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Abstract

Machines have continually developed with the needs of daily life and industrial applications.
While the careful design of molecular-scale devices often displays enhanced properties along
with mechanical movements, controlling mechanics within solid-state molecular structures
remains a significant challenge. Here, we explore the distinct mechanical properties of zeolitic
imidazolate frameworks (ZIFs) — frameworks that contain hidden mechanical components.
Using a combination of experimental and theoretical approaches, we uncover the machine-like
capabilities of ZIFs, wherein connected composite building units (CBUSs) operate similarly to
a mechanical linkage system. Importantly, this research suggests that certain ZIF subunits act
as core mechanical components, paving an innovative view for the future design of solid-state

molecular machines.
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Main

Machines, defined by the interplay of links and joints that enable mechanical motion, have
experienced significant evolution over time.! This evolution, deeply rooted in history, has met
crucial demands in both civil and defense sectors, covering areas from architectural to
mechanical engineering.2 The foundational principles of machine design are based on the fact
that their mechanical behaviors arise from a set of mechanical components,® such as Watt,’
Scott-Russell,® Sarrus,® Bennett,’® Hoberman,!* and Klann linkages (Figure 1A).!? Each
linkage offers unique mobility, essential for machine function.** Machines have also evolved
in various scales, now extending to the molecular level.!* Notably, molecular machines are
composed of stators and rotors, which their linkages determine the operation and functions
(Figure 1B).%® The growing list of these molecular machines, which includes robotic arms,
turnstiles,!’ gears,® shuttles,'® elevators,?® ratchets,?* motors,?? and pumps,? highlights their
importance in areas such as nano®* and soft robotics,?®> molecular transport,2® and catalysis.?’
However, developing solid-state nanomachines with complex mechanical linkages remains an
important challenge.?®

We aim to utilize ZIFs,?® a notable subclass of metal-organic frameworks (MOFs) similar to
zeolites, for machine-like functions in the solid-state. Due to their ability to deform® and their
varied topologies,®! ZIFs can be an ideal basis for designing nanoscale machines.

In this study, we introduce a series of ZIFs with gis topology that incorporates mechanical
linkages, where CBUs® function as mechanical components. Within these ZIFs, thermal
responses indicate the rigidity of CBUs and highlight Zn atomic sites as crucial joints, resulting
in the unique corotating movement. Additionally, the type of functional groups in imidazolate
linkers can significantly influence this ZIF mechanics. This distinct mechanical feature,

allowing selective deformation in gis-ZIFs, leads to anisotropic mechanical properties. Notably,
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this ZIF mechanics is similar to slider-crank mechanism,**** which are not belonged to
traditional flexible MOFs.® We expect that these ZIF machines, leveraging specific
mechanical components, hold the potential to reshape the field of adaptable solids, offering

exceptional machinery functions.
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Figure 1. Historical overview for mechanical linkages and machines. (A) A brief history of
mechanical linkages (top) and related machines (bottom).”12%:37 (B) Mechanical components
(left) and their assemblies, called machines (right). Conventional machines are composed of

links and joints, and molecular machines are composed of stators and rotors.?
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Synthesis and structural characterization. gis-ZIF-1 was synthesized with Zn(CF3S0:s)z,
imidazole ligands (Im, hereafter), and ethylenediamine (EDA) in N,N-diethylformamide (DEF)
solution via solvothermal reaction (Figure S1A). Single-crystal X-ray diffraction (SCXRD)
revealed that gis-ZIF-1 is one of Zn(Im). polymorphs3! with gis topology (Figure 2A, 2B).2%%
The gis topology is one of zeolitic topologies, composed of one type of tetrahedral vertices and
two types of edges, where the network includes two types of CBUs, four-membered rings
(4MRs) and helical chains (Figure S2A).

We noted that gis-ZIF-1 has distinctive structural features unlike previously reported ZIF-6.2°
In detail, ZIF-6 and gis-ZIF-1 have geometrically different CBUs, where 4MRs, Zna(Im)a, are
flattened squares and butterfly tetrahedra, resulting in the difference of space groups — 14:/amd
(Dan) in ZIF-6 and 144/a (Can) in gis-ZIF-1, respectively (Figure S2B, S3). Notably, 141/a space
group is a crystallographic subgroup of 141/amd where the reflection symmetry is eliminated
and 4MRs have a rotational degree of freedom along 4 screw axes.

Within the unit cell, gis-ZIF-1 contains 16 Zn atoms interconnected by 32 Im linkers. All Zn
atoms display symmetrical equivalence, and Im linkers occupy two positions of equal
symmetry. Specifically, one type of Im linker forms 4MRs, while the other type constructs
helical chains. These CBUs are linked through Zn atoms.

Analysis through nuclear magnetic resonance (NMR) spectroscopy revealed the presence of
confined DEF solvents and the absence of EDA molecules within gis-ZIF-1 (Figure S4A).
Notably, the tetragonal geometry of gis-ZIF-1 is significantly influenced by DEF solvents, as
observed by the structural change upon removal of confined DEF solvents through the solvent-

exchange process into MeOH (Figure S4C, S5).

Thermal response. Considering the topological sense, we expected that gis-ZIF-1 potentially
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exhibits a flexible nature similar to gis-zeolites.*® To confirm this structural flexibility, we
performed temperature-dependent synchrotron SCXRD analysis, covering temperatures from
100K to 350K (Table S1). As temperature increased, gis-ZIF-1 showed anisotropic thermal
expansion along a and b axes while maintaining 141/a space group and gis topology. In the
experiment, a and b parameters increased by 2.0 %, whereas ¢ parameter showed a 0.2 %
change (Figure 2C, S7). The volume of unit cell increased by 4.4 % from 100K to 350K, and

7.6 % from 200K to 350K (Figure 2D).

This thermal expansion was notably occurred from 200K, resembling the nonlinear expansion
similar to guest-induced thermal expansion observed in MOFs.*® The thermal expansion
coefficients were calculated from the changes in cell parameters and the cell volume (Table S2,
Figure S8). According to these calculations, gis-ZIF-1 demonstrated a colossal thermal
expansion with maximum values of 690.7x10° K-* for a parameter and 1709.7x10° K-t for
the cell volume at 200K. It is worth noting that the thermal expansion anisotropy observed in
flexible materials arises from the molecular basis of expansion.*! Therefore, we initiated a
detailed exploration of the gis-ZIF-1 structure to identify the precise molecular movement

contributing to this anisotropic thermal expansion.
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Figure 2. Structure and thermal response of gis-ZIF-1. (A) Structural similarity of
tetrahedron-based ZIF and zeolite, wherein grey and light blue balls are Zn sites and centroids
of imidazolate ligands. (B) Ball and stick model of gis-ZIF-1 single-crystal structure. Relative

change of (C) a and ¢ parameters and (D) volume of the unit cell from SCXRD (100K to 350K)

data.
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For a detailed analysis of the thermal response, we simplified the structure using a zeolite TO>
model, where T and O sites represent the Zn atom and the centroid of the Im linker, respectively.
This model contains three variables: TO length, TOT and OTO angles. Within the zeolite model
of gis-ZIF-1, the asymmetric units are TO with one type of T center and two types of O bridges,
corresponding to the T4O4 for 4MR and T,O, for helical chains. We proceeded to track the
distances between TO4 tetrahedra, termed as TT lengths, finding that there are two types of
symmetrically identical TT lengths, which vary depending on the type of O bridges involved.
The variations in TT lengths across the temperature range were negligible, with measurement
of 6.02(2) A and 5.93(2) A for each type, respectively (Table S3). Subsequently, we analyzed
these TT lengths along three axes parallel to the unit cell, denoted as L; and L> on the ab plane,
and Lz along the ¢ axis (Figure S10). These lengths were practically constant in the SCXRD

data, with less than 2% change (Figure 3A, S9-S10, Table S4).

The data clearly showed the rigidity of CBUs, functioning as mechanical components (Figure
3B). Additionally, identifying these rigid components emphasized an important factor: the
angle between 4MRs and helical chains termed as rotating angle (6, hereafter), which altered
by about 9° over the temperature range (Figure 3C, Table S4). This kind of mechanics was also
observed in DMA-exchanged gis-ZIF-1, with 10° change of 6 (Table S5, Figure S11). This
selective flexibility closely resembled the behavior of mechanical linkages in conventional
machines.*? As such, gis-ZIF-1 exhibited machine-like operation under temperature variations.

This led us to conduct a detailed exploration into the mechanics of gis-ZIF-1.
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Figure 3. Mechanical model of gis-ZIF-1 structure. (A) Comparison of the changes in
lengths inside rigid mechanical components, and angle between these components. (B)
Representation of CBUs as mechanical components inside gis topology. Green components
represent 4-membered rings (4MRs), copper-coloured components represent helical chains
with 4, screw symmetry. (C) Mechanical movement of the ZIF machine, with the change of ¢

demonstrated in temperature-dependent SCXRD analysis.

10

https://doi.org/10.26434/chemrxiv-2023-992s5 ORCID: https://orcid.org/0000-0001-5123-418X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-9g2s5
https://orcid.org/0000-0001-5123-418X
https://creativecommons.org/licenses/by/4.0/

Mathematical analysis has been consistently effective in unravelling the mechanics of various
mechanical systems.*®*3 The mechanical behavior of gis-ZIF-1 can be thoroughly explained
through a mathematical model, predominantly defined by a single variable, 6. This variable is
directly linked to Cartesian coordinates, which are derived from the projection on ab plane
within the unit cell of gis-ZIF-1 (Figure 4A, S12). As a result, the correlation between a
parameter and € can be accurately represented by a simple mathematical equation, as defined

below.

a= 2\/L12 +L,% + 2L,L,sin6

In this equation, the change of a parameter is directly correlated to the variation of 8 without
involvement of additional variables with the assumption that L; and L, remains constant, as
confirmed in temperature-dependent SCXRD data. To validify this equation, we compared the
calculated a parameter across the specified range of 6 against the crystallographic data (Figure
4B). As illustrated in Figure 4B, the relationship between a parameter and ¢ aligned remarkably
well with the calculated values derived from the mathematical equation (Figure 4B). We noted
that this ZIF mechanics exhibits a form of rotation-correlated translation, similar to slider-crank
mechanism observed in ordinary®® and biological®* machines. Also, using this mathematical
equation and 3D printing technology, we demonstrated the macroscopic version of gis-ZIF-1
with the same mechanics (Figure S13).

To investigate the molecular origin of this mechanics, we conducted a direct comparison
between the mechanical model and the zeolite TO> model of gis-ZIF-1. Based on the

asymmetric unit TOg, the unit cell of gis-ZIF-1 includes four symmetrically distinct TO lengths
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(Table S6). These values remained nearly constant, regardless of temperature. Within the unit
cell, two TOT angles, also referred to as bridging angles, were distinctive, each of them
associated with the symmetry of O sites. Each TOT angle corresponds to specific mechanical
components, 4MR and helical chain, respectively. TOT angles were changed by less than 1°
within the 4MR components but changed by 2.9 within helical chains as the temperature

increased (Table S7).

However, the OTO angles, also known as tetrahedral angles, represent the angles between the
4MR and helical chain, giving rise to six symmetrically independent OTO angles. Among these,
we focused on two vertical angles to each other within the TO4 tetrahedron. One of these angles
increased by approximately 3.6S while the other decreased by about 3.29 the remaining four
OTO angles remained rigid (Table S8, Figure S14). The position of the increased OTO angle
(o, hereafter) precisely aligned with the position of the rotating angle 4, and their changes
exhibited a similar trend (Figure 4C). This indicates that the molecular origin of this mechanical
behavior lies in the selective deformation of the OTO angle «. In contrast, in case of gis-zeolites,
OTO angles are more rigid than TOT angles under mechanical stimuli, resulting in different

mechanisms with a constant rotating angle 6 (Figure 4D).3%%
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Figure 4. ZIF mechanics and its molecular origin. Mathematical analysis of ZIF mechanics
with (A) 2D projected model and (B) comparison of experimental and calculated relationship
between ¢ and a parameter. (C) Comparison of rotating angle 4 and OTO angle « as function
of temperature. As the temperature increased, the two types of angles (8 and «) increased. (D)

Comparison of the mechanics in gis-ZIF-1 (this work) and gis-zeolite.*
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Replacement of mechanical components. We further explored an additional machinery
aspect within gis-ZIF-1 by replacing the mechanical components with bulky functional groups
(Figure 5A, 5B). Our chosen candidate, gis-ZIF-2, is an isostructure with TIF-5* and belongs
to the gis-type ZIFs. The ZIF includes the highly bulky imidazolate, 5,6-
dimethylbenzimiadzolate (dmblm, hereafter) on the helical chain. The synthesis of gis-ZIF-2
involved a solvothermal reaction utilizing Zn(NO3)2-6H.0, Im and dmbIm, with the crystal
structure being confirmed through synchrotron SCXRD. Notably, gis-ZIF-2 was crystallized
in gis topology with 144/a space group, which is identical to gis-ZIF-1. The Im and dmblm
moieties are distinctly separated within the crystal structure, where Im constitutes 4MR
components, and dmblm forms helical chain components. In NMR spectroscopy, the ratio of
Im and dmbIim was confirmed as 1:1, matched with the crystallographic ratio of 4MR and
helical chain components (Figure S15). Within the unit cell, gis-ZIF-2 contains 16 Zn atoms
interconnected by 16 Im linkers and 16 dmblm linkers. Zn, Im, and dmblm each occupy a
single symmetrical position, respectively. We explored the thermal response of gis-ZIF-2
through temperature-dependent synchrotron SCXRD analysis within the temperature range
100K to 350K (Table S9). Calculated thermal expansion coefficients confirmed that the
thermal expansion of gis-ZIF-2 is notably restrained by the presence of bulky components,
with maximum values are 55.3x 10 K! for a parameter and 91.9 x 10 K-* for the cell volume,
observed at 200K (Table S10, Figure S17). Similar to gis-ZIF-1, gis-ZIF-2 also maintains rigid
components with less than 0.1 A change across the temperature range (Table S11, Figure S18).
The rotating angle 6 increased by 1.4, indicating that rotational mechanics is hindered due to
the replacement of mechanical components. In terms of molecular origin, the OTO angle «

increased by approximately 1.7 roughly half of the increase observed in gis-ZIF-1 (Figure 5C,
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Table S13).

To elucidate this controllable mechanics, we computed the potential energy profiles for the gis-
ZIF series by varying the rotating angle ¢ (Figure 5D, S20). The simulated energy curves
distinctively exhibit the difference between gis-ZIF-1 and gis-ZIF-2. The shallow curve
observed for gis-ZIF-1 signifies the ease of rotational mechanics, whereas the steep curve of

gis-ZIF-2 shows the hindrance in the mechanics.
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Figure 5. Controlling mechanical movement in ZIF machines. (A) Tuning the mechanical
component by attaching functional groups in molecular links. (B) Extended structures of gis-
ZIF-1 (left) and gis-ZIF-2 (right) at 100K. Comparison of (C) the correlation between rotating
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mechanics, with the range of 6 in SCXRD data represented as colored regions.
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Mechanical properties. Thus far, we demonstrated the machinery capability of gis-ZIF-1
based on thermal response. Therefore, we investigated its mechanical properties by theoretical
calculations. Obtained elastic properties are Young’s modulus (E), linear compressibility (5),
shear modulus (G), and Poisson’s ratio (v), calculated from elastic constants by ElaStic

software (Figure 6A, Table S15).

In case of Young’s modulus of gis-ZIF-1, the minimum value (Emin) is 0.84 GPa, where the
deformation is along c axis, and the maximum value (Emax) is 1.60 GPa, where the deformation
axis is perpendicular to the ¢ axis. Young’s modulus represents the compressive elasticity,
which means the compression of gis-ZIF-1 structure is preferred perpendicular to the c axis,
with anisotropy about 1.89 (=Emax/Emin). Linear compressibility shows similar tendency with
Young’s modulus, with anisotropy about 4.10 (=fmax/fmin). These anisotropic mechanical
properties are well-matched with the anisotropic thermal response and related ZIF mechanics
(Figure S23). Also, the minimum value of shear modulus (Gmin) is 0.29, and the maximum
value (Gmax) is 0.61. Interestingly, gis-ZIF-1 ranks among the lowest in terms of Emax and Gmax
values, and the highest in terms of fmax compared to other published MOFs (Figure 6B, Table

S17-S19).
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Figure 6. Calculated mechanical properties of gis-ZIF-1. 3D surface and 2D polar plots of
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in tetragonal crystal system of gis-ZIF-1. (B) Relationship between maximal Young’s modulus

and shear modulus of MOFs (see Table S15-S20).
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Conclusions. In summary, we report gis-ZIF-1 as a solid-state nanomachine, wherein CBUs
function as intricate mechanical components, facilitating ZIF mechanics analogous to a slider-
crank mechanism. The unique mechanics of gis-ZIF-1 originated from molecular movements,
resulting in flexible OTO angles, markedly different from other frameworks, such as zeolites
and Cu-based ZIFs (see Table S22). By employing mathematical formulations, we have
precisely modeled the mechanics of gis-ZIF-1, resembling its macroscopic counterparts.
Surprisingly, when bulky chemical functionalities are incorporated into gis framework, these
bulky components act as stoppers, similar to those in macroscopic machines. Furthermore, gis-
ZIF-1 exhibits exceptionally low Young's and shear moduli, representing it as a potential

candidate for applications requiring energy absorption.*°

Our findings demonstrate that ZIF nanomachines are indeed mechanical metamaterials, with
their mechanical properties largely determined by the structure and connectivity of their rigid
components, according to the work by Alavi et al.*’ Notably, the ZIF nanomachines presented
here enable efficient synergistic movements between rigid components through adjustable
chemical functionalities. This capability may pave a way for advancements in properties
interlinked with mechanical behavior, exhibiting the vast potential in the realm of
nanotechnology, including soft robotics*® and digital data storage (see Figure S24).4° We
expect that such efforts provide a blueprint for design of solid-state nanomachines at the

molecular scale.*%43
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Methods

Powder X-ray diffraction (PXRD). X-ray powder diffraction data were collected on a Bruker
D2 PHASER diffractometer with Cu Ko radiation (A=1.54184 A) and at 6D beamline in
Pohang Accelerator Laboratory (PAL) with synchrotron light source (A=0.65303 A).
Temperature-dependent synchrotron single-crystal X-ray diffraction (SCXRD). X-ray
single-crystal diffraction data were collected at 2D beamline in PAL with synchrotron light
source (A=0.7 A). ZIF crystals were sealed in a borosilicate capillary, which diameter and wall
thickness are 0.2 mm and 0.01 mm, respectively, with a small amount of mother solvents.
Temperature-dependent SCXRD experiments were conducted from 100 K to 350 K at 25 K
interval for gis-ZiF-1 and gis-ZIF-2. The crystallographic data was deposited in the Cambridge
Crystallographic Data Centre (CCDC 2291990-2292000 for gis-ZIF-1, CCDC 2292005-
2292015 for gis-ZIF-2, CCDC 2287366 and 2287487 for DMA-exchanged gis-ZIF-1).

'H NMR. 'H NMR data were collected on Agilent FT-NMR (400-MR DD2) spectrometer.
Synthesis of gis-ZIF-1. Zinc trifluoromethanesulfonate (2.908 g, 8 mmol) and imidazole (2.18
g, 32 mmol) were respectively dissolved in 40 mL of N,N-diethylformamide (DEF) solvent for
making a stock solution. Then, put the 2 mL of stock solution of zinc trifluoromethanesulfonate
and 1 mL of stock solution of imidazole in 10 mL vial. After that, 1 mL of additional DEF and
30 pL of ethylenediamine (0.45 mmol) were mixed in the 10 mL vial. The mixed solution was
heated at 90 °C for 48 hours. After the reaction, colourless crystals were collected and washed
with DEF.

Synthesis of gis-ZIF-2. Zinc nitrate hexahydrate (100 mg, 0.34 mmol), imidazole (65 mg, 0.95
mmol), 5,6-dimethylbenzimidazole (77 mg, 0.53 mmol) were respectively dissolved in 5 mL
of N,N-dimethylformamide (DMF) solvent for making a stock solution. After then, 1 mL of

each stock solution was mixed in 5 mL vial (total 3 mL of solution per vial). The mixed solution
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was heated at 120 °C for 72 hours. After the reaction, brown crystals were collected and washed

with DMF.
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