of the open-channel structure, the adsorption
profile shows a gradual increase with increasing pressure and
the final uptake reaches 124 mL g−1 at P/P0 ≈ 0.9. Large
hysteresis in the MeOH adsorption profiles of 1 and 2 indicates
that MeOH molecules interact strongly with the pore surface
and desorption, therefore, becomes difficult. H2O and EtOH
adsorption profiles of 1′ show behavior similar to that of
MeOH; however, the gate-opening pressures are different
depending on the size and polarity of the adsorbates (Figure
S12 in the SI). Compound 2′ shows a gradual uptake of H2O
and EtOH, and both compounds reveal no uptake with 1-
PrOH (Figures S12 and S13 in the SI).
In conclusion, we have fabricated two new 3D PCPs using a

mixed-ligand system. The use of pyrdc is limited in the
construction of PCPs, and its different binding mode of the 3-
carboxy group in two different solvent systems resulted in two
different framework structures, related as structural supra-

molecular isomers. The rigidity and flexibility associated with
the supramolecular isomers ensues unprecedented adsorption
behavior, as observed in the CO2 and MeOH adsorption
studies. The present report thus delineates the functionality of
the supramolecular isomers to another level, which was not
observed before.
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Figure 3. MeOH adsorption profiles of 1′ (a) and 2′ (b) measured at
293 K. Closed symbols indicate adsorption and open symbols
desorption.
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