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Fracture toughness of a metal-organic
framework glass

Theany To® "4, Seren S. Serensen'?, Malwina Stepniewska® !, Ang Qiao!, Lars R. Jensen® 2,

Mathieu Bauchy® 3, Yuanzheng Yue® ' & Morten M. Smedskjaer® ™

Metal-organic framework glasses feature unique thermal, structural, and chemical properties
compared to traditional metallic, organic, and oxide glasses. So far, there is a lack of
knowledge of their mechanical properties, especially toughness and strength, owing to the
challenge in preparing large bulk glass samples for mechanical testing. However, a recently
developed melting method enables fabrication of large bulk glass samples (>25 mm3) from
zeolitic imidazolate frameworks. Here, fracture toughness (K.) of a representative glass,
namely ZIF-62 glass (Zn(C3H3N5);75(C5H5NL)025), is measured using single-edge pre-
cracked beam method and simulated using reactive molecular dynamics. K. is determined to
be ~0.1 MPa m9-, which is even lower than that of brittle oxide glasses due to the preferential
breakage of the weak coordinative bonds (Zn-N). The glass is found to exhibit an anomalous
brittle-to-ductile transition behavior, considering its low fracture surface energy despite
similar Poisson’s ratio to that of many ductile metallic and organic glasses.
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etal-organic frameworks (MOFs), which are porous

hybrid materials formed from inorganic nodes con-

nected to organic ligands, have potential applications in
membrane-based gas sorption, gas separation, shock absorbers,
catalysis, and ion transport!~7. However, MOF crystals are not
available in bulk pieces. The newly emerged family of MOF
glasses overcomes this challenge®?, and displays numerous
interesting features such as relatively high Poisson’s ratio!®11,
high transparency!? and luminescence!’, and in some cases
microporosity! 1>, A certain number of zeolitic imidazolate fra-
meworks (ZIFs)19-18 can be melted and subsequently quenched
to the glassy state before thermal decomposition. ZIFs have
topology analogous to those of silica or zeolite networks, whose
tetrahedron consists of a metal ion (e.g., Mg2t, Co?*t, Zn2*, Lit+
and BT) and four imidazolate-based ligands, connected by
coordinative bonds!41617:19-21 " An interesting member of the
ZIF family is ZIF-62 (Znlm, ;5sbImg,s, where Im is imidazolate,
C;H;3N, 7, and bIm is benzimidazolate, C;HsN, ™) concerning its
ultrahigh glass-forming ability and possibility to be prepared in
large size for mechanical tests!®22. Structural studies!416:17:19-21
have shown that the ZIF-62 glass and crystal exhibit long-range
disorder and order, respectively.

Therefore, ZIF-62 glass is in this work chosen to be the object
for investigating the mechanical properties of MOF glasses. In
contrast to MOF glasses, the mechanical properties of crystalline
MOFs have been studied extensively23. MOF crystals are typically
characterized by relatively low moduli of elasticity!®2> and
hardness!423-24, but to our knowledge, the only reported fracture
toughness (Kj.) values are for two copper phosphonoacetate
polymorphs, with K. in the range of 0.08-0.33 MPa m%° as
estimated by nanoindentation?. More generally, correlations
between the mechanical properties and the extent of the network
porosity have been observed, showing decreasing moduli and
hardness with decreasing density!4232627 Given the overall dif-
ferences in the fracture mechanics of crystalline and glassy
materials, such as lack of anisotropy and dislocation-type defects
in glasses, there is a need to study the mechanical properties of
MOF glasses. To our knowledge, the present work is the first one
devoted to understanding the fracture behavior of melt-quenched
MOF bulk glasses using a non-indentation technique, being in
contrast to two recent studies!1°. Li et al.!® studied the scratch
resistance and creep behavior of ZIF-4, ZIF-62, and ZIF-76 glasses
by nanoindentation. Using strain-rate jump tests, the ZIF glass
members were found to have similar strain-rate sensitivity to
glassy polymers and Se-rich chalcogenide glasses. In another
indentation study, Stepniewska et al.ll revealed the anomalous
indentation cracking behavior of ZIF-62 glass by atomic force
microscopy, and observed apparent shear bands on the indented
faces, which are not typically observed in fully polymerized glasses.
Although such indentation studies provide useful information on
the surface deformation processes, they cannot easily reveal the
strength and fracture toughness?$, which are crucial properties for
predicting the critical stress and flaw size that induce failure?’.
Indeed, to determine the suitability of MOF glasses for future
applications, their mechanical properties including strength and
fracture toughness need to be understood. This includes possible
application fields within gas storage3%3!, membrane technolo-
gies>2, radioactive waste storage’3, and photonics!213, which all
require knowledge of the underlying mechanical properties to
ensure mechanical stability for optimal and reliable performance.
However, both measurement and analysis of the fracture tough-
ness of ZIF glasses are challenging for various reasons. First, only
relatively small bulk samples of ZIF-62 glass can be produced by
melt-quenching (pellets of 11 mm diameter and 1-2 mm thick-
ness). Second, due to its low hardness (~0.6 GPa)!1:15 and low
Young’s modulus (~3-6 GPa)!L1>, it is difficult to prepare and

process specimens without deformation and breakage. Third,
there is currently no standard method to determine fracture
toughness of brittle materials shorter than 20 mm in length34.

Here, we study the fracture behavior of ZIF-62 glass in terms of
its fracture toughness and flexural strength. Unlike the existing
fracture toughness data for MOF crystals?®, this work reports
fracture toughness measurements of a MOF material with a non-
indentation method. To overcome the experimental challenges
listed above, we have performed careful sample preparation to
obtain polished specimens with final dimensions of 1.5 x 1.9 x 10
mm? and designed a new set-up for single-edge precracked beam
(SEPB) measurement of fracture toughness, which complies with
the span-beam ratio required in the ASTM standard3*. To
understand the structural origin of the fracture behavior of the
ZIF-62 glass, we have also performed molecular dynamics (MD)
simulations using a previously validated reactive force field
(ReaxFF)3>, Finally, we have also compared the fracture tough-
ness values to theoretically predicted ones based on the bond
strength and the crack path in the glass network. This work
contributes to obtaining a general picture about the relation
between the fracture and the chemical bonding types for different
families of glasses.

Results

Molecular dynamics simulations. We initially validate the ability
of the utilized ReaxFF MD potential to replicate the ZIF-62 glass
structure. Figure la shows the differential correlation function (D
(r)) from previous X-ray total scattering experiments*’ and the
present simulations. Good agreement between the number of
peaks and intensities are found, with some minor differences in
the peak positions. Overall, this suggests only minor differences
between local order structures as determined by experiments and
simulation, generally within 0.2 A and similarly to what has been
found for simulated ZIF-4 glass in the original paper introducing
the potential®®. Considering that we also find matching density
values (1.60 gcm™3 for both present simulations and previous
experiments2’), we use this potential to simulate the fracture
mechanism of the ZIF glass, especially given the explicit possi-
bility for bond-breaking to occur in ReaxFF-based MD
simulations.

Figure 1b shows an example of a stress(o)-strain(e) curve
starting from a relaxed simulation box that is subjected to tensile
strain until fracture to compute the ultimate strength (see
Table 1). To estimate the C;; and Cyy components of the stiffness
matrix elements for an isotropic material, we calculate the slope
of the stress—strain curve in the low-¢ part of a simulation with
smaller strain steps, as described in the Methods section (see inset
of Fig. 1b). We show similar plots of the other used structures in
Supplementary Fig. 1. The determined stiffness constants are then
used to calculate the Young’s modulus (E) and Poisson’s ratio (v),
which are found to be 4.1 £0.9 GPa and 0.395 + 0.035, respec-
tively. The E value obtained from the simulation is slightly lower
than that obtained from ultrasonic echography (Table 1) and
slightly higher than that previously measured by Brillouin
spectroscopy!?. The v value obtained from the simulation is also
in between the values obtained from ultrasonic echography
(Table 1 and ref. 1) and Brillouin spectroscopy!©.

Next, we consider the simulated fracture behavior of the ZIF-
62 glass. To this end, we employ the in silico method of Brochard
et al.3%, which has successfully been used to estimate the fracture
toughness of a number of materials, including a-cristabolite3®,
silica glass’’, calcium aluminosilicate glass®’, and calcium-
silicate-hydrate gels38. The method involves the introduction of
a precrack in the sample (to induce stress concentration), which is
subsequently elongated normal to the longest dimension of the
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Fig. 1 Molecular dynamics simulations of ZIF-62 glass structure and mechanical properties. a Comparison between experimental?” (blue) and simulated
(orange) differential correlation function (D(r)) of ZIF-62 glass averaged over eight performed quenches. Data have been shifted vertically by +2 for easier
comparison. b Example of a stress (o) vs. strain (¢) curve used in the estimation of the simulated ultimate strength (main figure) and modulus (inset).
c Structural representation of an induced precrack in the glass network. Colored spheres represent carbon (red), hydrogen (gray), nitrogen (green), and
zinc (blue). Cutoffs for bonds are 2.0 A for C-C and C-N bonds, 3.0 A for Zn-N bonds, and 1.5 A for C-H bonds. d Simulated stress-strain curve of the
precracked ZIF-62 glass (blue line, enlarged in inset) used in the estimation of fracture toughness. The green and orange lines represent stress-strain
curves for disordered a-Si0,37 and calcium aluminosilicate3’, respectively. Note that these simulations featured a slightly different crack-to-box ratio
(~0.33) compared to that in this study (~0.41). Source data are provided as a Source Data file.

Table 1 Comparison of mechanical properties of experimental and simulated ZIF-62 glasses.

E (GPa) v (=) K. (MPa m°-5) yUdm?2) Gmax (GPa) €0y (%0)
ZIF-62 glass (exp) 52 0.343 0.104 0.82 0.008 0.3
ZIF-62 glass (MD) 4.1 0.395 0.097 0.98 0.703 17.38

as a Source Data file.

Estimated errors for elastic modulus (E), Poisson'’s ratio (v), fracture toughness (Kj.), fracture surface energy (y), strength (o,
mO5,0.11) m~2, 0.087 GPa, and 6.7%, respectively, for MD simulations and 0.3 GPa, 0.001, 0.019 MPa m9%5, 0.31) m~2, 0.002 GPa, and 0.07%, respectively, for experiments. Source data are provided

), and strain at maximum stress (sam) are 0.9 GPa, 0.035, 0.009 MPa

max

crack to induce bond rupture (ie, mode I fracture). By
computing the stress related to the forced elongation in the
direction of strain, we obtain a stress—strain curve of the fracture
process, which in turn can be used to estimate the fracture surface
energy (y). Figure 1c shows an example of an unrelaxed induced
crack, while Supplementary Fig. 2 shows the same crack after
relaxation, revealing notable relaxation of the structure around
the crack, yet with some reformation of bonds across the crack
surface. Similar or even less bond reformation has been found for
other quenches. We ascribe this large relaxation of the crack to
the ductile nature of the system at the nanoscale, but it has a
negligible influence on the results of the following fracture
simulations, as only 0.6 + 0.2% of bonds are reformed during the
structural relaxation of the crack.

Figure 1d presents an example of a stress-strain curve for the
precracked ZIF-62 glass. For comparison, we included two other
amorphous materials, a-Si0,3” and a calcium aluminosilicate
(CAS) glass®’, for which the fracture process has been simulated
using the same procedure with an induced precrack, although

with a slightly different crack-to-box ratio. In the inset of Fig. 1d,
the stress—strain curve of glassy ZIF-62 is magnified to highlight
the large degree of nanoductility even in the presence of a
precrack. While a-SiO, features a very brittle fracture behavior,
both the CAS glass and ZIF-62 glass show evidence of
nanoductility. In the latter, complete fracture is typically achieved
at an extreme strain of 70-130%. The remaining stress—strain
curves are shown in Supplementary Fig. 3. Based on these data,
we compute the critical energy release rate (G¢) and Kj. to be
1.96+0.22] m~2 and 0.097 +£0.009 MPa m%>, respectively. For
one simulated structure, we increased the crack size (from 36 A to
42 and 48 A) and found no apparent relation between crack size
and the resulting fracture toughness (see Supplementary Fig. 4).
As it will be shown below, these results are in excellent agreement
with the present experiments. For comparison, the values are
roughly an order of magnitude lower than those for silica glass
and a factor of 3-4 lower than those for the CAS glass3’.

To quantify the degree of ductility, we evaluate the so-called
brittleness index® as B, 4, = 2y,Gc', where y, is the surface
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Fig. 2 Fracture toughness and strength measurement of ZIF-62 glass. a Example of an indented single-edge precracked beam (SEPB) specimen of ZIF-62
glass with dimensions of 1.5 x 1.9 x 10 mm3. The indentation line is enlarged and shown in the inset. b Post-fractured SEPB specimen. ¢ Example of load-
deflection curve of three-point bending on SEPB specimen. d Example of load-deflection curve of three-point bending on non-cracked specimen. Source

data are provided as a Source Data file.

energy estimated in a separate simulation (see Methods for details).
We estimate the surface energy to be 0.69]Jm~2, in good
agreement with that reported previously for crystalline ZIF-8
(0.43-0.72J m~2)3%, This brittleness parameter thus gives a
measure for how brittle or ductile a fracture is, where 1 is
indicative of a perfectly brittle material (i.e., for which the fracture
energy is solely used to create some new surface). We find the ZIF-
62 glass to have Bj 4., = 0.70, which is fairly similar to the value
obtained for a disordered calcium-silicate-hydrate gel (0.62)38, but
well below that of a-SiO, glass (0.90). Despite the presence of
nanoductility, the ZIF-62 glass shows no evidence of macro-
ductility as it will be discussed in the following.

Fracture toughness and strength measurements. Figure 2a—c
present the single-edge precracked beam (SEPB) method for
determining K. of glassy ZIF-62. SEPB is known as a self-consistent
fracture toughness method?®34 for both ceramics and glasses.
However, currently, the longest possible sample dimension of the
ZIF-62 glass (10 mm) is lower than the shortest one recommended
in the ASTM standard (20 mm)3%. However, the three-point
bending span of 7.5 mm (four times the beam height of 1.9 mm)
is in the norm of the span-beam ratio of the ASTM standard%. To
validate the present adapted SEPB method (see Methods section),
we have initially used it to measure Kj. of a standard soda lime
silicate glass sample with dimensions of 1.5 x 1.9 x 10 mm?3. The
obtained result (0.72 +0.02 MPa m%3, see Supplementary Table 1)
is in excellent agreement with that obtained using the standard
SEPB method (0.70 +0.01 MPa m?®-3)2940,

Figure 2a shows a typical Vickers-indented beam specimen,
including an enlargement of the indentation area to show the
typical five indents using a load of 2.5 N on the broadest side (B =
1.5 mm) of the beam. The five indents remain visible in the post-
fracture image of the SEPB specimen, i.e., the precrack starts from
the indents (Fig. 2b). The uneven state of the precrack front is not

significant. By measuring the precrack length at various fractions
(25%, 50%, and 75%) of B, we obtain the difference between the
average precrack length and any measurement at 0.25B, 0.50B,
and 0.75B to be acceptable according to the ASTM standard (less
than 10%)3*. An example of the load-deflection curve from the
three-point bending experiment on the precracked specimen is
shown in Fig. 2c¢, revealing a partially unstable fracture with
instability at the maximum load (Py,,,), which is required for not
being influenced by stress corrosion0. K is then calculated from
the precrack length and P, (see Methods section).

Table 1 presents a comparison of the results from SEPB
experiments and MD simulations. Experimental Ky (0.104 + 0.02
MPa m®%3) and y (0.82+0.31]J m2, calculated using Eq. (8) in
Methods) values agree well with the simulated ones, thus
revealing low damage tolerance of the hybrid organic-inorganic
network glass. The three-point bending strength is determined to
be 8 £ 2 MPa (Fig. 2d), which is two orders of magnitudes lower
than the simulated value (703 +87 MPa). Accordingly, the
corresponding strain at fracture for the experiment is two orders
of magnitude lower than that for the simulation. We infer that
this difference is due to the difference in the surface flaw size
distribution in the experimental specimen and the ideally flawless
and surfaceless simulated specimen, as well as the major
difference in sample size between experimental and simulated
specimens. As a brittle solid, the surface flaw dependence of
strength of experimental ZIF-62 glass is significant*!. Similarly,
the size of the simulated specimen (nanometer scale) limits the
size of the obtainable defects, thus lowering the possibility of
having defects with critical dimensions. In other words,
experimental strength varies primarily with the surface flaw size
and not with the strength of the flawless bulk material. This is
also the reason why we introduce a precrack in both simulation
and experiment to induce stress concentration and remove effects
of surface flaws on fracture behavior.
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Fig. 3 Fracture mechanism of ZIF-62 glass and comparison with other material families. a Structural representation of the crack propagation in the
precracked ZIF-62 glass upon increasing strain (¢). Colored spheres represent carbon (red), hydrogen (gray), nitrogen (green), and zinc (blue). b Enlarged
view of the Zn-N bond before (left) and after breaking (right). ¢ Comparison of theoretically predicted and experimental fracture toughness (Ki.) for a
range of glass and glass-ceramic materials. The theoretical prediction is explained in the text. Figure is adopted with data from ref. 44, in addition to data for
silicate and borate glasses®4, oxycarbide glass-ceramics#>, and the present ZIF-62 glass. All the experimental K. values are from self-consistent methods
such as SEPB, chevron notched beam, and surface cracked in flexure, with an error smaller than £0.05 MPa m©-3. d Relationship between fracture surface
energy (y) and Poisson's ratio (v) for a range of materials. Figure is adopted with the data from refs. 484962 and extended with additional data for metallic
glasses®366 silicate glasses®”:68, borate glasses®9-71, chalcogenide glasses’0.7273, phosphate glasses’0.74, fluoride glasses®870, oxycarbide glasses and
glass ceramics#, tellurite glass’©, and the present ZIF-62 glass. e Ashby plot of the relation between K. and Young's modulus (E) for a range of materials.
The figure is adopted with data from ref. 7> and extended with that of the present ZIF-62 glass. Source data are provided as a Source Data file.

Structural origin of ZIF-62 fracture behavior. To understand
the structural origin of the low fracture toughness and fracture
energy of the ZIF-62 glass observed in both experiments and
simulations, we investigate the atomic-scale crack propagation
mechanism using the ReaxFF-based MD simulations. By con-
sidering a representative example of the atomic configuration of
the glass with an induced precrack, we observe an initial
stretching of bonds both within the crack and in the bulk areas at
the ends of the crack for small strain values (Fig. 3a). Upon
increasing strain, actual bond breaking initiates and the crack
then propagates by increasing its width. Interestingly, nanocav-
ities also appear, found to be in the same plane as the precrack,
while smaller voids are observed within the bulk glassy phase. The

appearance of cracks not directly in conjunction with the pre-
crack gives rise to molecular bridges across the two fracture
surfaces (Fig. 3a), causing the observed nanoscale ductility in the
stress—strain curve (Fig. 1d).

This fracture behavior is largely similar to previous experimental
observations of crack propagation by initiation, growth, and
coalescence of nanocavities*?. Noticeably, such mechanism has
been argued to provide nanoductility while maintaining brittleness
at the macroscale, in agreement with the findings herein. The
molecular bridges consist of two- to four-fold coordinated Zn
atoms. In many cases, the bond breaking occurs for the two- and
three-fold coordinated Zn atoms, but interestingly, visual inspec-
tion reveals that when four-fold coordinated sites are present, they
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also appear to break instead of nearby two- and three-fold
coordinated Zn atoms under intensive strain (Fig. 3b). As such, it is
the relatively weak Zn-N coordinative bonds in the present ZIF-62
glass compared to the stronger bonds in other categories of glasses
(e.g., oxide or metallic) that ultimately gives rise to its low fracture
toughness. This argument is based on an analysis of the simulated
bond breaking during fracture, in which we find that only Zn-N
bonds are breaking. However, surprisingly we found a larger
number of total bonds after full fracture compared to before the
forced deformation of the simulation box (see Supplementary
Fig. 5). This is caused by structural rearrangement stimulated by
the applied stress, ultimately increasing the connectivity of the
network. In addition, we performed a stress analysis during
fracture on all eight simulated structures, illustrating that Zn, N,
and C atoms all carry stress during fracture, as expected since they
are the backbone of the network (see Supplementary Figs. 6 and 7).
These findings, combined with the relatively low bond energy of
Zn-N*3, explains why only these bonds break during fracture.
To quantitatively understand the low fracture toughness and
verify the assumption about the importance of the coordinative
bonds as found by MD simulations, we next compare the
experimental Kj. with a theoretical one obtained using Rouxel’s
recent model** (Fig. 3c). In this approach, fracture toughness is
predicted by means of the similarity principle, K{X = /2)'F’
(here E' = E/(1 —v2) for plane strain), where E and v are here
taken as the experimental values from ultrasonic echography and
y" is the theoretical fracture surface energy. In turn, y is predicted
based on the experimental density (p), the molar mass of the
glass, the interatomic bond strength, and the bond concentration
along a fracture surface4. Here, we first assume that the network
topology of ZIF-62 glass is analogous to that of amorphous silica.
The central atom in ZIF-62 glass is Zn (Si in a-SiO,), which is
connected to three Im ligands and one bIm ligand (four atoms of
O in a-Si0,). For the crack to propagate, we further assume that
the crack breaks one Zn-N bond in the ZnX, unit (where X is Im
or bIm) before proceeding to the next ZnX, unit. We assume a
bond energy of 160 k] mol~!, which is the value found for the
Zn-N bond in ZIF-zni%3, a crystal having similar composition to
ZIF-4, yet with a denser crystal structure and thus a good
representative of the bonding found in the glassy state of ZIF-4
and ZIF-62. By applying the model, we calculate Kj. of ZIF-62
glass to be 0.06 MPa m%~ (Fig. 3c), in reasonable agreement with
both the experimental and MD-simulated Kj. values (Table 1).
The slight underestimation may be explained by the difference
between O in SiO, and X in ZnX,, since X here is not just an
atom, but an organic molecule (ie., a large 3D-dispersed
structure) in the glass network. That is, the crack should need
more energy to (i) escape from the strong intramolecular bonds
of Im and bIm in the ZIF-62 glass and (ii) form the nanocavities
in tensile stress before fracture as explained above. In fact, the
variation in energy between Rouxel’s theoretical model and that
obtained from experiments (or MD simulations) is equal to the
difference of half the critical energy release rate and the surface
energy, i.e., Gc/2 - y5, suggesting that the theoretical model used
to calculate pt covers only the elastic part of the system. On the
other hand, following ref. 4>, we can predict the needed energy by
assuming that the energy required to escape from the strong
intramolecular bonds of Im and bIm is equal to that required to
break the weakest bonds of bIm, as bIm is larger in volume than
Im. By applying this approach, we found a very good agreement
of K;. between model prediction (0.097 MPa m%>) and experi-
ment (0.104 MPa m??). As an alternative view, we may estimate
the required bond energy directly from the experimental K. value
under the similar set of assumptions. In this case, we obtain a
bond energy of 471 k] mol~1, which is considerably higher than

the bond energy of Zn-N (160 k] mol—1)43, yet lower than those
of C=C (>600kJ mol~!) and C=N (>750 k] mol~1). This again
stresses that the observed fracture requires considerably more
energy than a purely brittle one, highlighting the need to consider
cohesive and plastic effects when estimating Kj..

Finally, we note that the present MOF glass exhibits an
anomalous behavior in the fracture surface energy-Poisson’s ratio
(y-v) landscape (Fig. 3d), in which a sharp brittle-to-ductile
transition exists at Poisson’s ratio value around 0.32 for various
non-crystalline materials**-4°. That is, although the present MOF
glass features a relatively high Poisson’s ratio in the range of
many metallic and organic glasses, it has a much lower fracture
surface energy, which is similar to that of the lower Poisson’s ratio
materials like ice, chalcogenide glasses, and some borate glasses.
Moreover, the MOF glass does not belong to any other group of
materials in the Ashby plot of Ky vs. E (Fig. 3e). Although ZIF-62
glass has a Young’s modulus similar to that of the group of
natural materials, it exhibits lower fracture toughness in the range
between foams and elastomers.

Discussion
The modified SEPB experiment for small (10 mm in length)
samples, which has been validated on standard window glass, has
enabled us to measure the fracture toughness of the ZIF-62 glass.
The validity of the small SEPB setup to measure Kj. is two-fold.
First, the span-to-width (S/W = 7.5/1.9) ratio of the new setup is
about 4, as permitted by ASTM standard (4 < S/W < 10)3* and the
width-to-broadness (W/B=1.9/1.5) ratio is about 1.27, as also
permitted by the standard (1 < W/B<2). Second, the use of an
indentation line to join the corner cracks lowers the compression
load in the precracking stage and thus facilitates the straight
through precrack, i.e., the low compression load ensures that the
indented specimen produces a precrack before compressive
breaking. We expect that this modified SEPB setup can also be
applied to other families of glasses and ceramics, which can only
be produced in small size and quantity as the present MOF glass.
Based on the ReaxFF-based MD simulations, we have found
that the rupture of weak Zn-N coordinative bonds is the origin of
the low fracture toughness of the ZIF-62 glass. Taken as a whole,
this glass features a number of unique properties, such as
pressure-promoted melting®0, ultra-high resistance to crystal-
lization!?, and broad mid-infrared luminescence!3, and, as shown
herein, also uniqueness in its fracture behavior. First, it features
pronounced nanoductility compared to other glasses e.g. silica’
(Fig. 1d), but yet it exhibits very low fracture toughness on the
macroscale, similarly to that of elastomers or high-toughness
foams (Fig. 3e). Moreover, with this low toughness, the ZIF-62
glass possesses a much larger Young’s modulus (E = 4-6 GPa)
than foams and elastomers (E <1 GPa). These characteristics
position the MOF glass in a hitherto unoccupied region of the
Ashby K. vs. E plot (Fig. 3e). The small fracture toughness and
relatively large Young’s modulus gives rise to a small fracture
surface energy (y), comparable to that of oxide glasses. With a
Poisson’s ratio (v=10.34-0.35) as high as many metallic and
organic glasses, the studied hybrid glass shows another anom-
alous feature in the brittle-to-ductile transition curve (Fig. 3d).
This work thus has a far-reaching implication for understanding
the fracture behavior and mechanical properties of the entire
family of MOF glasses.

Methods

Experimental sample preparation. A metal-organic framework glass, namely
ZIF-62 glass, was produced by melt-quenching crystalline ZIF-62 in a tube furnace
under flowing nitrogen gas. The solvothermal synthesis of the crystalline ZIF-62
was previously reported in details!0-12°1:52, Briefly, the mixture of zinc nitrate
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hexahydrate (Zn(NOs3),)-6H,0, Merck), imidazole (C;H4N,, Merck), and benzi-
midazole (C;HgN,, Merck) solutions in N,N-dimethylformamide (DMF, VWR)
was magnetically stirred for 20 min, before placing it in a furnace for 48 h at 403 K.
The obtained crystalline powder was washed thrice in DMF, once in dichlor-
omethane (DCM, Merck), and then dried in a furnace at 373 K for 4 h. To confirm
the obtained powder was ZIF-62, powder X-ray diffraction was performed (see
Supplementary Fig. 8). The crystalline powder (200 mg) was pressed uniaxially
(pressure of 40 MPa) into a pellet with a diameter of 13 mm and a thickness of ~2
mm. The pellet was heated to 738 K with a heating rate of 10 Kmin~! and held
isothermally for 5 min in an electrically heated tube furnace with the nitrogen gas
flow set to 5 mL min~!. Then the sample was cooled down to room temperature
(~295K) at a cooling rate of 10 Kmin~!. The final ZIF-62 glass is a bulk homo-
geneous glass with 11 mm diameter without visible bubbles2.

The 11 mm diameter glass pellet was carefully cut into beams of dimension of
2 x 3 x 10 mm? by using a thin diamond disk (thickness of 0.15 mm). To cut the
cracking-prone ZIF-62 glass without breaking, we first tested cutting under various
rotation speeds of the disk and translation speeds of the specimen. We finally chose
the rotation and translation speeds of 2000 rpm and 0.015 mm s~1, respectively. To
grind and polish the ZIF-62 glass without breaking, we mounted it together with three
pieces of standard window (soda-lime-silicate) glass with similar dimensions. This
was done to the four edges of the specimen to have the final dimension of about 1.5 x
1.9 x 10 mm? after grinding and polishing down to 9 um diamond paste.

Experimental elastic properties and strength. The Young’s modulus (E) and
Poisson ratio (v) of the prepared ZIF-62 glass were measured by means of ultra-
sonic echography. Generated by 10 MHz piezoelectric transducers, the velocities of
longitudinal (V) and transverse (V1) waves were calculated. Using the density (p)
measured by means of Archimedes’ method in distilled water at room temperature
(295.8 K), E and v were then obtained by means of the following relations,

Eo 3VZ - 4V%
=p (ﬁ)271 (1)
VT
E
=———-1.
2pV2 @

To obtain the flexural strength of the prepared glass, the as-polished specimen
was mounted on a three-point flexure with a supporting span of 7.5 mm between
two rollers with diameter of 4 mm. The mounted specimen was loaded with a
cross-head speed of around 0.06 mm min~!, depending on the specimen
dimension, to have a strain rate of 1 x 10~#s~! according to the ASTM standard
C1161-13°3 at room temperature (20 °C) and relative humidity of 60%. The
average strength was calculated from four tests.

Experimental fracture toughness. Fracture toughness (Kj.) was determined by
means of the single-edge precrack beam (SEPB) method adapted for small
dimension specimen (1.5 x 1.9 x 10 mm?3), following the experimental procedure
given in ASTM standard C1421-10%* and recent literature*>4>>4, In this modified
SEPB approach, five Vickers indents with a load of 2.5 N for a dwell time of 55
were placed on a line (200 um from one indent to another) on the broadest side
(B = 1.5mm), as shown in Fig. 2a. The indented specimen was then positioned in
the compression fixture with a groove size of about 3 mm (~1.5 times the specimen
width, W= 1.9 mm) to produce a precrack (before the fracturing step) with a
cross-head speed of 0.02 mm min~!. Under the compression fixture, the specimen
experiences tensile stress in the lower part (indented or groove part) and com-
pressive stress in the upper part. The tensile stress opens up the crack from the five
indents, and the crack grows until it reaches the compressive stress (about the
middle of the specimen width). This prevents further extension of the precrack and
we obtain a precrack with the size about half-length of W. A three-point bending
fixture, as the one used in the flexural strength testing, was used to fracture the
precracked specimen with a cross-head speed of 10 ums~! to avoid the humidity
effects (see ref. 40 for details). We note that this adapted three-point bending span
(S) of 7.5 mm was designed to fulfill the span-to-width ratio of about 4 as required

in the standard®*. Kj. was then calculated from the peak load (Ppqy)3440-55,
Prax o . 3§ a2
=—"2Y whereY =-———~f(a), 3
e W@ ®)

where a is the precrack-width ratio (a/W) and fla) = [1.99 — (a — a?)(2.15 —3 .93a +
2.7a2)]/(1 + 2a1). We validated this adapted SEPB approach for small specimens

on standard window glass (soda-lime-silicate glass), giving the value Ki. = 0.72 £
0.02 MPa m%>, which agrees with that obtained from SEPB experiments on larger
specimens®(. The average Kj. value is calculated from five valid tests.

MD simulations of glass formation. All simulations were performed using
LAMMPS. As a starting point, we used the unit cell structure of crystalline ZIF-
62 from the work of Widmer et al.>%, which was then replicated into a 2 x 2 x

2 supercell (2368 atoms) for better statistical averaging of structures. To prepare the
ZIF-62 glass, we employed the ReaxFF parameters as introduced by Yang et al.3
since the ReaxFF bond order potential is ideally suited for the bond breaking and

reformation that are needed to study the melting and fracture characteristics of the
MOF glass herein3>>’. To prepare the glassy structure, we performed potential
energy minimization of the initial unit cell structure, followed by 7.5 ps of
relaxation at 10 K using a Berendsen thermostat. The structure was then heated to
300 K at a rate of 232 K ps~—! with 12.5 ps of equilibration at 300 K. Afterwards the
structure was heated to 1500 K at 24 K ps~! and again cooled to 300 K at a similar
rate before equilibration of the structure for another 12.5 ps, and finally 6.25 ps of
statistical averaging. All quenching steps, besides the final statistical averaging, were
performed in the NPT ensemble at 1 atm, while the statistical averaging was per-
formed in the NVT ensemble. Eight structures were made by varying the initial
temperature profile induced when starting dynamics. A timestep of 0.25 fs and
periodic boundary conditions in all three directions were used for all steps of MD
simulations including all following analyses. We have provided an example
structure of the ZIF-62 glass as a Supplementary File in the standard LAMMPS
data file format, referring to the LAMMPS documentation for an introduction to
the data format and visualization software for format conversion (e.g., OVITO).

MD simulations of elastic properties and ultimate strength. The obtained melt-
quenched glass structures were subjected to elastic property analysis at 300 K by
stepwise deforming the relaxed simulation box in strain steps of & ~ 0.001 for
elongation and & ~ 0.003 for shear deformation in the NVT ensemble. After each
step, the structure was first equilibrated for 2.5 ps, while the next 2.5 ps of simu-
lation time was used for averaging the pressure in the elongated direction. The
linear parts of the obtained stress—strain curves were used to obtain the stiffness
matrix elements Ciy, Cy, Cs3, Casr Css, and Ceg. Under the assumption of an
isotropic nature of the glass structure, we calculated the C,; as an average of C,;,
Cy, and Cs; and Cyy as an average of Cyy, Css, and Cge. Next, we calculated C, as
ref. 58,

Cpp = Cyy —2Cy,. (4)
Finally, Young’s modulus and Poisson’s ratio were determined as ref. >3,

(Ciy = C)(Cyy +2Gyy)
G+ Gy i

E=

(5)

C
v=——2__ (6)
Cll + CIZ
In addition, ultimate strength tests were performed in a similar manner to the
above estimation of the elastic modulus, but using stepwise elongations of ¢ = 0.01.

MD simulations of fracture toughness. To compute the fracture toughness by
MD simulations, we employed the method introduced by Brochard et al.36 and
subsequently applied and validated in various studies3”-3%59 (these references also
provide the detailed introduction to the method). Initially the quenched structures
were replicated into 2 x 6 x 4 supercells (thus 1 x 3 x 2 replications of the quenched
structures) of 14208 atoms. In this structure, the atoms were removed in an
ellipsoidal cylinder of length 36 A and height 4 A in the center of the simulation
box to induce a precrack. This removal leaves a number of organic linkers
incomplete. To ensure proper stability of the following simulation, we removed all
incomplete linkers by identifying C, H, and N atoms of inadequate coordination
numbers (using cutoffs of 2 A for C-C and C-N bonds, and 1.5 A for C-H bonds).
Before fracture toughness simulations, the precracked structures were equilibrated
in the NPT ensemble at 300 K for 100 ps at zero pressure, which was found to be a
reasonable time to obtain convergence of potential energy of the new structure.
This equilibration was followed by a potential energy minimization. The ensemble
was now changed to NVT and was then equilibrated for another 10 ps. This was
followed by step wise elongation of the simulation box of 1% every 5 ps. This step
rate is more than an order of magnitude slower than what has previously been
found to cause rate dependency of the fracture characteristics of other systems®%0.
After each step, the structure was allowed to relax for 2.5 ps, followed by averaging
of the pressure in the direction of elongation (2) for another 2.5 ps. The recorded
pressure was used to plot a stress—strain curve up until and including fracture,
which subsequently was integrated to yield the critical energy release rate under the
assumption of elongation in the z-direction,

G LxLy 2 max iL
C_E/LZQ o.dL,, 7)
where L is the length of the specified direction, AA_ is created crack surface area
during fracturef!, and o, is the recorded pressure in the z-direction. By assuming
y = G¢/2, K, was finally estimated by the Irwin formula,

2yE

Ke=\7"0z (8)

using the Young’s modulus and Poisson’s ratio from the simulations.

MD simulations of surface energy. To evaluate the brittleness parameter (Bindex)
we used the quenched 2 x 2 x 2 supercells, which were initially equilibrated for
10 ps in the NVT ensemble. The bulk potential energy was then estimated from this
equilibration period. Two largely planar surfaces were then induced by splitting
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the simulation box in two, yet only allowing Zn-N bonds to break. Afterwards
the structure was equilibrated for another 50 ps, which was found to give a rea-
sonable potential energy convergence. The difference between the potential energy
before and after fracture process gave a measure for the surface energy (y,) used in
the calculation of Bjpgex. In the calculation of y,, we estimated the actual induced
surface area, but found only minor deviations from planarity. We note that y, is
different from y in that y, is exclusively taking surface energies into account, while
y incorporates effects of plastic deformation and various rearrangements occurring
during fracture.

MD simulations of atomic stress. We evaluated atomic stress using the incor-
porated stress/atom function in LAMMPS>®. Note that, although stress is intrin-
sically a macroscopic property that is not properly defined for individual atoms, the
“stress per atom” simply captures the contribution of each atom to the virial of the
system and, hence, can be used to assess which elements are carrying the macro-
scopic stress imposed on the bulk glass. We followed the general scheme as for the
estimation of Kj.. To remove the effect of atomic velocity on stress, we performed a
potential energy minimization before forcing atoms at rest only while performing
the stress calculation. The output stress of LAMMPS is in a stress x volume
formulation; hence, to obtain the presented stress results, we divide by the atomic
volume of each elemental species as computed by the average of Voronoi volumes
of each element (from bulk structures).

Data availability

The data supporting the results within this paper are available from the corresponding
author upon reasonable request. The source data underlying Figs. 1a, b, 1d, 2¢, d, 3¢, d,
Supplementary Figs. 1, 3, 4, 5, 6, 7a-d, 8, Table 1 and Supplementary Table 1 are provided
as a Source Data File.

Code availability
The code used for the molecular dynamics simulations within this paper is available from
the corresponding author upon reasonable request.

Received: 19 December 2019; Accepted: 30 April 2020;
Published online: 22 May 2020

References

1.  Mason, J. A. et al. Methane storage in flexible metal-organic frameworks with
intrinsic thermal management. Nature 527, 357-361 (2015).

2. Su, Z. et al. Shock Wave Chemistry in a metal-organic framework. J. Am.
Chem. Soc. 139, 4619-4622 (2017).

3. Yoon, J. W. et al. Selective nitrogen capture by porous hybrid materials
containing accessible transition metal ion sites. Nat. Mater. 16, 526-531
(2017).

4. Mondloch, J. E. et al. Destruction of chemical warfare agents using metal-
organic frameworks. Nat. Mater. 14, 512-516 (2015).

5. Wu, T, Feng, X,, Elsaidi, S. K., Thallapally, P. K. & Carreon, M. A. Zeolitic
imidazolate framework-8 (ZIF-8) membranes for Kr/Xe separation. Ind. Eng.
Chem. Res. 56, 1682-1686 (2017).

6. Rodenas, T. et al. Metal-organic framework nanosheets in polymer composite
materials for gas separation. Nat. Mater. 14, 48-55 (2015).

7. Horike, S., Umeyama, D. & Kitagawa, S. Ion conductivity and transport by
porous coordination polymers and metal-organic frameworks. Acc. Chem. Res.
46, 2376-2384 (2013).

8. Tian, T. et al. A sol-gel monolithic metal-organic framework with enhanced
methane uptake. Nat. Mater. 17, 174-179 (2018).

9. Furukawa, S., Reboul, J., Diring, S., Sumida, K. & Kitagawa, S. Structuring of
metal-organic frameworks at the mesoscopic/macroscopic scale. Chem. Soc.
Rev. 43, 5700-5734 (2014).

10. Qiao, A. et al. A metal-organic framework with ultrahigh glass-forming ability.
Sci. Adv. 4, eaa06827 (2018).

11. Stepniewska, M. et al. Observation of indentation-induced shear bands in a
metal—organic framework glass. Proc. Natl Acad. Sci. USA https://doi.org/
10.1073/pnas.2000916117 (2020).

12. Qiao, A. et al. Optical properties of a melt-quenched metal-organic framework
glass. Opt. Lett. 44, 1623-1625 (2019).

13. Ali, M. A. et al. Broad mid-infrared luminescence in a metal-organic
framework glass. ACS Omega 4, 12081-12087 (2019).

14. Tan, J. C., Bennett, T. D. & Cheetham, A. K. Chemical structure, network
topology, and porosity effects on the mechanical properties of Zeolitic
Imidazolate Frameworks. Proc. Natl Acad. Sci. USA 107, 9938-9943 (2010).

15. Li, S. et al. Mechanical properties and processing techniques of bulk metal-
organic framework glasses. J. Am. Chem. Soc. 141, 1027-1034 (2019).

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Park, K. S. et al. Exceptional chemical and thermal stability of zeolitic
imidazolate frameworks. Proc. Natl Acad. Sci. USA 103, 10186-10191 (2006).
Tian, Y.-Q. et al. Design and generation of extended zeolitic metal-organic
frameworks (ZMOFs): synthesis and crystal structures of zinc (II) imidazolate
polymers with zeolitic topologies. Chem. Eur. J. 13, 4146-4154 (2007).
Gustafsson, M. & Zou, X. Crystal formation and size control of zeolitic
imidazolate frameworks with mixed imidazolate linkers. J. Porous Mater. 20,
55-63 (2013).

Liu, Y., Kravtsov, V. C,, Larsen, R. & Eddaoudi, M. Molecular building blocks
approach to the assembly of zeolite-like metal-organic frameworks (ZMOFs)
with extra-large cavities. Chem. Commun. 14, 1488-1490 (2006).

Huang, X.-C,, Lin, Y.-Y., Zhang, J.-P. & Chen, X.-M. Ligand-directed strategy
for zeolite-type metal-organic frameworks: zinc (II) imidazolates with unusual
zeolitic topologies. Angew. Chem. Int. Ed. 45, 1557-1559 (2006).

Zhang, J.-P. & Chen, X.-M. Crystal engineering of binary metal imidazolate
and triazolate frameworks. Chem. Commun. 16, 1689-1699 (2006).

Zhou, C. et al. Thermodynamic features and enthalpy relaxation in a metal-
organic framework glass. Phys. Chem. Chem. Phys. 20, 18291-18296

(2018).

Tan, J. C. & Cheetham, A. K. Mechanical properties of hybrid inorganic-
organic framework materials: Establishing fundamental structure-property
relationships. Chem. Soc. Rev. 40, 1059-1080 (2011).

Bahr, D. F. et al. Mechanical properties of cubic zinc carboxylate IRMOF-1
metal-organic framework crystals. Phys. Rev. B 76, 184106 (2007).

Tan, J. C., Merrill, C. A, Orton, J. B. & Cheetham, A. K. Anisotropic
mechanical properties of polymorphic hybrid inorganic-organic framework
materials with different dimensionalities. Acta Mater. 57, 3481-3496

(2009).

Han, S. S. & Goddard, W. A. Metal-organic frameworks provide large negative
thermal expansion behavior. J. Phys. Chem. C. 111, 15185-15191 (2007).
Bennett, T. D. et al. Melt-quenched glasses of metal-organic frameworks. J.
Am. Chem. Soc. 138, 3484-3492 (2016).

Quinn, G. D. & Bradt, R. C. On the Vickers indentation fracture toughness
test. J. Am. Ceram. Soc. 90, 673-680 (2007).

Rouxel, T. & Yoshida, S. The fracture toughness of inorganic glasses. J. Am.
Ceram. Soc. 100, 4374-4396 (2017).

Zhou, C. et al. Metal-organic framework glasses with permanent accessible
porosity. Nat. Commun. 9, 5042 (2018).

Frentzel-Beyme, L., Klof3, M., Kolodzeiski, P., Pallach, R. & Henke, S. Meltable
mixed-linker zeolitic imidazolate frameworks and their microporous glasses:
from melting point engineering to selective hydrocarbon sorption. J. Am.
Chem. Soc. 141, 12362-12371 (2019).

Wang, Y. et al. A MOF glass membrane for gas separation. Angew. Chem. Int.
Ed. 59, 4365-4369 (2020).

Tao, H., Bennett, T. D. & Yue, Y. Z. Melt-quenched hybrid glasses from metal-
organic frameworks. Adv. Mater. 29, 1601705 (2017).

ASTM C1421-10. Standard test methods for determination of fracture
toughness of advanced ceramics at ambient temperature (ASTM International,
West Conshohocken, PA, 2010).

Yang, Y. et al. Enabling computational design of ZIFs using ReaxFF. J. Phys.
Chem. B 122, 9616-9624 (2018).

Brochard, L., Hantal, G., Laubie, H., Ulm, F. ]. & Pelleng, R. J.-M. Fracture
mechanisms in organic-rich shales: role of kerogen. Poromechanics V. 5,
2471-2480 (2013).

Wang, B, Yu, Y., Lee, Y. J. & Bauchy, M. Intrinsic nano-ductility of glasses:
the critical role of composition. Front. Mater. 2, 11 (2015).

Bauchy, M. et al. Fracture toughness of calcium-silicate-hydrate from
molecular dynamics simulations. J. Non Cryst. Solids 419, 58-64 (2015).
Pang, S. H., Han, C,, Sholl, D. S., Jones, C. W. & Lively, R. P. Facet-specific
stability of ZIF-8 in the presence of acid gases dissolved in aqueous solutions.
Chem. Mater. 28, 6960-6967 (2016).

To, T. et al. Fracture toughness, fracture energy and slow crack growth of glass
as investigated by the Single-Edge Precracked Beam (SEPB) and Chevron-
Notched Beam (CNB) methods. Acta Mater. 146, 1-11 (2018).

Griffith, A. A. VI. The phenomena of rupture and flow in solids. Philos. Trans.
R. Soc. Lond. Ser. A 221, 163-198 (1921).

Célarié, F. et al. Glass breaks like metal, but at the nanometer scale. Phys. Rev.
Lett. 90, 075504 (2003).

Gaillac, R., Pullumbi, P. & Coudert, F. X. Melting of zeolitic imidazolate
frameworks with different topologies: insight from first-principles molecular
dynamics. J. Phys. Chem. C. 122, 6730-6736 (2018).

Rouxel, T. Fracture surface energy and toughness of inorganic glasses. Scr.
Mater. 137, 109-113 (2017).

To, T. et al. Elastic properties and fracture toughness of SiOC-based glass-
ceramic nanocomposites. J. Am. Ceram. Soc. 103, 491-499 (2020).

Ngai, K. L., Wang, L. M,, Liu, R. & Wang, W. H. Microscopic dynamics
perspective on the relationship between Poisson’s ratio and ductility of
metallic glasses. J. Chem. Phys. 140, 044511 (2014).

8 | (2020)11:2593 | https://doi.org/10.1038/s41467-020-16382-7 | www.nature.com/naturecommunications


https://doi.org/10.1073/pnas.2000916117
https://doi.org/10.1073/pnas.2000916117
www.nature.com/naturecommunications

ARTICLE

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Greaves, G. N., Greer, A. L, Lakes, R. S. & Rouxel, T. Poisson’s ratio and
modern materials. Nat. Mater. 10, 823-837 (2011).

Lewandowski, J. J., Wang, W. H. & Greer, A. L. Intrinsic plasticity or
brittleness of metallic glasses. Philos. Mag. Lett. 85, 77-87 (2005).
Ostergaard, M. B. et al. Revisiting the dependence of poisson’s ratio on liquid
fragility and atomic packing density in oxide glasses. Mater. (Basel) 12, 2439 (2019).
Widmer, R. N. et al. Pressure promoted low-temperature melting of
metal-organic frameworks. Nat. Mater. 18, 370-376 (2019).

Hou, J. et al. Metal-organic framework crystal-glass composites. Nat.
Commun. 10, 2580 (2019).

Stepniewska, M., @stergaard, M. B., Zhou, C. & Yue, Y. Z. Towards large-size
bulk ZIF-62 glasses via optimizing the melting conditions. J. Non Cryst. Solids
530, 119806 (2020).

ASTM C1161-13. Standard test method for flexural strength of advanced
ceramics at ambient temperature. (2013).

Januchta, K., To, T., Badker, M. S., Rouxel, T. & Smedskjaer, M. M. Elasticity,
hardness, and fracture toughness of sodium aluminoborosilicate glasses.

J. Am. Ceram. Soc. 102, 4520-4537 (2019).

Srawley, J. E. Wide range stress intensity factor expressions for ASTM E
399 standard fracture toughness specimens. Int. J. Fract. 12, 475-476 (1976).
Plimpton, S. Fast parallel algorithms for short-range molecular dynamics.

J. Comput. Phys. 117, 1-19 (1995).

Gaillag, R. et al. Liquid metal-organic frameworks. Nat. Mater. 16, 1149-1154
(2017).

Gersten, J. I. & Smith, F. W. The Physics and Chemistry of materials. (Wiley,
2001).

Brochard, L., Hantal, G., Laubie, H., Ulm, F. J. & Pelleng, R. J. M. Capturing
material toughness by molecular simulation: accounting for large yielding
effects and limits. Int. J. Fract. 194, 149-167 (2015).

Swiler, T. P., Simmons, J. H. & Wright, A. C. Molecular dynamics study of brittle
fracture in silica glass and cristobalite. J. Non-Cryst. Solids 182, 68-77 (1995).
Stukowski, A. Computational analysis methods in atomistic modeling of
crystals. J. Min. 66, 399-407 (2014).

Tian, K. V. et al. Atomic and vibrational origins of mechanical toughness in
bioactive cement during setting. Nat. Commun. 6, 8631 (2015).

Conner, R. D., Dandliker, R. B. & Johnson, W. L. Mechanical properties of
tungsten and steel fiber reinforced Zry; »5Ti;375Cu;,5NijoBess s metallic glass
matrix composites. Acta Mater. 46, 6089-6102 (1998).

Conner, R. D., Rosakis, A. J., Johnson, W. L. & Owen, D. M. Fracture
toughness determination for a beryllium-bearing bulk metallic glass. Scr.
Mater. 37, 1373-1378 (1997).

Keryvin, V., Hoang, V. H. & Shen, J. Hardness, toughness, brittleness and
cracking systems in an iron-based bulk metallic glass by indentation.
Intermetallics 17, 211-217 (2009).

Yuan, C. C. & Xi, X. K. On the correlation of Young’s modulus and the
fracture strength of metallic glasses. J. Appl. Phys. 109, 033515 (2011).
Rajendran, V., Begum, A. N., Azooz, M. A. & Batal, F. H. El. Microstructural
dependence on relevant physical-mechanical properties on SiO,-Na,0-CaO-
P,05 biological glasses. Biomaterials 23, 4263-4275 (2002).

Tiegel, M., Hosseinabadi, R., Kuhn, S., Herrmann, A. & Riissel, C. Young’s
modulus, Vickers hardness and indentation fracture toughness of alumino
silicate glasses. Ceram. Int. 41, 7267-7275 (2015).

Matzke, H., Toscano, E., Routbort, J. & Reimann, K. Temperature dependence
and fracture toughness and elastic moduli of a waste glass. J. Am. Ceram. Soc.
69, C-138-C-139 (1986).

Sampaio, J. A. et al. Rare earth doping effect on the elastic moduli of low silica
calcium aluminosilicate glasses. J. Non Cryst. Solids 304, 293-298 (2002).
Shinkai, N., Bradt, R. C. & Rindone, G. E. Elastic modulus and fracture toughness
of ternary PbO-ZnO-B,0; glasses. . Am. Ceram. Soc. 65, 123-126 (1982).

Le Bourhis, E. et al. Temperature dependence of the mechanical behaviour of a
GeAsSe glass. Scr. Mater. 45, 317-323 (2001).

73. Guin, J.-P., Rouxel, T., Sanglebceuf, J.-C., Melscoét, I. & Lucas, J. Hardness,
toughness, and scratchability of germanium-selenium chalcogenide glasses.
J. Am. Ceram. Soc. 85, 1545-1552 (2002).

74. Miura, T., Watanabe, T., Benino, Y. & Komatsu, T. Unusual elastic and
mechanical behaviors of copper phosphate glasses with different copper
valence states. J. Am. Ceram. Soc. 84, 2401-2408 (2001).

75. Ashby, M. F. & Cebon, D. Materials selection in mechanical design. Le. J. Phys.
IV 3, C7-1 (1993).

Acknowledgements

The authors acknowledge K. Januchta and M.B. @stergaard for valuable discussions, and
T. Kirwa for help with producing the three-point bending setup. This work was sup-
ported by VILLUM FONDEN under research grant no. 13253. M.B. acknowledges
funding from the National Science Foundation under grant no. 1762292. We also thank
Aalborg University for funding access to computational resources at the DeIC National
HPC Center (ABACUS 2.0) at University of Southern Denmark and CLAAUDIA at
Aalborg University.

Author contributions

M.M.S. and Y.Y. conceived the study. T.T., S.S.S., and M.M.S. planned the experiments
and simulations. M.S., A.Q., and T.T. prepared the samples. T.T. and L.R]J. performed
the mechanical testing. S.S.S. performed the MD simulations and analyses, with input
from M.B. All authors participated in discussing the data. T.T., S.S.S., and M.M.S. wrote
the manuscript with revisions from Y.Y. and M.B.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-16382-7.

Correspondence and requests for materials should be addressed to M.M.S.

Peer review information Nature Communications thanks Mohammad Naraghi, Hai-Bin
Yu, and other, anonymous, reviewers for their contributions to the peer review of this
work. Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:2593 | https://doi.org/10.1038/s41467-020-16382-7 | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-020-16382-7
https://doi.org/10.1038/s41467-020-16382-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Fracture toughness of a metal–nobreakorganic framework�glass
	Results
	Molecular dynamics simulations
	Fracture toughness and strength measurements
	Structural origin of ZIF-62 fracture behavior

	Discussion
	Methods
	Experimental sample preparation
	Experimental elastic properties and strength
	Experimental fracture toughness
	MD simulations of glass formation
	MD simulations of elastic properties and ultimate strength
	MD simulations of fracture toughness
	MD simulations of surface energy
	MD simulations of atomic stress

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




