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Abstract: Through a pillar-ligand extension strategy, a rare
breathing behavior in polycatenated 2D—3D nets has
been achieved. Three variants exhibit interesting sorption
properties that range from non-breathing to breathing be-
haviors, which is influenced by the angles between the
pillars and the single honeycomb layers. The increase in
pillar length does not lead to an increase in polycatena-
tion multiplicity, which is controlled by the length of intra-
layer tripodal carboxylate. It also does not induce obvious-
ly expanded interlayer separations but occupies much
more the free voids, and as a consequence, a smaller pore
volume is obtained. This suggests that in 2D—3D poly-
catenated bilayer metal-organic frameworks, the porosity
is not always enhanced by increasing the length of the in-
terlayer pillars with the intralayer linker remaining un-
changed.

- /

Soft or flexible porous metal-organic frameworks (MOFs),
which are also called dynamic frameworks, have received
much attention owing to their potential applications in molec-
ular recognition, selective gas adsorption/separation, or chemi-
cal sensing. Compared to rigid porous MOFs, one of the
most interesting phenomena in soft porous MOFs is their pro-
nounced framework flexibility/dynamics under an external
stimulus, such as pressure, temperature, guest solvents, or gas
molecules.”
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The flexibility of MOFs or coordination polymers was first
predicted by Kitagawa in 1998, when he classified porous coor-
dination polymers into three categories: first, second, and third
generations.” The prediction was illustrated by the observa-
tion of gate opening or breathing behaviors in 2D layered
frameworks.” Recently, thanks to the development of supra-
molecular self-assembly and crystal engineering, a series of
new type of soft porous MOFs have been synthesized and
documented.” In particular, the breathing behaviors in MIL-53
and MIL-88 series, which sustain a cell unit contraction in
volume upon hydration and the representative well-defined
steps and hysteresis loop for gas sorption isotherms, were re-
ported by Férey and co-workers.” Through the decoration of
MOF-5 or designed synthesis of MOFs by introducing flexible
substituents on the bdc-type linker, Cohen and Fischer inde-
pendently reported the flexibility or breathing behaviors in
rigid MOFs.”® The shift between interpenetrated or partially
interpenetrated nets to cause hysteretic gas sorption was re-
cently reported by the groups of Chen,® Hupp,'” Schréder,™
and Kitagawa.'” Most of the reported soft porous MOFs are
limited to 2D layered frameworks, which can cause layer slide
upon desolvation, or 3D porous frameworks, which can under-
go reversible structural transitions between narrow pore (np)
and large pore (Ip) phases. However, the 3D pillared-bilayer
MOFs generated from polycatenation of the 2D bilayers have
been rarely investigated in adsorption, partially because they
were usually considered to be less porous than stacked-type
2D networks due to the polycatenation."™

Recently, we reported a 3D porous MOFs based on the poly-
catenation among 2D bilayers." Continuing our study, herein,
we demonstrate, to the best of our knowledge, the first exam-
ple of achieving breathing behavior in 2D—3D polycatenated
pillared-bilayer MOFs through pillar-ligand extension strategy
(Scheme 1). Our strategies were illustrated by design and syn-
thesis of three polycatenated MOFs based on honeycomb bi-
layers, [Zn,(TMTA)(bpy)os(H,0)], (1:NO5-2DMF-H,0), [Zn,(H,0),-
(TMTA)1,[ZNn,(TMTA)  (dpb)es(H,0),(dmf)],  (2:2NO;-H,0), and
[Zn,(TMTA)(dpb)es(H,0),l,  (3:NO;:8DMF-3H,0)  (H;TMTA=
4,4',4"-(2,4,6-trimethylbenzene-1,3,5-triyl)tribenzoic acid, bpy=
4,4-bipyridine, dpb = 1,4-di(pyridin-4-yl)benzene). Interestingly,
the elongation of the pillars not only enhanced the gas-uptake
capability but also made the MOFs more flexible to achieve
the breathing effect.

A comparison of structures of 1-3 is shown in Figure 1. The
crystal structure of 1 has already been reported." To construct
a more porous material, 4,4-bipy was replaced by 1,4-di(pyri-
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Scheme 1. Representation of the formation of single honeycomb layer and
3D MOFs from polycatenation. A) Pillar-ligand extension; B) Ligand ratio con-
trol to remove the single honeycomb layer.
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Figure 1. The 2D honeycomb layers for 1 (a), 2 (d), and 3 (g). The dipyridine-
pillared 2D bilayer for 1 (b), 2 (e), and 3 (h). The 2D + 2D —3D polycatena-
tion of 1 (c), 2 (), and 3 ().

din-4-yl)benzene (dpb) as the pillar in the assembly of 1 to
give rise to complex 2. There exist two units in the crystal
structure of 2: one is a 2D honeycomb single layer that is
formed by TMTA as three-connected linkers connecting binu-
clear three-nodal zinc secondary building units
(SBUs),"™ and the other is a 2D bilayer that is gener-
ated by dpb as pillars connecting two 2D honey-
comb layers. In contrast to 1, the 2D honeycomb
single layers also interpenetrate with the 2D bilayers.
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Both 1 and 3 are 2D—3D polycatenated MOFs based on
honeycomb layers and rigid pillars. The rigid pillar ligands with
different lengths extend the adjacent 2D layers to 2D bilayers
(Figure 1b,h) incorporating 1D uniform channels with cross
sections of 14.4x16.3 and 17.3x18.0 A> for 1 and 3, respec-
tively. The two honeycomb layers in the bilayer are parallel but
with large relative displacement for 1. This is not the same
case for 3, in which two layers are almost overlapped. Each bi-
layer contains two honeycomb layers belonging to two other
bilayers. From the topology view, the binuclear [Zn,(COO);]
and the TMTA ligand can be seen as four-connected node and
three-connected linker, so the overall 2D net is a 2-nodal (3,4)-
connected bilayer with the Schlifli symbol {6°}6° and vertex
symbol [6(2).6(2).6(2)] [6.6(2).6.6(2).6.6(2)] calculated by TOPOS
software."® The 2D 6>-hcb single layer is very common in
metal-organic structures; however, the 3, 4-connected bilayer
structure reported here is, to our knowledge, still sparse.

Although the construction of polycatenated MOFs 1-3 are
very similar, some structural differences between them should
not be neglected. In 1 and 2, the Zn" ions that attach to the
pillared linkers adopt tetrahedral coordination environments,
whereas the Zn" ions linked by the pillars in 3 are five-coordi-
nate square-pyramidal geometries (Supporting Information,
Figure S2). The pillared bpy and dpb ligands within the bilayer
in 1-3 form angles of ca. 84, 89, and 52° with respect to the
single layer, respectively (Figure 2). Although the structural dif-
ferences between 1, 2 and 3 are slight, the existence of differ-
ent angles between the pillars and the honeycomb layers
makes 1, 2 and 3 possess quite different gas adsorption behav-
iors.

The total solvent-accessible volumes fraction of 1, 2, and 3
calculated by PLATON"" are 40.7, 38.1, and 35.8%, respectively.
To study the potential porosity of desolvated 1, 2, and 3, sorp-
tion isotherms have been measured for N, at 77 K. Activation
of samples involved the exchange of solvent molecules by
methanol and dichloromethane, then vacuum-dried at 120°C.
The N, isotherms are shown in Figure 2. For 1 and 2, the sorp-
tion of nitrogen at 77 K reaches near-saturation at low relative
pressures (P/P,<0.05) and thereafter increases very slowly up
to 1 atm with total weight uptakes of 175 and 215 cm®g™", re-
spectively. There is no significant hysteresis between sorption
and desorption traces. With an approximation based on a
monolayer condensation of adsorbed N, molecules on a uni-
form surface, the sorption isotherms were fitted to a Langmuir

As expected, the porosity of 2 increases slightly com-
pared to 1 (see below). To remove the 2D honey-
comb single layers to further improve the porosity,
we decreased the ligand ratio of H;TMTA in the as-

Vags (em*/g™!

{
80§
|

7, 1601 Top 160] s’
1 Rt 2 g 3

< 8ol )

N H Ny

sembly of 2; complex 3 was isolated as colorless crys-
tals. The interpenetrating fashion of 3 is quite similar
to that in 1, thus, the crystal structures for 1 and 3
are discussed together.
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Figure 2. The angles between the pillars and the honeycomb layers in 1-3 (upper), and
N, adsorption isotherms for 1-3 (bottom): @ adsorption, o desorption.
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equation and gave surface areas of 747 and 925 m*g™"' (677
and 788 m2g™' for BET model), respectively.

The most fascinating feature for 3 is a two-step adsorption
process with that a profound desorption hysteresis was ob-
served in both N, (77 K) and Ar (87 K) adsorption isotherms
(Figure 2). For N, isotherm, the first step of the adsorption
curve, in the range of P/P,=0.01-0.10, shows a very fast
uptake and the isotherm reaches its first plateau between the
P/P, values 0.10 and 0.58, which resembles a typical type | iso-
therm. At higher pressures (P/P,>0.58), the second step of the
adsorption happens and its maximum adsorption amount
reaches 214 cm3®g™"' at P/P,~1.0. During the desorption pro-
cess, the adsorbed N, could stay in the pores at the range of
1.0-0.26, and the first step of desorption was obviously ob-
served below a pressure of P/P,=0.26. The desorption curve
does not retrace the adsorption curve until P/P, reaches 0.20,
and at that point the hysteresis loop closes with the remaining
N, of 170 cm®g~". The second desorption occurred dramatically
from P/P,=0.02 to P/P,~0.

The broad hysteresis loops usually associated with the exis-
tence of mesopores; however, the hysteresis loops in 3 cannot
be simply explained as mesopores. As for the mesoporous ma-
terials, the lower closure point in desorption branch occurs at
relative pressure P/P,~0.42 for N, at 77 K" It is obvious that
the lower closure point of P/P,=0.20 is much lower than 0.42,
which reflects that other reasons cause the unique hysteresis
in 3. The pore volume calculated from the first adsorption pla-
teau is 0.26 cm>g ™', which is very close to the theoretical value
of 0.23 cm®g™" predicted from crystal structure. However, the
total pore volume of 0.33 cm®g™' is significantly larger than
the theoretical one. Therefore, the second step of gas uptake
may be attributed to the expanded intermediate form, which
possesses an increased pore volume owing to the expansion
of the interlayer distance upon adsorption.'"®

As indicated by above structural analysis and gas adsorption
measurements, the angles between the pillars and the single
honeycomb layers in 3 are significantly shorter than those in
1 and 2, which make the framework 3 more flexible, so its in-
terlayer distances may be expanded under the pressure stimuli,
accompanying the less oblique posture of dpt ligand ap-
peared. The displacement of two single layers in one bilayer
brings the enlargement of the pores.

Although many MOFs showing a structural change by exter-
nal stimuli have been reported, only a few show a definite
stepwise sorption isotherm related to a breathing effect."”
Compared to previously reported MOFs with breathing effect,
in our case, the structure of 2D layer is eternal owing to the
fixed structure of TMTA, but the change of the pillared ligands
give us surprising results. The pillaring roles of the rigid bipyr-
idyl ligand is very important and diverse, it not only fixes the
neighboring layers with an appropriate distance and prevent
the clogging of micropores, but also could modulate itself to
response to the external stimuli (Figure 3). As such, the length
of the pillared ligand becomes an effective strategy to modu-
late the adsorption properties in this work.

In conclusion, through a pillar-ligand extension strategy,
a rare breathing behavior in polycatenated 2D—3D nets has
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Figure 3. The possible mechanism for 1 (upper) and 3 (bottom) upon the
stimuli of gas molecules.

been successfully achieved. Structures 1, 2, and 3 exhibit inter-
esting sorption properties ranging from non-breathing to
breathing behaviors influenced by the angles between the pil-
lars and the single honeycomb layers. Comparing the struc-
tures of 1 and 3, the increase in pillar length does not lead to
increase in polycatenation multiplicity, which is controlled by
the length of intralayer tripodal carboxylate. Surprisingly, it
also does not induce obviously expanded interlayer separa-
tions but occupies much more free voids; as a consequence,
a smaller pore volume is obtained. This suggests that in 2D —
3D polycatenated bilayer MOFs, the porosity is not always en-
hanced by increasing the length of the interlayer pillars with
the intralayer linker remaining unchanged. Structural alteration
arising from the different pillar ligands and results of gas sorp-
tion experiments may be useful in designing a new metal-or-
ganic porous material for gas storage applications.
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