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Abstract 

A flexible, yet very stable metal-organic framework (DUT-98, Zr6O4(OH)4(CPCDC)4(H2O)4, CPCDC = 9-(4-

carboxyphenyl)-9H-carbazole-3,6-dicarboxylate) was synthesized using a rational supermolecular building block 

approach based on molecular modelling of metal-organic chains and subsequent virtual interlinking into a 3D 

MOF. Structural characterization via synchrotron single crystal X-ray diffraction (SCXRD) revealed the one-

dimensional pore architecture of DUT-98, envisioned in silico. After supercritical solvent extraction, distinctive 

responses towards various gases stimulated reversible structural transformations, as detected using coupled 

synchrotron diffraction and physisorption techniques. DUT-98 shows a surprisingly low water uptake but a high 

selectivity for pore opening towards specific gases and vapors (N2, CO2, n-butane, alcohols) at characteristic 

pressure resulting in multiple steps in the adsorption isotherm and hysteretic behavior upon desorption. 
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Switchability in metal-organic frameworks (MOFs) has recently been recognized as a highly promising 

feature providing ideal deliverable capacity in high pressure gas storage applications,[1] high selectivity 

in gas separation,[2] and sensing[3]. Pronounced changes in pore volume may even give rise to new 

counterintuitive phenomena.[4] We understand “switchable MOFs” as materials undergoing a step-

wise structural transformation coupled with massive changes of accessible porosity as a response to 

an outer stimulus such as gas or external pressure. The most prominent phenomena associated with 

switchability are termed “gating” and “breathing”.[5] 

Despite tremendous progress in the level of simulation[6] of such phenomena, the prediction of 

switchability and subsequent targeted synthesis of novel flexible MOFs still remains a challenge for 

material chemists.[7] Most switchable MOFs were discovered through sheer serendipity. More 

important, most switchable MOFs often lack thermal and chemical stability, a crucial issue especially 

for future industrial applications. Hence, the discovery of MIL-53[8] and MIL-88[9] by Férey and 

coworkers was a milestone in the field of stable and flexible MOFs.[10] However, even the prominent 

MIL-53(Al), widely known as a hydrolytically fairly stable breathable MOF, decomposes after treatment 

in boiling water for 10 hours due to the hydrothermally unstable aluminum-oxygen bond.[11] Zr-based 

MOFs are emerging materials with exceptional mechanical, thermal and chemical stability caused by 

the high connectivity of the zirconium oxo cluster as well as the very stable Zr-O bond.[12] Recent 

evaluation in gas storage,[13] separation,[14] catalysis,[15] and capture of toxic gases[16] renders them as 

excellent candidates for adsorption applications in demanding environment. As a result, flexibility in 

Zr-MOFs has been reported rarely and was only achieved so far by introduction of flexible ligands or 

reduction of the connectivity of the Zr6-node by ligand substitution, which causes loss of framework 

stability.[17] The targeted synthesis of a Zr-based MOF with gating transitions and a 12-connective node 

for improved stability remains unexplored.  

An evidentially successful route for rational MOF synthesis is the supermolecular building block (SBB) 

approach.[18] In this approach zero-dimensional (0D) supermolecular building blocks (SBB) or two-

dimensional (2D) supermolecular building layers (SBL) are constructed from organic ligands and metal 

ions or clusters, the so called molecular building blocks (MBB). SBBs or SBLs can furthermore be 

connected either using a secondary ligand or a secondary functional group of the primary ligand to 

construct a 3D framework. While many MOFs have been synthesized on the basis of SBBs or SBLs, 

among them record holders in terms of specific surface area[19] and storage of energy carriers[18], the 

utilization of one dimensional (1D) supermolecular building chains (SBC) is a yet rarely explored 

approach for the construction of MOFs.  

Herein we describe the rational synthesis of the switchable Zr- based network DUT-98 (DUT - Dresden 

University of Technology) inspired by the wine-rack motif of MIL-53 but constructed by systematic 

replacement of the essential chain elements of MIL-53 by 1D chains of connected Zr6O4(OH)4(COO)12-

clusters, the prominent motif in stable UiO-type structures.[20] The Zr-clusters were linked in silico by 

9H-carbazole-3,6-dicarboxylate (CDC) into infinite 1D [Zr6O4(OH)4(CDC)4]4+ SBCs (Fig 1a,b). CDC as a 

linker is characterized by an angle of 90° between the planes of carboxylic groups and is well known in 

the synthesis of SBBs[21] and MOFs[22] (for details on the structural modeling see ESI). Because only 

eight carboxylic groups from the CDC are coordinated to each Zr-cluster, four residual coordination 

sites remain unoccupied.  
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Figure 1. a) and b) Schematic representation of the formation of a Zr6O4(OH)4(COO)12  SBC, containing 

CDC; c) 3-connecting H3CPCDC ligand; d) 4-connecting CDC-based ligand; e) (3,12)-connected 

framework; f) (4,8)-connected framework with scu topology and a channel type pore structure 

resulting if a 1,4-phenylene bridge is used to connect the SBCs (linker example shown in d); g) structure 

of DUT-98as along c axis; i) cluster of DUT-98as; h) DUT-98cp along b axis; j) cluster of DUT-98cp. Color 

code: Zr: green, C: gray, O: red, N: blue, H and O atoms of lattice water molecules: light gray and purple, 

respectively; other H atoms are omitted for clarity; hydrogen bonds: dotted orange lines. 
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As a result, SBCs can be connected into 3D frameworks in three different ways: (i) either using the 

remaining open coordination sites of the clusters (Fig. 1e), or (ii) connecting two CDC nitrogen atoms 

in opposite SBCs (Fig. 1d), or (iii) by combination of these strategies (Fig. 1c, Fig. S20). 

Zr-MOFs with multiple ligands are difficult to synthesize,[23] hence we focused on the functionalization 

of the CDC ligand instead. A (4,8)-connected framework with scu topology and a channel type pore 

structure (Fig. 1f) was modeled using a 1,4–phenylene bridge between carbazole-nitrogen atoms (Fig. 

1d, Fig. S20, S21) to connect the SBCs. However, this framework topology is known as not flexible and 

thus not suitable for the construction of a switchable MOF.[24] Following route (iii), a (3,12)-connected 

network with unknown topology (Fig. 1e) was modeled attaching a terminal 4-carboxyphenyl-group to 

the CDC-ligand (Fig. 1c). In this case adjacent SBCs are connected in a staggered fashion and the 

carboxyphenyl-units coordinate to the open coordination sites of the Zr-cluster.  

Following the design strategy described above, we obtained Zr-SBC, 

Zr6(OH)8(CDC)4(HCOO)4(CH3COO)2∙2DMF∙2CH3COOH∙4H2O (DUT-80), as colorless rod shaped crystals in 

a solvothermal reaction of H2CDC with ZrCl4 in DMF and acetic acid as modulator. As expected, the 

single crystal X-ray data of DUT-80 reveal 1-D linear chains, running along [001] of the orthorhombic 

unit cell (Pmmn). In the crystal the parallel chains are slightly shifted by 0.5 c with respect to the 

repeating units to optimize dispersive interactions of the Zr-cluster of one chain with the CDC moiety 

of the next chain.  

Deliberately introducing a third carboxylate group yields 9-(4-carboxyphenyl)-carbazole-3,6-

dicarboxylic acid (H3CPCDC, Fig. 1c), and enabled us to connect the DUT-80 chains into a 3D 

architecture in a reaction with ZrCl4 in DMF. The structure of the resulting [Zr6O4(OH)4(CPCDC)4(H2O)4], 

further denoted as DUT-98as (as - as made), crystallizes in the tetragonal space group P4/n. As 

envisioned, the Zr6O4(OH)4
12+ nodes are connected by 4 CDC-units each, forming infinite SBCs along 

the [001] direction (Fig. 1g).  

Each terminal phenylcarboxy-group is connected monodentate to the unoccupied coordination sites 

of the adjacent SBCs forming hydrogen bonds to coordinated terminal water molecules (Fig. 1g, i) 

resulting in a 3,12-connected 3D framework. 1D pore channels with a diameter of 9.8 Å along the SBCs 

are a characteristic feature of the resulting wine-rack type framework. DUT-98 shows the expected 

high thermal stability up to 450 °C (Fig. S16). Exposing the crystals to boiling water or solutions of 2 N 

– 6 N HCl for 24 h gives no indication of decomposition in PXRDs (Fig. 2c) similar to MOFs based on Zr, 

Cr and Fe[12d]. Because solvent removal in dynamic vacuum at elevated temperatures leads to a non-

porous material, (Fig. S11) a protocol involving supercritical CO2 extraction was used for desolvation 

under mild conditions.[25] PXRD measurements clearly indicate a structural transition upon solvent 

removal from DUT-98as to DUT-98cp (cp – closed pore, Fig. S1). The crystal structure of DUT-98cp 

could be determined by SCXRD. Upon solvent removal a pore closing takes place accompanied by 

massive cell volume shrinkage of 140%. Interestingly, the SBC (along [010] in DUT-98cp) remains fully 

intact (Fig. 1h), but a pronounced contraction of the pore structure can be observed as reflected in the 

change of inter-SBC distances from 24.43 Å in DUT-98as to 10.63 Å in DUT-98cp (Fig. 1g, h). The 

contraction of the structure causes a rearrangement of all hydrogen bonds between the non-

coordinated carboxylate oxygen atom, the water molecules, and hydroxyl groups, coordinated to the 

cluster with subsequent change of the coordination mode of two carboxylates from μ-O to μ-O,O’ (Fig. 

1 i, j). The transition is also accompanied by a slight bending of the ligand, twisting the carboxylate 

groups out of the carbazole plane by 7.77 – 21.5º and widening of the knee-cap angles between the 

carbazole carboxylate and corresponding Zr atoms from 0° in DUT-98as structure to 20 – 30° in DUT-

98cp. All these rearrangements lead to the stacking of the adjacent carbazole moieties along the [010] 

direction, with the shortest distance approaching 4.0 Å. On the other hand the strained structure of 
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DUT-98cp is further stabilized by intermolecular hydrogen bonds of lattice water molecules with O…O 

distances in the range of 2.72 – 2.83 Å (Fig. 1j, Tab. S3) connecting two adjacent SBCs. Additional 

absorption bands in the IR spectra in the range of 3500 – 3650 cm-1 support this observation (Fig. S17). 

The formation of such a localized hydrogen bonding network is unprecedented in Zr-MOFs and plays 

a crucial role in the switching transition of DUT-98. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. a) Vapor physisorption isotherms of methanol (circles), ethanol (diamonds), and water 

(triangles) at 298 K; b) n-Butane physisorption isotherm collected during the in situ experiment; c) 

PXRD patterns of (1) theoretical DUT-98cp, (2) after supercritical activation, (3) suspended in water, 

(4) suspended in methanol, (5) suspended in ethanol at 298 K, respectively, and (6) theoretical DUT-

98as; d) In situ PXRD patterns obtained during adsorption and desorption of n-butane at 273 K; e) PXRD 

patterns of DUT-98as: theoretical pattern derived from crystal structure (1), DUT-98as in H2O for 3 d 

at 298 K (2), DUT-98as in H2O for 40 d at 373 K (3), DUT-98as in 2 M HCl (4), 4 M HCl (5), and 6 M HCl 

(6) for 24 h at 298 K, respectively; f) CO2 physisorption isotherms at 195 K: supercritically dried DUT-

98cp (circles); same sample suspended in water for 24 h at 373  K and subsequently supercritically 

dried from ethanol (diamonds).   Filled symbols represent adsorption, empty symbols desorption. 
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As a characteristic feature of switchable MOFs, the N2 adsorption isotherm at 77 K for DUT-98cp shows 

almost zero uptake at low relative pressures but a steep increase is observed at p/p0 = 0.6 (“gate 

opening”, Fig. S12). During desorption two steps indicate additional structural transitions, probably 

associated with structural transformations during the “gate closing”. A similar adsorption behavior can 

be observed in the n-butane isotherm at 273 K with a steep increase in uptake at relative pressure 

around 0.2 (Fig. 2b). In contrast, CO2 adsorption at 195 K shows a two-step adsorption behavior with 

steps in the relative pressure range below 0.05 and 0.4 ≤ p/p0 ≤ 0.5 (Fig. 2f).  

To gain deeper insights into the gate opening mechanism during adsorption of n-butane, DUT-98cp 

was investigated at 273 K in situ by PXRD at BESSY II light-source (KMC-2 beamline) using a previously 

described setup.[26] Upon adsorption of n-butane the formation of a novel, yet unidentified open 

intermediate phase is observed, which is not identical to DUT-98as (Fig. 2d, Fig. S9). DUT-98cp shows 

selective pore opening when it is exposed to methanol or ethanol, but the MOF remains tightly closed 

facing water even at high humidity level (Fig. 2a, S13). 

A typical “gate opening” behavior is observed upon adsorption of N2, n-butane, CO2, methanol, 

ethanol, 2-propanol as well as acetone, toluene and n-heptane. While the adsorption isotherm of 

ethanol is similar to that of n-butane at 273 K with only one step, the isotherms obtained for 2-

propanol and methanol show two steps similar to the adsorption isotherm of CO2 at 195 K (Fig. 2). All 

isotherms show hysteretic behavior which is in particular pronounced for methanol. Only water fails 

to induce a structural opening in DUT-98cp indicating a high hydrophobicity of DUT-98cp. Exposing the 

solid towards water-methanol mixtures indicates a high selectivity for methanol-induced pore opening 

(ESI section 7).  Such selective switching could be valuable in industrial applications involving the 

selective separation of alcohols from fermentation processes, or selective extraction of toxic organics 

such as methanol from wastewater under harsh conditions.[27] In orienting experiments preferential 

methanol adsorption was indeed observed (ESI section 7). The distinctive response of DUT-98 towards 

vapors is a remarkable feature, implying visionary concepts in the design of valves or membranes, 

which open or close their pores selectively for specific molecules. The latter is reminiscent of a guard 

protecting an enclosed sensitive system from the environment without isolating it. Only specific 

molecules are allowed to pass through the channel. Integration of such selectively switchable MOFs 

into polymers would be an interesting approach towards mimicking biomembranes.  

In conclusion we have synthesized a selectively responsive Zr-MOF (DUT-98) utilizing an original 

supramolecular building block approach. The structure of DUT-98 consists of 1D channels with roughly 

0.9 nm pore diameter forming a previously unknown (3,12)–connected topology . DUT-98 is very 

robust, thermally stable and inert towards acidic medium and boiling water (Fig. 2) which makes it one 

of the most stable switchable MOFs known today. In situ synchrotron diffraction under controlled gas 

atmosphere reveals distinct and selective pore opening and closing for various gases (N2, CO2 and n-

butane) and vapors (water, alcohols). The high versatility of our proposed SBC platform providing 

selective recognition of vapors may be promising for the development of rational guard valve concepts 

for membrane integration.  

 

Experimental Section 

Crystal data for DUT-80: C74H58N6O44Zr6, Mr = 2282.58, orthorhombic Pmmn, a = 17.280(3) Å, b = 

20.570(4) Å, c = 14.570(3) Å, V = 5178.9(18) Å3, Z = 2, Dc = 1.464 g cm-3, 24189 independent 

reflections observed, R1 = 0.0816 (I > 2σ(I)), wR2 = 0.3191 (all data) and GOF = 1.091. 
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Crystal data for DUT-98as: C84H52N4O36Zr6, Mr = 2240.61, tetragonal P4/n, a = 24.450(3) Å, c = 

14.630(3) Å, V = 8746(3) Å3, Z = 2, Dc = 0.851 g cm-3, 7946 independent reflections observed, R1 = 

0.0906 (I > 2σ(I)), wR2 = 0.3026 (all data) and GOF = 1.128. 

Crystal data for DUT-98cp: C84H56N4O38Zr6, Mr = 2276.64, triclinic P1̅, a = 10.630(2) Å, b = 14.490(3) Å, 

c = 18.010(4) Å, α = 111.74(3)°, β = 105.82(3)°,  = 92.75(3)°, V = 2444.5(11) Å3, Z = 1, Dc = 1.547 g cm-

3, 9153 independent reflections observed, R1 = 0.1429 (I > 2σ(I)), wR2 = 0.4315 (all data) and GOF = 

1.057.  

 

CCDC-1556068, 1519890 and 1519891 contain the supplementary crystallographic data for DUT-80, 

DUT-98as and DUT-98cp. These data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. CIF files for modeled 

structures can be downloaded from ESI. 
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