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Via solvothermal synthesis, the self-assembly of CuCl2, 1,3,5-

benzenetricarboxylic acid, and N,N9-bis(4-pyridylformamide)-

1,4-benzene in DMF generated a novel coordination polymer

containing an unprecedented (3,4)-connected network; 3-fold

interpenetration and considerable solvent-accessible cavities

occupied by reversible guest water molecules were also

observed.

Crystalline metal–organic frameworks (MOFs) exhibiting large

surface area and porosity retention upon solvent removal have

achieved considerable attention because of their elegant topology

and potential applications in separation, catalysis, nonlinear optics,

and gas storage.1–4 The modular construction of MOFs allows

their pore size and shape to be systematically tuned by the

judicious choice of metal-containing secondary building units

(SBUs) and/or bridging organic linkers, and by making use

of framework interpenetration or interweaving.5 Based on the

considerations of the thermal robustness, the current metal–

organic frameworks are mainly based on rigid polycarboxylate

ligands, such as biphenyl, terphenyl, and quaterphenyl tetra-

carboxylic acids.6 By varying the length of the organic backbone of

these ligands, many desired MOFs are built.7

Multipyridylamides have been proven to be very useful in self-

assembly processes through hydrogen bonding, and the assembled

products are relevant to biological systems. Remarkably, Ghadiri

et al. first published their delicate work in 1994 regarding the

formation of nanotube frameworks with a diameter of 1.3 nm built

from polypeptide bonds as basic subunits as well as through inter-

ring N–H…OLC hydrogen bonds.8 These nanotubes represent a

new and important class of functional materials. Following this,

several outstanding research results were reported, such as the 0D

face-driven corner-linked octahedral nanocages,9 1D helical

chains,10 a 2D ‘two-over/two-under’ wave structure,11 three-fold

parallel interpenetrating 2D brick-wall networks,12 and 3D non-

interpenetrating (3,6)-connected frameworks.13 More detailed

examination shows that the exclusive synthetic method for these

compounds is the layering of solutions. Furthermore, previous

work has focused on the synthesis of such multipyridylamides, the

coordination behavior of them towards metal centers (Pd(II),

Ag(I), Cu(I), Au(I)), and the construction of supramolecular

frameworks. The thermal stability of these compounds has been

poor. Thus there remain significant challenges in this area.

In this work, we selectively chose dipyridyl-amide ligands as

organic linkers to construction of MOFs, based on the following

considerations: (i) so far, only two N,N9-bis(4-pyridylformamide)-

1,4-benzene (L)-based examples have been reported;14 (ii) the

aforementioned ligand L possesses a flexible backbone containing

bifunctional binding sites (both pyridyl groups), as well as a strong

capacity for hydrogen bonding of the amide groups, which is

anticipated to play a vital role in the assembly of flexible MOFs.15

Furthermore, in order to increase the thermal stability of the target

MOFs, the co-ligand H3BTC (H3BTC = 1,3,5-benzenetricar-

boxylic acid) is introduced. In order to increase the solubility of the

reaction reagents but avoid the decomposition of L ligands, we

selected a mild solvothermal synthesis (120 uC) in DMF solution.

The ligand L (Scheme 1) was prepared by literature methods,8–12

and complexed with CuCl2 and H3BTC in DMF; this mixture was

sealed to carry out the solvothermal reactions. Green crystals of 1,

[Cu3(BTC)2(L)3]?5H2O, were obtained with a yield of 56% based

on Cu.{ The single-crystal X-ray diffraction data suggested that 1

crystallized in a rhombohedral space group R̄3.{ In 1, the copper

atoms show the four-coordinated CuO2N2 square geometry

completed by L nitrogen atoms and BTC32 oxygen atoms,

together with two weak, Jahn–Teller distorted Cu–O axial bonds

(Cu–O1/2.551 Å). The equatorial Cu–O bond lengths (1.931 Å) are

comparable with the Cu–N bond lengths (2.032Å). The BTC32

ligands, with C3 symmetry, adopt the tri(monodentate) coordi-

nated mode. The copper(II) ions are connected by the BTC32

ligands to give neutral (6,3) sheets with edges of ca. 9.3 Å, calcu-

lated by the metal-to-metal distance. These sheets are then inter-

connected by the bridging, 2-connecting L via the N(L)–Cu bonds.

Topologically, if the BTC32 units and Cu(II) centers are

viewed to be the 3- and 4-connected nodes, respectively, and then

this framework becomes a binodal (3,4)-connected net with

(63)2(6
4?8?10)3 topology built on trigonal organic spacers and

square metal centers. Among the known (3,4)-connected nets in

coordination polymers,16 the most symmetrical and important

examples are Cu15Si4, boracite, Pt3O4 and the twisted boracite net.
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Scheme 1 The present L ligand shows antiparallel orientation of amide

and CLO groups.
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The net displayed by 1 has been assigned the tfz notation,17 but we

are not aware of any coordination polymer reported with this

topology. Further inspection of the reported (3,4)-connected nets

shows that they are constructed by alternately linking the 3- and

4-connecting nodes; by contrast, in 1 there are links between the

4-connected nodes, as well as between the 3- and 4-connected

nodes. The structure of 1 also shows 3-fold interpenetration of

these networks; previous reports of interpenetrating (3,4)-con-

nected nets had only shown 2-fold interpenetration. Thus, the

present structure displays a new (3,4)-connected net, and has the

highest degree interpenetration for such nets (Fig. 1). Despite

the occurrence of interpenetration, however, there remains a

considerable void space (ca. 1450Å3, equal to 24.9% of the cell

volume),18 where distorted water molecules locate.

In addition, the structure is stabilised by extensive hydrogen

bonding between the interpenetrating nets (N(–H)…O = 3.08Å).

The interpenetration also generates two sets of cage-like cavities

which contain numerous amine functional groups, as illustrated

in Fig. 2.

Thermogravimetric analysis (TG) shows the loss of free water

molecules at 30–200 uC (calc. 25.5%, found 25.4%), followed by a

plateau from 200 uC to 300 uC; this indicates the high thermal

robustness of the guest-free framework (Fig. 3). Surprisingly, the

desolvated interpenetrating framework of 1a retains its single

crystal nature up to 300 uC. The single-crystal X-ray diffraction

data shows that 1a shows the same space group of 1, but with

slightly reduced cell parameters and cell volume. The phase purity

of the crystal samples for 1 and 1a is confirmed by XRD (powder

X-ray diffraction) studies (Fig. 4). The guest-free phase is also

confirmed by elemental analysis (EA) and IR spectroscopy.

Soaking such guest-free phases in water for one day regenerated

the guest-filled phase of 1, which was corroborated by single-

crystal X-ray diffraction, IR and EA. The host interpenetrating

framework expands back to its former volume upon guest

inclusion. This reversible cycle can be repeated many times

without loss of crystallinity.

In summary, we report here our initial efforts to construct

multipyridylamide-based coordinated polymers with high dimen-

sional framework topologies and high thermal stabilities. By

choosing the multicarboxylate ligand H3BTC as a co-ligand

and using mild solvothermal synthesis (120 uC) in DMF, we

successfully isolated polymer 1; the structure displays a layered

Fig. 1 The unprecedented (3,4)-connected frameworks with the 3-fold

interpenetration.

Fig. 2 View of the cage-like cavities with the intercalated guest water

molecules, constructed by phenyl and pyridyl groups of L and BTC32

from two interpenetrating (3,4)-connected nets.

Fig. 3 The TG plot of 1.

Fig. 4 The simulated XRD patterns from the single crystal data and the

experimental XRD patterns of 1 and 1a.
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MOF substructure pillared by long organic spacers (ca. 2.0 nm) to

generate 3-fold interpenetrating 3D nets and considerable solvent-

accessible void space. Significantly, from a topological viewpoint,

polymer 1 presents the first example of a new (3,4)-connected net.

Furthermore, the highly thermal stability and the reversible uptake

and release water cycle without loss of crystallinity in 1 is rare;

these guest-free frameworks with largely permanent cavities and

highly thermal stability could be utilized as porous materials. In

the field of multipyridylamide-based coordinated polymers, the

present research is an important milestone as it resolves three

important problems: (i) synthesis, (ii) construction of multi-

dimensional frameworks, and (iii) the thermal stability of the

resulted frameworks. Hence, it is believed that this study will open

up a promising way to prepare multipyridylamide-based MOFs.
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Foundation of China under Project (50572040)
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