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SUMMARY 

Paper crafts, such as origami and kirigami, have become an interdisciplinary research theme 

transportable from art to science, and further to engineering. Kirigami-inspired architectural 

design strategies allow the establishment of three-dimensional (3D) mechanical linkages with 

unprecedented mechanical properties. Herein, we report a crystalline zeolitic imidazolate 

framework (ZIF), displaying folding mechanics based on a kirigami tessellation, originated 

from the double-corrugation surface (DCS) pattern. Pressure- and guest-induced responses 

demonstrate the kirigami mechanism of the ZIF, wherein imidazolate linkers act as hinges, 

controlling pore dimensionality, resembling the check valve-adapted mechanical manifold. 

This discovery of the kirigami tessellation inside a flexible ZIF reveals foldable mechanics at 

the molecular level.  
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INTRODUCTION 

Kirigami, an extended version of origami allowing cuts, has moved beyond its conventional 

usages as craft activities.1 Recently the kirigamic design principles have extended to 

mechanical engineering,2 making it possible to create highly deformable 3D structures with 

mechanical functionalities.3–5 These structural features have led to the advances in 

programmable mechanical metamaterials6–9 applicable to electronics-free robots,10 pressure 

sensors,11 antennas,12 electronic devices,13 and metasurfaces.14 Kirigami tessellations, 

composed of embedded patterns are the key features for these recent applications, as 

exemplified by a two-dimensional (2D) molecular framework based on an origami tessellation 

(Figure 1A, Table S1).15–23 Despite the advent of various foldable materials, however, 

developing 3D folding solid-state structures remains an important challenge at the nano- and 

molecular scale.24  

To create a solid-state kirigami, we envisioned that ZIFs,25–27 a subclass of metal–organic 

frameworks (MOFs) with zeolitic topologies, are an ideal platform, due to their highly 

deformable nature under various stimuli.28 Notably, tetrahedral Zn metal centers can act as 

pivoting points, resulting in unique mechanical properties in contrast to zeolites.29–32    

Here, we report a kirigamic characteristics of gis-ZIF-1,29 composed of 4-membered rings 

(4MRs) acting as rigid tiles. By connecting Zn sites, we unveiled the kirigami tessellation in 

the ZIF, derived from origami tessellations observed in DCS and square twist patterns (Figure 

1B).33 The mechanical response of gis-ZIF-1 exhibits the folding mechanics, analogous to 

kirigami movement in the solid-state. The mechanics can also be controlled by solvents, 

wherein the tetragonal large pore (lp) structure of gis-ZIF-1 is transformed to the orthorhombic 

narrow pore (np) structure, confirmed by single-crystal X-ray diffraction (SCXRD). 

Interestingly, this kirigamic transition accompanies a change in pore structure, similar to a 
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mechanical manifold regulating water flow in a pipe through a check valve. The reversible np-

to-lp transition is also demonstrated by N2, O2 and CO2 adsorption. We anticipate that this 

kirigami-inspired ZIF will play a significant role as an emerging class of kirigamic mechanical 

metamaterials and serve as smart adsorbents in the foreseeable future. 
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Figure 1. A brief history of the kirigami and the kirigami tessellation of gis-ZIF-1 and 

related origami tessellations. (A) Applications with related kirigami tessellations, and 

kirigami-inspired materials (see Table S1). In the figures, blue and red letters represent the 

applications and materials related to the kirigami. In the tessellations, cutting edges and 

foldable hinges are represented as red and blue lines, respectively. (B) Comparison between 

DCS (second from the left) and square (second from the right) twist origami and related 

kirigami tessellation (right) demonstrated in this work, sharing a same basic tessellation (left) 

represented by black dotted (valley folding), solid (mountain folding), and red solid (cutting) 

lines.  
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RESULTS 

Synthesis and structural characterization. Synthesis of gis-ZIF-1 was conducted according 

to a synthetic method described in our previous publication,29 with zinc(II) triflate, imidazole 

ligands (HIm), and ethylenediamine (EDA) in N,N-diethylformamide (DEF) solvent. The gis-

ZIF-1 structure consists of tetrahedral Zn2+ metal centers and imidazolate (Im) linkers in 1:2 

molar ratio, with tetragonal I41/a space group. The synchrotron powder X-ray diffraction 

pattern of the as-synthesized gis-ZIF-1 matches well with the Bragg reflections from the 

reported SCXRD data (Figure S1). We note that the gis topology can be represented as 

interconnected double-crankshaft chains (dcc) with underlying diamond-like connectivity, 

where the dcc belongs to the periodic building units found in some zeolite topologies, such as 

gis, gme, and mer (Figure S2).34 The structure of gis-ZIF-1 can also be represented as 

interconnected dcc units by connecting tetrahedral Zn sites, wherein Im linkers are edges of 4-

membered rings (4MRs, or butterfly-shaped flattened tetrahedra) with two different 

symmetrical positions (Figure 2A). To our surprise, the arrangement of 4MRs in gis-ZIF-1 is 

closely related to that of kirigami tessellation, as can be seen in Figure 2B. Such kirigami 

tessellation observed in gis-ZIF-1 can be derived from the DCS and square twist origami 

tessellations (Figure 2C, Figure S3).15 Because these patterns are highly deformable,33 we 

expected that gis-ZIF-1 might undergo a folding movement when suitable external stimuli (e.g. 

pressure) were applied.  
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Figure 2. Crystal structure and kirigamic tessellation of gis-ZIF-1. (A) Two 4MR 

components constructed by two types of imidazolate sites (each site colored by green and light 

orange). Each imidazolate is connected by Zn atoms (colored by grey), and 4MR components 

are represented by green and white tiles. The green 4MRs have a butterfly-tetrahedral shape, 

so the triangular tiles are in contact along the green folding hinges. (B) Simplified tetragonal 

gis-ZIF-1 structure based on kirigami tessellation. (C) Kirigami diagram representing DCS-

derived kirigamic tessellation of gis-ZIF-1. Resulting paper model corresponds to the unit cell 

of gis-ZIF-1. 
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Mechanical response. To test our hypothesis, we conducted pressure-dependent synchrotron 

PXRD measurements for gis-ZIF-1, over a range of 0 GPa to 0.4 GPa (Figure 3A). Full PXRD 

profiles (total 29 data points) were fitted by Le Bail method, and all data has Rwp values smaller 

than 3% (Table S2). Over the pressure range, the unit cell volume decreased about 5.4% from 

6548.0(5) Å 3 to 6197.0(16) Å 3. Also, tetrahedron density (the number of Zn sites per cell 

volume) increased about 5.7% from 2.4 nm-3 to 2.6 nm-3. The cell parameters, a and c, 

decreased about 1.2% and 3.0%, respectively, implying anisotropic compression. Based on 

these cell parameters, we calculated mechanical properties such as bulk modulus and 

compressibility (Figure 3B). The general bulk modulus is 7.5 GPa, similar to those found in 

other ZIFs.35,36 Linear and volume compressibility (ᴋ) were also calculated, where the linear 

compressibility along the a and c direction (ᴋa and ᴋc) and volume compressibility (ᴋV) are 

nearly constant, with their average values of 30, 79 and 137 TPa-1, respectively (Figure S4).  

For a detailed analysis of these mechanical response, we refined the framework structures from 

PXRD via the Rietveld method for 5 data points ranging from 0 GPa to 0.4 GPa with 0.1 GPa 

intervals (Table S3, Figure S5-S9). To check the kirigami model of gis-ZIF-1, we evaluated 

the rigidity of each 4MR tile by tracking distances and angles between Zn sites (Table S4). 

Notably, Zn-Zn distances (L1 and L2) and Zn-Zn-Zn angles are nearly constant over the whole 

pressure range for each symmetrically identical edge (Figure 3C). When each area of tiles was 

calculated as S1 (green tile) and S2 (white tile), respectively, the changes in S1 and S2 are 

minimal (less than 2%), indicating that 4MR tiles are rather rigid. Mechanical compression of 

gis-ZIF-1 is closely related to the collective motion of these 4MR tiles. 

Folding mechanics based on kirigami tessellation. To unveil the actual mechanical 

movement, we defined folding and rotating angles, which are well-established parameters to 

explain solid-state mechanics of origami and machine-like MOFs (Figure 3D).15,29 Considering 
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the crystal symmetry, the gis-ZIF-1 structure includes two types of folding angles: angles 

between green tiles (α) and between green and white tiles (β). Both angles are highly flexible 

under mechanical stress, where folding angle α and β were decreased about 30.2° and 9°, from 

0 GPa to 0.4 GPa, respectively (Figure 3E, Table S5).  

Based on these rigid and flexible parameters inside gis-ZIF-1, we have built the kirigamic 

mechanical model (Figure S10). 

𝑐 = 4√𝐿2
2 +

2(1 − cos 𝛼)

3 − cos 𝛼
𝐿1
2 cos 2𝜃 −

𝑎2

4
+ 𝐿1√

2𝑎2(1 − cos𝛼)

3 − cos𝛼
sin2𝜃 − 4 (

1 − cos 𝛼

3 − cos 𝛼
)
2

𝐿1
2sin22𝜃 

In this equation, c parameter (denoted as c) is a function of the folding angle α and the rotating 

angle θ, while Zn-Zn distances (L1, L2) and a parameter (denoted as a) are set as constants. 

Surprisingly, this model function c matched well with experimental c parameters, as can be 

seen in Figure 3F. Furthermore, the folding angle α and c parameter are directly related (Figure 

3G, Figure S11). The kirigami mechanics based on the structural model follows the 

experimental crystallographic data, indicating that the folding movement is indeed the origin 

of the unit cell compression observed (Figure 4).  
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Figure 3. Mechanical response of gis-ZIF-1. (A) Pressure-dependent PXRD patterns from 0 

to 0.4 GPa. (B) Relative change of cell parameters, and related compressibility. (C) 

Comparison of the changes in Zn-Zn distances and related area values inside rigid tiles (green 

and white tile, respectively). (D) 2D projected model and (E) pressure-dependent folding 

angles inside gis-ZIF-1. Comparison of experimental (red) and calculated (blue) (F) c 

parameters and (G) relationship between folding angle α and c parameters. 
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Figure 4. Mechanical behavior of gis-ZIF-1. (A) Contour map plotting calculated c 

parameters by the mathematical model. Representation of kirigamic ZIF mechanics based on 

HP-PXRD data in (B) the ab plane at 0 (left), 0.2 (middle) and 0.4 (right) GPa and (C) its side 

view, ranging from 0 (left) to 0.4 (right) GPa. Green and white tiles represent symmetrically 

equivalent 4MRs, connected by green and light-yellow edges (imidazolate sites and folding 

hinges) with Zn atoms (grey).  
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Kirigamic lp-to-np transition. We also investigated any structural changes within gis-ZIF-1 

upon solvent-exchange process. After soaking the as-synthesized gis-ZIF-1 single-crystals in 

ethanol, the tetragonal gis-ZIF-1 structure was transformed to gis-ZIF-np, the orthorhombic 

narrow pore (np) phase in gis topology (Figure 5A), confirmed by SCXRD (Table S6). The 

gis-ZIF-np has the orthorhombic Pnma space group symmetry. The unit cell contains 16 Zn 

sites (T sites, hereafter) and 32 Im sites (O sites, hereafter), the same as the tetragonal large 

pore (lp) gis-ZIF-1 (gis-ZIF-lp, hereafter). The unit cell volume of gis-ZIF-np is 4567.8(15) Å 3, 

about 30% smaller than that of gis-ZIF-lp at 300K.29 To our surprise, this lp-to-np 

transformation is highly anisotropic, exemplified by a parameter from 18.450(3) Å  to 11.701(2) 

Å  and 20.133(4) Å , exhibiting 37% decrease and 9% increase, respectively, while c parameter 

from 19.494(4) Å  to 19.390(4) Å  indicating mere 0.5% decrease.  

We further tested other solvents, e.g. DEF, DMF, DMA, MeOH, EtOH, THF, DCM, acetone 

and water, and without any solvents (after activating the sample). The cell parameters of these 

lp and np phases of gis-ZIFs are varied widely depending on the types of solvents (Figure 

S13A). When washing and exchanging the solvents of pristine crystals (gis-ZIF-lp phase) with 

amide solvents, PXRD patterns were well-maintained with slight shifts in reflections, matching 

with the ones in the previous reports.29 However, for other solvents, e.g. MeOH, EtOH, THF, 

DCM, acetone and water, lp-to-np transition occurred, and no further structural transitions 

observed under thermal activation. Interestingly, only amide solvents with a dipole moment of 

3.5 D or higher maintain the lp phase (Figure S13B). 

Notably, gis-ZIF-np is the first orthorhombic gis-ZIF known to date, highly exceptional for 

gis-type framework, including zeolites (Table S7). In particular, the gis-ZIF-np structure has 

the lowest folding angle β among gis-type frameworks, even below 90° (Figure 5B, Table S8). 

This kirigamic lp-to-np transition resulted in a highly anisotropic structure, while other reported 
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gis-type frameworks belong to (pseudo-)tetragonal geometry (Figure 5C). This unique 

anisotropic transition was accompanied by the change of OTO angles, where the maximum 

angle is 123.7°. Such unusually high OTO angles found in gis-type ZIFs and zeolites, are the 

molecular origin for this lp-to-np transition (Table S9).  

Based on these observations, we conclude that the flexible nature of gis-type ZIFs is originated 

from these folding angles between the kirigami building blocks, responsible for mechanical, 

and guest-induced movements, in stark contrast to gis-zeolites, where these zeolites did not 

show the change in folding angles (Figure 5D, Figure S14). Also, lp-to-np and its reverse np-

to-lp transitions of gis-ZIFs are not possible by thermal and mechanical stimuli, but by guests 

(Table S6, Figure S15). In case of mechanical stimuli, gis-ZIF-np shows another type of phase 

transition, wherein the transition is partially reversible (Figure S16, Table S11).  
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Figure 5. Structural characterization of gis-ZIF-np. (A) Kirigamic model of the single-

crystal gis-ZIF-np structure viewing on (001) plane, and comparison of gis-type frameworks 

in terms of (B) folding angles and (C) cell parameters, wherein monoclinic structures are 

plotted as a/b and c/b instead of a/c and b/c, according to the direction of dcc units inside unit 

cell (see Table S7, S8). (D) Folding angles in gis-ZIFs and zeolites under thermal (VT) and 

mechanical (VP) stimuli (see Table S10). Green and white tiles represent symmetrically 

equivalent 4MRs, connected by green and light-yellow edges which represent imidazolate sites 

and folding hinges, with Zn atoms depicted in grey. Red, purple, blue, and navy colors denote 

the structures of this work (lp and np), ZIFs and zeolites, respectively. 
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Transformation of pore dimensionality resulting from kirigami mechanics. Thus far, we 

have demonstrated the folding mechanics of gis-ZIF-1 under mechanical stimuli and the 

solvent-induced lp-to-np transition. Subsequently, we shifted our focus from the framework 

itself to the pore structures generated by the kirigamic framework. As previously described, 

the gis topology possesses an underlying dia topology, known as a self-dual net.37 Therefore, 

the pore structure of the gis topology exhibits a distorted dia network, where the maximal 

symmetry embedding of the gis topology is I41/amd, a maximal subgroup of Fd-3m, the 

maximal symmetry embedding of the dia topology (Figure S17). This distortion results in the 

2D pore structure of gis-ZIF-lp, resembling pipes in contact at perpendicular angles (Figure 

S18). Interestingly, the pore dimensionality transforms from 2D to 1D during the kirigamic lp-

to-np transition, with the increase of pore apertures of from 5.9 Å  to 6.7 Å  for lp and np at 

100K, respectively, confirmed by SCXRD data of this work and reported gis-ZIF-lp (Figure 

6A).29 By adjusting the dimensionality of the porous channels, the flow paths of adsorbed gases 

can be controlled in gis-ZIF-1, similar to manifolds, which are widely used as multi-point 

distribution platforms in water supply and sewage systems.38 During this transformation of 

pore dimensionality, 4MR tiles exhibit rotational movement, acting like check valves found in 

conventional manifolds (Figure 6B). Furthermore, this fully connected and crystalline porous 

system can be considered a dimension-reduced version of the plumber's nightmare structure 

(Figure 6C).39,40 

To utilize this unique adsorptive feature, we investigated the unfolding mechanics through gas 

adsorption experiments to assess its response to various gases, e.g. O2, N2 and CO2 at 77K, 

77K and 196K, respectively (Figure S19A). For the isotherms of these gases, stepwise 

adsorption and hysteresis phenomena were observed, known for the breathing transition of 

dynamic frameworks.41 To confirm the structural transition, we matched the experimental pore 
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volume with the calculated one, simulated by using crystallographic data (Figure 6D, Table 

S12, S13). From the N2 physisorption, the range of pore volume values is about 0.15–0.22 cm3 

g-1 and 0.56–0.62 cm3 g-1, for the first (np) and second (lp) phases, respectively. For O2 and 

CO2 isotherms, we also calculated the pore volume, and obtained similar values (Figure S19B, 

S19C, Table S14, S15). For gis-ZIF-np and lp structures, the ranges of simulated void fraction 

and pore volume values are 0.25–0.26 and 0.22–0.23 cm3 g-1 (np phase) and 0.53–0.54 and 

0.61–0.67 cm3 g-1 (lp phase), respectively. Compared to these data, the range of experimental 

pore volume values is matched well with simulated values.  

Guest-induced phase transitions are one of the well-established behaviours in flexible MOFs, 

accompanied by wine-rack42 and accordion-like mechanism,43 linker swing,44 cage 

deformation,45 and interpenetration sliding.46 Notably, the kirigami mechanics shown here is 

newly found, strikingly different from the categories described above.42–46  
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Figure 6. Pore structures of gis-ZIF-1. (A) Pore structures of gis-ZIF-lp (left) and np (right), 

represented by kirigamic framework (4MRs and Zn atoms represented by green and white tiles 

and grey balls) and channels (colored by white cylinders). (B) Comparison of 4MRs with 

different rotating angles based on single-crystal structures at 100K. During the single-crystal 

np-to-lp transition, 4MRs are rotating, ranging from 63°(lp, left) to 90°(np, right) of rotating 

angle θ, which resemble the role of check valves in the manifold. (C) Comparison of cylindrical 

pore paths between gis-ZIF-lp (left) and np (right). (D) Pore volume analysis in N2 isotherm at 

77K (left), and related correlation between cell volume and pore volume (right), where data 

points and colored regions correspond to crystallographic data and simulated pore volume, 

respectively. 
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DISCUSSION 

In summary, we report gis-ZIF-1 as a kirigamic framework related to the DCS origami 

tessellation, assembled from 4MR components acting as rigid tiles, exhibiting 3D folding 

mechanics in the solid-state. Based on a simple mechanical model, we can now precisely 

predict the kirigamic movement in response to mechanical stimuli, especially how the folding 

of each 4MR tile influences unit cell compression. Surprisingly, by exchanging or removing 

the solvents, the tetragonal gis-ZIF, gis-ZIF-lp, is significantly folded and transformed to a 

unique orthorhombic structure, gis-ZIF-np. This kirigami mechanics involves a change in pore 

dimensionality, like a mechanical manifold with check valves to control the flow of fluids 

(Figure 7A). Resulting rod-packed pore networks resemble a dimensionality-reduced version 

of the plumber’s nightmare structure, suggesting that kirigami mechanics can control complex 

pore networks (Figure 7B). That kirigamic 1D pore (np) unfolds back into the 2D lp structure 

upon gas adsorption.  

Indeed, this gis-ZIF-1 belongs to the class of mechanical metamaterials based on a kirigami 

tessellation,47 exhibiting programmable kinematics with stimuli-responsive features. Notably, 

recent studies have shown the interplay between the mechanical properties and various 

applications, as exemplified by energy harvesting, wherein the foldable metamaterial has a role 

of a triboelectric nanogenerator.48 In our case, kirigami mechanics clearly correlates with 

solvent exchange and gas adsorption, presenting potential ways to utilize this molecular 

kirigami as a smart adsorbent. We expect that such efforts serve as a blueprint for deciphering 

solid-state kirigamic ZIFs at the molecular scale. 
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Figure 7. Scheme for mechanical analogues of the pore structures in gis-ZIF-1. (A) 

Scheme for the check valve-adapted conventional manifold. A manifold, a platform composed 

of pipes (represented as glass tubes) and check valves (represented as white caps and green 

valves with black joints), enables the directional control of the flow (represented as light blue 

fluid), where open (left) and closed (right) phases correspond to the 2D and 1D phase, 

respectively. (B) The plumber’s nightmare structure (left) and rod-packed pore structures of lp 

(middle) and np phase (right) of gis-ZIF-1. The interconnected channels inside gis-ZIF-1 can 

be represented as the packing of porous rods, resembling a dimensionality-reduced version of 

the plumber’s nightmare structure. 
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EXPERIMENTAL PROCEDURES 

Synthesis and Characterization. All experimental procedures are available in the Article or 

Supplementary Information. 

Powder X-ray diffraction (PXRD). X-ray powder diffraction data were collected on Bruker 

D2 PHASER diffractometer with Cu Kα radiation (λ=1.54184 Å) and at 2D beamline in 

Pohang Accelerator Laboratory (PAL) with synchrotron light source (λ=1.25 Å).  

Temperature-dependent single-crystal X-ray diffraction (SCXRD). X-ray single-crystal 

diffraction data were collected at 2D beamline in Pohang Accelerator Laboratory (PAL) with 

synchrotron light source (λ=0.7 Å ). Temperature-dependent SCXRD experiment was 

conducted from 100 K to 300 K. The crystallographic data was deposited in the Cambridge 

Crystallographic Data Centre (CCDC 2333190 and 2333191). 

High-pressure synchrotron powder X-ray diffraction (HP-PXRD). The high-pressure 

powder diffraction experiments were conducted at Beamline BL9 of the DELTA Synchrotron 

Facility of TU Dortmund (Germany) (λ = 0.4592 Å) using the custom-built pressure jump set-

up described elsewhere.49,50 In short, samples were filled inside a glovebox into self-made 

capillaries made from Kapton tube, which are sealed at the bottom by epoxy. After filling of 

the ZIF into the capillary, the pressure transducer (Silicone Oil AP 100, Sigma Aldrich) was 

added. Subsequently, the capillary was centrifuged for two minutes (5000-10000 rpm) to push 

the pressure transducing medium to the bottom of the capillary, fully surrounding the sample. 

Before sealing the capillary by crimping with an aluminium seal, it was ensured that the 

capillary contained no gas bubbles. The closed capillaries were installed in a sample holder 

located in the high-pressure cell and submerged in a body of water. The water pressure inside 
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the measurement cell was adjusted via a mechanical pump and controlled via a manometer. 

The powder diffraction patterns were extracted from the 2D diffraction images collected with 

a MAR3450 detector using the 2D powder diffraction and processing tools of the DAWN 

software package.51,52 

Structural refinement and analysis from PXRD data. Entire PXRD patterns were fitted 

according to the Le Bail method,53 and Rietveld refinement54 was conducted for selected data 

sets.  

Gas adsorption. Gas adsorption analysis was performed on BELSORP-max (BEL Japan, Inc.) 

instrument. 

Synthesis of gis-ZIF-lp. gis-ZIF-lp was synthesized following a reported method.29 To prepare 

the stock solution, Zinc trifluoromethanesulfonate (2.908 g, 8 mmol) and imidazole (2.18 g, 32 

mmol) were separately dissolved in 40 mL of diethylformamide (DEF). Subsequently, 2 mL 

of the zinc trifluoromethanesulfonate stock solution and 1 mL of the imidazole stock solution 

were combined in a 10 mL vial. Then, an additional 1 mL of DEF and 30 μL of ethylenediamine 

(27 mg, 0.45 mmol) were added to the same vial. The mixture was heated at 90 ℃ for 48 hours. 

After the reaction, the resulting colorless crystals were collected and washed with DEF.  

Preparation of gis-ZIF-np. Prepared gis-ZIF-lp powder crystals were washed with EtOH, for 

4 times in 2 days. After the solvent-exchange, the resulting colorless crystals were collected. 

To measure PXRD, EtOH-soaked gis-ZIF-np crystals were activated about 12 hours at 120 °C. 
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Further information and requests for resources should be directed to and will be fulfilled by the 

lead contact, Wonyoung Choe (choe@unist.ac.kr) 

Materials Availability  

This study did not generate new reagents. 

Data and Code Availability 

All data are available in the Article or Supplementary Information. Any additional data related 

to this paper can be obtained from the lead contact upon request. This study did not 

generate/analyze code. 
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