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The deformation of short-range order leading
to rearrangement of topological network structure

in zeolitic imidazolate framework glasses

Zuhao Shi,"? Arramel Arramel,® Thomas Douglas Bennett,* Yuanzheng Yue,'> and Neng Li"247*

SUMMARY

In recent years, the study of the glassy structure of zeolitic imidazolate frame-
works (ZIFs) has been a key breakthrough in glass science. Yet the theoretical
understanding of the structure of these complex materials is still in its infancy,
especially the short-range structure. The short-structural disorder of two ZIFs
and their corresponding molten structure, namely, ZIF-4 and ZIF-62 are studied,
using ab initio simulations. Changes in short-range order are investigated, partic-
ularly the changes in bond length, bond angle, and tetrahedral unit volume.
Furthermore, the asymmetric distribution of organic groups caused by the benz-
imidazole functional group leads to the difference in short-range disorder
between ZIF-4 and ZIF-62 glasses, which contribute to the glass-forming ability
difference.

INTRODUCTION

As a subclass of the diverse metal-organic frameworks (MOFs) family, zeolitic imidazolate frameworks
(ZIFs) structures have attracted much attention in recent years (Chen et al., 2014; Zhao et al., 2017). Struc-
tural disorder, in particular, is an emerging topic in the MOF fields (Hou et al., 2019; To et al., 2020; Wang
et al., 2020; Zhou et al., 2018) that is still at an early stage. Glasses formed by melt-quenching ZIFs are re-
garded as a new type of glass, because of the linked organic-inorganic hybrid structure which is signifi-
cantly different from the traditional glass structure based on their delicate composition (Bennett and Ho-
rike, 2018; Bennett et al., 2015; Widmer et al., 2019). Among various ZIFs glasses, considerable efforts have
been devoted to ZIF-4 (Zn[Im],, Im = imidazolate, C3H3N,™) and ZIF-62 (Zn[Im4 75blmg 5], blm = benzimi-
dazolate, C;HsN, ™) glasses. Both crystalline structures of ZIF-4 and ZIF-62 have similar cag topologies
(Gustafsson and Zou, 2013; Park et al., 2006).

Thermophysical properties and structural differences between the two structures at high temperatures
have previously been observed in experiments. The melting temperature of ZIF-62 (T,, = 710 K) is lower
than that of ZIF-4 (T,, = 863 K) which the addition of an electron-donating benzene ring to the imidazolate
anion is accompanied by a decrease in melting point (Bennett et al., 2016). Further experiments have
demonstrated that the ZIF-62 melting point increases with increasing blm functional groups (Frentzel-Be-
yme et al., 2019). Meanwhile, the long melting time (melting time >30 min) observed in the production of
ZIF-62 glass can be attributed to the partial decomposition during melting (Stepniewska et al., 2020). The
ZIF-62 has been confirmed to exhibit higher glass-forming ability (GFA) than ZIF-4 and any other systems
that can be melted, owing to the higher steric hindrance and frustrated network dynamics in ZIF-62 (Mad-
sen et al., 2020; Qiao et al., 2018).

Some studies have also been carried out to reveal differences in the chemical or electronic structure of the
amorphous ZIFs through simulations (Adhikari et al., 2016; Baral et al., 2017; Cimas et al., 2014; Li et al.,
2020; Xiong et al., 2020a, 2020b). However, it remains challenging to establish a connection between
the physical properties, local topology, and the underlying chemistry of glasses (Ma and Horike, 2022).
One of the most striking studies comes from the work by Gaillac et al., which provides an in-depth descrip-
tion of liquid ZIFs at high temperatures (Gaillac et al., 2017, 2018). In particular, the simulated thermody-
namic study of the imidazolate exchange event in the molten state bridges the gap of in situ observing
the reaction process due to disordered structures and high temperatures. This inspires us whether it is
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Figure 1. Structure of crystal and molten structures of ZIFs

(A) The structures of ZIF-62 and ZIF-4 in 300 K and 2000 K. Gray — Zn atoms; Blue — N atoms, Brown — C atoms, White — H atoms.
(B) The average energy change of ZIF-62 and ZIF-4 in simulation. The black line and blue line represent the energy of ZIF-4 and ZIF-62, respectively.

possible to build on their work and explain the differences in the GFA of ZIF-4 and ZIF-62, through consid-
eration of their structural variability in the molten state?

In this work, we compare in detail the similarities and differences between molten ZIF-4 and ZIF-62, in terms
of structural changes in the short range (SR) and midrange (MR) during melting. We confirmed the steric
hindrance effect of the bim group on the kinetics of the melting process. Meanwhile, the difference in

GFA between the two is also explained about the percolation model of the glass transition (T,).

RESULTS

In the work, the dynamic simulations were carried out at varying temperatures (300 K, 600 K, 900 K, 1200 K,
and 2000 K) to investigate the structures of the ZIFs in the molten state. The structures of ZIF-4 and ZIF-62 in
the temperature of 300 K (crystalline state) and 2000 K (molten state) are shown in Figures 1A and 1B dis-
plays the average energy variation based on our simulations. For ZIF-4, its internal energy increases
from —1789.22 eV at 300K to —1751.62 eV at 2000K. For ZIF-62, its internal energy values at 300 and
2000K are —2148.62 eV and —2048.38 eV, respectively.

It turns out that the energy of the structure increases with the increase in temperature because of the meta-
stable molten state. By comparing the structures probed at 300 K and 2000 K, we found the collapse of the
original cag structure, which indicted a salient structural rearrangement in the medium range (MR). Of more
interest to us are the changes in the short-range structure. In ZIFs, the basic unit constituting the short-
range structure is the [ZnNy] tetrahedron. We describe this short-range structure in terms of the distribution
of bond angles, the variation in tetrahedral volume, and the coordination number of the central Zn atoms.
The statistics of the N-Zn-N bond angle and the volume of the [ZnNy] structural unit are plotted in Figures 2
and 3, with the average values listed in Table 1. For the equilibrium structure at different temperatures, the
Python was used to calculate and statistically analyze the bond angle distribution of N-Zn-N, and hence, to
directly reflect the distortion of the Zn?* coordination environment under the influence of temperature
(Robinson et al., 1971).

Figure 2 shows the distribution of the different value of N-Zn-N bond angles in ZIF-62 and ZIF-4 as temper-
ature rises. In the crystal ZIF-4, the N-Zn-N bond angle in the [ZnN,] tetrahedra is 109°28’, which is consis-
tent with the central angle of the orthotetrahedron. At room temperature (300 K), the angle distribution
values deviate a little due to thermal vibrations of the atoms but mostly lie between 100° and 120°. As
shown in Figure 2, the proportion of N-Zn-N bond angles in 100°-120° at 300 K is 91.8% and 92.8%, for
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Figure 2. Distribution of bond angle in ZIF-4 and ZIF-62
Local structure of N-Zn-N bond angle in (A) ZIF-4 and (B) ZIF-62; N-Zn-N bond angle distribution in (C) ZIF-4 and (D) ZIF-62 with various temperature.

ZIF-4 and ZIF-62, respectively. There is a difference (about 0.46°) in N-Zn-N angle (A6) between ZIF-4 and
-62 at 300 K because of the asymmetric distribution of the blm groups in ZIF-62.

As the temperature rises, part of the N-Zn-N angle begins to become smaller as well as the other part be-
comes larger, reflecting the distortion of the tetrahedron. At 900 K and even higher temperatures, the
average AB between the two ZIFs is found to be about 0.1°. Moreover, the difference in bond angle distri-
bution between two ZIFs is significantly reduced with increasing temperature. In the molten state (2000 K),
only 49.1% and 51.6% of the N-Zn-N bond angles in ZIF-4 and ZIF-62, respectively, were in the range of
100°-120°, with the remainder all undergoing angular changes. Therefore, we infer that a short-range dis-
order can be associated with the wide angular distribution within the studied temperature regime. This
inference agrees with the experimental results (Madsen et al., 2020).

In addition to the N-Zn-N bond angle, we also investigate the volume of [ZnN,] tetrahedron to describe
another form of disorder in SR. We use python to analyze the volume change of [ZnN,] tetrahedron in
ZIFs at 300 K, 600 K, 900 K,1200 K, and 2000 K. It is important to note that the volume of [ZnN4] does not
exist, but can be seen as an indicator of the degree of tetrahedral ordering on the short-range structure.
In the crystalline state (300 K), the volume of [ZnN,] tetrahedron is totally in the range of 23-25 A3, As
the temperature rises, the volume of the basic tetrahedron for both ZIF-4 and ZIF-62 exhibits a rapid
change, reflecting the deformation which occurs, as shown in Figure 3. The proportion of [ZnNy] volumes
between 23 and 25A°% decreases with increasing temperature. The thermal vibrations of the atoms near the
equilibrium position lead to an elongation in bond lengths and distortion bond angles, which is the main
reason for variations in volume.

iScience 25, 104351, June 17, 2022 3
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Figure 3. Distribution of tetrahedron volume in ZIF-4 and ZIF-62

Local structure of [ZnNy] in (A) ZIF-4 and (B) ZIF-62; [ZnN,4] Volume distribution in (C) ZIF-4 and (D) ZIF-62 with various temperature.

Inthe molten state, the increase in the volume of short-range structural tetrahedra becomes dominant, with
67.3% and 57.1% of the [ZnN,] tetrahedra possessing a volume above 25 A% in ZIF-4 and ZIF-62, respec-
tively. This again demonstrates the increased disordering of the short-range structure in the molten state.
The lower number of high-volume units in ZIF-62 reflects the suppression of short-range structural disorder
by the “bIm” group, which we will verify later in the kinetic and thermodynamic description of defects in the
molten state of two ZIFs.

The alteration of the central atomic coordination environment is the main manifestation of the difference
between the crystalline and amorphous structures. In the original [ZnNy4] tetrahedron in ZIF-4 and ZIF-62, Zn
atoms are typically four-coordinated N atoms in the structure. However, the Zn-N bond weakens with an
increase of temperature rises since the thermally induced atomic vibration is enhanced, and thereby the
bond length is extended. Figure 4A shows the Zn-N pairs radial distribution functions (PRDF) of ZIF-62
and ZIF-4 in equilibrium at different temperatures. In the 2000 K, the overlap of coattails of the first and sec-
ond peaks in PRDF indicates the molten states shown here.

For high-temp PRDF, the widening of the first peak is induced by the melting process due to the substitu-
tion of the imidazolate. The renewal of the Zn-N bonds upon melting causes structural reconstruction is
also confirmed by experiments and simulations (Madsen et al., 2020; Li et al., 2020b; Zeng, 2021). Figure 4B
shows the scheme of the substitution of the imidazolate in ZIF-4 and ZIF-62, where the vertical axis is the
distance between Zn-Im and the horizontal axis is time. The data were obtained by statistical analysis of
the trajectory files, with one substitution of the imidazolate period being around 2 ps. Compared to
ZIF-4, the distance between the imidazolate and the central Zn node is shorter in ZIF-62, which is due to
the steric hindrance effect of the larger “blm" group in the lattice.

4 iScience 25, 104351, June 17, 2022
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Table 1. The average N-Zn-N angle and [ZnN4] volume with temperature

Anglezoo (°) Anglegoo (°) Anglego (°) Anglez00 (°)
ZIF-4 108.63 108.59 109.01 108.84
ZIF-62 109.09 109.01 109.00 108.98
Voulmesgo (A3) Voulmeggo (A3) Voulmeggg (A3) Voulmesz00 (A%)
ZIF-4 25.15 24.57 25.40 25.86
ZIF-62 25.08 25.32 25.29 26.45

Inspired by Gaillac et al. (2017), we have investigated the thermodynamic changes in the melting process to
compare the differences between ZIF-4 and ZIF-62 in the melting process. From the PRDF of Zn-N, we use
the F(r) = —kg*T* In (r) to calculate the potential of mean force (PMF) between the two atoms. This can be
used to calculate the energy change during the Zn-N bond length change and thus obtain thermodynamic
information about this process. Figure S1 displays the PMF along with the Zinc-Nitrogen distance in vari-
ation temperature.

By using the highest energy in each PMF, the Zn-N bonds activation free energy barrier, AF, can be
computed following a van't Hoff law AF = AH — T*AS. Through this method, the enthalpy and
entropy change of Zn-N bonds broken in ZIF-4 is AH=164.3 kJ/mol and AS=44.1 J/(mol*K), and in ZIF-
62 is AH=129.3 kJ/mol and AS=28.5 J/(mol*K). In the 2000 K, the Gibbs energy change of melting is
76.1 kd/mol and 72.3 kd/mol.

By integrating the PRDF of Zn-N, we can find the coordination number of the N atom around the central Zn.
According to the calculation, the average coordination number of Zn in ZIF-4 and ZIF-62 is 3.48 and 3.60,
respectively, at 2000 K. We assume that the dislocation of center Zn atom is composed of three coordina-
tion of N, i.e. [ZnN3]. Based on this assumption, we can roughly estimate that the proportions of undercoor-
dinated Zn in ZIF-4 and ZIF-62 are 52% and 40%, respectively. The previous analysis of the short-range
structure shows the structurally asymmetric distribution due to the bim functional group and the spatial
site-blocking role played in the substitution of the imidazolate. This results in different concentrations of
defect formation in ZIF-4 and ZIF-62. In terms of quantitative distribution, 52% of the Zn atoms in ZIF-4
are in the triple coordination environment of the N atoms, compared to 40% in ZIF-62, indicating that
more bonds break in the Zn-N framework of ZIF-4 in the molten state.

Figure 5 shows the structure of the simplified framework of ZIF-4 and ZIF-62 in the crystalline state and
molten state. Furthermore, we try to establish a correlation between the degree of destruction of this to-
pology and the ability to form glass, and here, we consider the configuring percolation theory (CPT) pro-
posed by Ojovan (Ojovan, 2013; Ojovan and Lee, 2010). We simplify the structure of ZIF-4 and ZIF-62 to a
network structure consisting of Zn and N atoms only. For these simplified framework structures, the main
defect is the breakage of the Zn-N bonds under thermal conditions:

(7zn7)net + (7N -N- Zn)net_) (7zn7)defect + (7N -N- Zn)defect

As mentioned above, the enthalpy and entropy change of Zn-N bonds broken in ZIF-4 is AH=164.3 kJ/mol
and AS=44.1 J/(mol*K), and in ZIF-62 is AH=129.3 kJ/mol and AS=28.5 J/(mol*K). According to the CPT,
the glass transition temperature can be found from the condition of broken bond percolation threshold,
which gives (Ojovan and Lee, 2010):

T, = Ha
97 Sg+RxIn[(1 — 6.)/6.]
where Hy ana Sq are enthalpy and entropy of defects in melts, and 6. is the percolation threshold. By

substituting the values into the formula for the glass transition temperature of CPT, we obtain a ratio of
about 0.94, which is closer to the experimental value of the ratio.

It should be noted, however, that the glass transition temperature estimated by this method is much higher
than the actual value. This deviation is partly due to the percolation threshold 6, which for strong melts such
as SiO, or GeO;, is equal to the Scher-Zallen critical density of 0.15. However, for the complex structure of
ZIFs, the formation of defects during the melting-quenching process consists of the broken Zn-N bonds.
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Thermal decomposition of organic ligands in ZIFs PRDF of Zn-N in (A) ZIF-4 (up) and (B) ZIF-62(down); (C) Scheme of the
substitution of the imidazolate in ZIF-4 (green) and ZIF-62 (red).

When considering the breakage of bonds within functional groups, and other interactions between
different atoms, the corresponding percolation threshold of complex network is significantly reduced, as
is the case in alkali metal-doped glass formers (Adams and Swenson, 2004). On the other hand, as ZIFs
glasses are hybrid organic-inorganic structure, more correction terms may be needed to compensate
for the differences in melting behavior due to the different types of interatomic bonding. In conclusion,
more research is needed on the fractal structure of the molten and glassy states of ZIFs for the theoretical
modeling of glass transition.

Figure 6 shows a schematic diagram describes the evolution of the short-range disorder structure of ZIFs
with temperature. As temperature increases, the change in the bond length leads to the change of coor-
dination number (N atoms) of Zn and thereby contributes to the undercoordination of center Zn atoms at
high temperature. Meanwhile, the changes in the N-Zn-N bond angle and bond length cause the volume
change of the [ZnN,] tetrahedral. The variation in both coordination and tetrahedral volume changes the
chemical environment at the vicinity of Zn atoms. The structural disorder around the Zn node can be de-
tected by NMR (Madsen et al., 2020).

In addition to the tetrahedral twist, the coordination-deficient [ZnN,] tetrahedra due to substitution of the
imidazolate and the mobile imidazolate groups are among the manifestations of the short-range disorder.
Interestingly, the short-range disorder degree of the structure increases with the increase of temperature,
and the band gap of the corresponding structure gradually decreases (Figure S2). The correlation between
disorder degree and electronic structure needs to be further studied, considering the underestimation of
energy band gap by GGA functional and the exclusion of temperature effect on the electronic structure.
This study provides insight into the role of the structural evolution in SR and MR in MOF glass formation.

DISCUSSION

As a new number of glass families, the research on MOF glasses would contribute to exploring ""how the
long-range disorder structure was constructed from short-range order structure”, as well as to understand
glass structure, glass formation, structure-properties relevance, and dynamic characters of glass (Yin et al.,
2020). This work was carried out on two typical ZIFs with glass-forming ability. However, the findings of the
study have implications for the glass/amorphous forming ability description of more ZIFs. Unlike conven-
tional glass formers, such as silica dioxide, the metal-organic ligand network structure of ZIFs leads to a
more complex short-range structure. Our calculations show that glass structures prepared by the
melting-quenching method undergo a disordering process on the short-range structure at high

6 iScience 25, 104351, June 17, 2022
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temperatures. The ease with which this disordering process occurs is related to the distribution of the short-
range structure in its crystalline state. Therefore, by characterizing the short-range order of different ZIFs,
combined with continuously updated experimental advances, it is able to establish a simple, paper-and-
pencil calculation based on the crystal structure for a comparison of glass/amorphous formation ability.

Systematic research in this area is largely at a blank stage, and we provide an idea here as a reference,
shown in Figure 7. We propose to establish a description of the amorphous/glass-forming ability based
on the homogeneity and sparsity of the short-range structure distribution in the crystalline state. We
collected short-range structures (<6A) of 23 ZIFs and transformed the PRDF of Zn data into two sets of
ordinal parameters, X and Y. The specific transformation methods are described in Experimental Proced-
ures in Figure S3. Xreflects the sparsity and Y reflects the uniformity of the distribution in short-range struc-
tures of the metal atoms and around organic ligands. In Figure 7, the region closer to the lower left corner
indicates a denser and ordered coordination environment for Zn; the region closer to the upper left corner
corresponds to a structure in which the coordination environment for Zn is dense but less ordered, with
more coordination atoms stacked closer to the central Zn atom, while the region in the lower right corner
corresponds to a structure that is more ordered but more sparsely distributed in space.

According to the present experimental data, ZIF-4, ZIF-62, and ZIF-76, which can form glasses, all have
lower Y values, and in particular, ZIF-62, which has the best glass-forming ability, is located in the region
closest to the lower left-hand corner. ZIF-8, which has extreme values on the x axis, has outstanding
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flexibility in the ZIFs. It should be stated again that we are not in a position to assess and correct the accu-
racy of such sequential covariates any further as there is not a wealth of current data on more amorphous
studies of ZIFs, and this is provided here only as an update of our work for the benefit of a wider range of
researchers.

In summary, we studied the SR structure change in two classical liquid- and glass-forming ZIFs upon heating
treatment via the AIMD method. The calculations show that the short-range structure of ZIFs in the molten
state has a certain degree of disorder, which is reflected in the metal-ligand bond angle distribution, and
the distortion of the [ZnNy] tetrahedra. The comparison of Zn-N PRDF between the two ZIFs indicates that
the coordination environment of the [ZnN,] tetrahedron varies upon melting. The fraction of the non-equi-
librium Zn coordination of ZIF-4 is up to 52%, and in contrast, in the ZIF-62, this percentage is only 40%. The
transfer of Im functional groups due to heat fluctuation in ZIFs is inhibited due to the steric hindrance effect
of the blm functional group. This results in the differences in thermodynamic characteristics of the defects
in the two structures.

Limitations of the study

The correlation between the evolutionary features of the short procedure and the experimental thermody-
namic characteristics of the amorphization process of ZIF has also yet to be discussed in more depth.
Furthermore, the simulation of complex system evolutionary processes in larger scales remains difficult,
considering that the AIMD method in this paper is very costly.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

ZIF-4 crystal structure (Park et al., 2006) CCDC code: VEJYUF
ZIF-62 crystal structure (Thorne et al., 2020) CCDC code: QUKGUB

Software and algorithms

VASP 5.4.4 Hafner (2008) https://www.vasp.at

Origin2022 OriginLab Corporation https://www.originlab.com

Python 3 Python Software Foundation https://www.python.org

VESTA Momma and lzumi (2011) http://jp-minerals.org/vesta/

VMD Humphrey et al. (1996) https://www.ks.uiuc.edu/Research/vmd/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof. Neng Li (lineng@whut.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
@ All data reported in this paper will be shared by the lead contact upon request.

® The python Code we used in analyze of bond-length and bond-angles is written according to our output
file which is pre-processing by Excel, which is not generally applicable to files of different formats. The
code will be shared by the lead contact upon request.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

(Omitted) Our study does not use experimental models typical in the life science.

METHOD DETAILS

In this work, all geometric structures in this study have been simulated by using Vienna Ab initio Simulation
Package (VASP) (Hafner, 2008) in projector augmented wave (PAW) method (Bléchl, 1994), and the ex-
change-correlation energy was evaluated inthe Perdew—Burke-Ernzerhof (PBE) potential with the general-
ised gradient approximation (GGA) (Perdew et al., 1996), and the dispersion interactions were treated at
the DFT-D3 (Grimme et al., 2010). Due to a large primitive cell consist of 300 atoms and the dimensions
up to 20 A, we consider that single K-point at the zone center is sufficient for the boundary condition of
such large structure model. The high energy cut-off of 400 eV was used with the electronic convergence
criterion setat 107% eV. For the ionic relaxation, we set the force convergence criteria to be 2 x 1073 eVA.

All simulations were performed under the canonical ensemble, that is, the number of particles, the temper-
ature and volume are fixed (NVT). The temperature was controlled by the Nose-Hoover thermostat (Hoo-
ver, 1985; Nosé, 1984). According to the vibration frequency of the C-H bond in ZIFs, a time-step of 0.5 fs
was used in the AIMD runs. We conducted the heating simulations from 300 K starting from the crystalline
structure in 10 ps to get the pre-equilibrium model. Afterward, we carry out the NVT equilibria for 15-20 ps
at 300, 600, 900, 1200, and 2000K, and analyzed the balancing process of the last 5-10 ps. To test for
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statistical errors, we performed longer kinetic tests on ZIF-62 up to 60 ps at 2000 K. We averaged sampling
at 5 ps intervals and characterised the variability by PRDF of Zn-N. The results are in Figure S3. The test re-
sults show no significant deviation from the ZIF-62 structure after 10 ps suggesting that systematic errors
can be controlled in our adopted approach.

To investigate the pre-melt and melting structure, we used 20 snapshots in each of the equilibrium struc-
tures at the respective temperature, and subsequently, the averaging procedure was obtained. The atomic
structures were constructed using the VESTA code (Momma and lzumi, 2011). VMD code (Humphrey et al.,
1996) and python were used to analyze trajectory files and structural characteristics. The initial structure of
ZIF-4 and ZIF-62 are in consistent with previous studies by other groups. The optimized unit cell of ZIF-62
contains 320 atoms and Pbca space group with the cell parametersa = 14.91 A, b= 17.49 A, c = 19.08A and
o =B =7y =90 The optimized unit cell of ZIF-4 contains 272 atoms and Pbca space group with the cell
parameters a = 15.39 A b=1530A,c=1842Aand o = B =y =90°. The coordination number of N atoms
around the Zn atoms is computed by taking a cut-off radius of 2.5 A, a value chosen from the Zn-N partial
radial distribution function at room temperature.

In describing the amorphous and glass-forming abilities of crystals ZIFs, ZIFs are treated as network struc-
tures consisting of Zn, C, and N atoms. The corresponding parameters X and Y in Figure 7 are taken from
the pair radial distribution functions (PRDF) of the respective crystals for Zn - (C, N) pairs. For crystal ZIFs,
the distribution of peaks in the PRDF is isolated, as shown in Figure S4. For the first five peaks, the peak
position and height were recorded for each peak, noted as (x;, Pi). For each ZIF, X = xs-x1, Y=(P1+P2+P3+
P4+P5)/P1.

QUANTIFICATION AND STATISTICAL ANALYSIS

(Omitted) Our study does not include statistical analysis or quantification.

ADDITIONAL RESOURCES

(Omitted) Our study has not generated or contributed to a new website/forum.
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