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Stress–strain relationships and yielding of
metal-organic framework monoliths
Michele Tricarico1, Cyril Besnard2, Gianfelice Cinque 1,3, Alexander M. Korsunsky 2 & Jin-Chong Tan 1✉

Metal-organic frameworks (MOFs) have emerged as a versatile material platform for a wide

range of applications. However, the development of practical devices is constrained by their

inherently low mechanical stability. The synthesis of MOFs in a monolithic morphology

represents a viable way for the transition of these materials from laboratory research to real-

world applications. For the design of MOF-based devices, the mechanical characterization of

such materials cannot be overlooked. In this regard, stress-strain relationships represent the

most valuable tool for assessing the mechanical response of materials. Here, we use flat

punch nanoindentation, micropillar compression and Raman microspectroscopy to investi-

gate the stress-strain behaviour of MOF monoliths. A pseudo-plastic flow is observed under

indentation, where the confining pressure prevents unstable crack propagation. Material flow

is accommodated by grain boundary sliding, with occasional stepwise cracking to accom-

modate excessive stress building up. Micropillar compression reveals a brittle failure of ZIF-8,

while plastic flow is observed for MIL-68.
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Metal-organic frameworks (MOFs) represent a relatively
new class of hybrid nanoporous materials, made up of
organic ligands and metal clusters that self-assemble

into a lattice framework with a significant internal surface area.
Several different framework-type compounds with high chemical
stability, adjustable physical properties, organic functionality, and
porosity have been developed over the past 25 years of research1,
opening up a wide range of potential technological
applications2–4, including chemical sensing5, gas adsorption6,
luminescence7,8 and energy storage9.

Yet, there is not much of a crossover between academic
research and industrial practical uses. A poor understanding of
the mechanical properties is one of the causes of this short-
coming. The topic of MOF mechanics10–12 is still in its infancy
despite the extensive research put into the chemical synthesis of
new framework structures and the characterization of their
functional properties. The primary reason for this relates to the
morphological limitations of this class of materials, which are
frequently synthesized as polydisperse microcrystalline powders
and challenging to characterize using traditional mechanical
testing. A way to overcome this limitation is represented by the
sol-gel synthesis route, which enables the fabrication of sturdy
and bulk monolithic morphologies13. Several types of nanoporous
sol-gel monoliths have already been reported, including MOFs
such as ZIFs (zeolitic imidazolate frameworks)14–16, HKUST-1
(Co-based)17, UiO-66 (Zr-based)18,19 and COFs (covalent
organic frameworks)20. This method produces a hierarchical pore
distribution, which enhances gas adsorption capabilities21.

Most of the mechanical characterization of MOFs to date is
based on nanoindentation-based measurements, particularly of
Young’s modulus (E) and hardness (H), by using the method
developed by Oliver and Pharr22. One of the first studies
reporting the mechanical properties of a MOF material were
carried out by Bahr et al.23, who characterized MOF-5, a zinc-
based framework, and determined a Young’s modulus of 7.9 GPa
for the (100)-oriented face. Tan et al.24 performed nanoinden-
tation measurements on different types of ZIFs and were able to
correlate the mechanical responses with the different ZIF struc-
tures (given by the different combinations of organic and inor-
ganic building blocks). Their findings revealed that crystal
porosity and linker morphology strongly affect the mechanical
properties of the framework. Furthermore, it was demonstrated
that the metal sites serve only as compliant nodes for connecting
linkages25. Mechanical properties of MOF thin films and coatings
have been explored also by nanoindentation26,27.

The literature regarding MOF monoliths mechanics has started
to grow in the last few years. Tian et al.17 performed nanoin-
dentation on a HKUST-1 sol-gel monolith, and measured
Young’s modulus of E= 9.3 ± 0.3 GPa, which resembles the
averaged value predicted from theoretical calculations by density
functional theory (DFT) to approximate a randomly oriented
polycrystalline bulk material (E= 8.1 GPa)28. The monolith
hardness (H= 460MPa) is about 130% greater than the HKUST-
1 epitaxial film (H= 200MPa) reported by Bundschuh et al.26

Their findings suggest that the high bulk density of the HKUST-1
monolith not only improves the volumetric adsorption capability
but also the mechanical resilience. Connolly et al.18 reported the
mechanical properties of UiO-66 monoliths, which were found to
vary significantly with drying conditions and washing procedures.
In a recent study by some of the authors15, the mechanical
response of two ZIF sol-gel monoliths, namely ZIF-8 and ZIF-71,
was analyzed by a combination of nanoindentation, nanoscale
Fourier transform infrared spectroscopy (nanoFTIR), tip force
microscopy (TFM) and finite element method (FEM) simula-
tions. Grain boundary sliding was found to predominate at low
stresses, followed by the collapse/rupture of chemical bonds and a

partial failure of the framework due to shear stresses, which
eventually led to the densification of the porous framework at the
contact area. In a follow-up study29 the fracture behaviour of
MOF monoliths was explored, by analyzing the nanoindentation-
induced crack initiation and propagation of four prototypical
MOF monoliths (ZIF-8, HKUST-1, MIL-68 and MOF-808),
characterized by different framework architectures. A clear cor-
relation between elastic recovery and resistance to crack propa-
gation was observed, with the monoliths exhibiting a low elastic
recovery found to be remarkably tough (i.e., MIL-68 and MOF-
808). This outstanding ductility was ascribed to a combination of
nanostructure (size and shape of nanogranular aggregates) and
framework architecture. These factors result in the occurrence of
shear faults, most likely in correspondence of the grain bound-
aries, well contained within the contact area. This localized
micro-failure mechanism dissipates energy, hence preventing the
initiation of cracks from the indent’s corners.

Micropillar compression of MOF glasses30 and single crystals31

have been reported recently, but studies of this type are still quite
limited due to the susceptibility of MOF-based materials to
focused ion beam (FIB) damage.

The aim of this work is to estimate the stress–strain (σ–ε)
relationships of the two MOF monoliths, namely ZIF-8 and MIL-
68, by two different approaches—flat punch indentation and
micropillar compression, with the objective of elucidating the
yielding and plastic behaviour of this class of materials. The ZIF-8
and MIL-68 monoliths were prepared by a sol-gel process,
leveraging the high concentration reaction (HCR) method32, as
illustrated schematically in Fig. 1. Optical images of the two
monoliths are shown in Supplementary Fig. 1. These two mate-
rials are characterized by different fracture behaviour under
indentation employing a sharp-tip probe29. Our findings reveal
different plastic responses, attributed to the nanogranular struc-
ture and the framework architecture. Moreover, confocal Raman
microspectroscopy was employed to shed light on the contribu-
tion of the framework to the residual strains induced by flat
punch indentation.

Results and discussion
Stress-strain relationships by flat punch nanoindentation tests.
The stress–strain behaviour of the two monoliths was estimated
by flat-punch (diameter 10.64 μm) nanoindentation tests, fol-
lowing the method developed by Hay (2019)33, described in detail
in Supporting Method 1.

The resulting load-depth (P–h) and stress–strain (σ–ε) curves
are shown in Fig. 2. The elastic recovery, which is more
prominent for ZIF-8, is the key difference when examining the
load depth curves (Fig. 2a). For both monoliths, a moderate strain
hardening was observed in the σ–ε curves (Fig. 2b), particularly
for ZIF-8. The results are summarized in Table 1. It should be
noted that since these values were calculated using a model
conceived for metals (Hollomon’s power law: σ= Kεn, where K is
the strength coefficient and n the strain hardening exponent),
they cannot be regarded as absolute material properties. However,
these numbers can be used to contrast the plastic (non-reversible)
behaviour of the two monoliths: similar yield stresses were
recorded for the two materials (88.2 and 90MPa for ZIF-8 and
MIL-68, respectively). Given its higher hardness, ZIF-8 has a
relatively higher strength coefficient (K). The ZIF-8 strain
hardening exponent (n) is about twice as large as that for MIL-
68. This can be attributed to the more flexible structure of the
ZIF-8 framework, which makes it more likely to densify (and
ultimately collapse)15, increasing the strength of the monolith.
MIL-68, on the other hand, has a stiffer framework and smaller
particle size, which leads to an improved ductility29. We suggest
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that the higher flexibility of the ZIF-8 structure compared to MIL-
68 may result from the lower coordination number of the zinc
metal node compared to the indium counterpart and the lower
strength of its coordination bonds. Notably, the flow stress of the
monoliths in their fully plastic regime is reasonably constant
(plateau in σ–ε curves) and corresponds to ~1/3 of the hardness,
in accordance with Tabor theory of elastic-plastic contact34. This
finding confirms the results of our previous work15, where the
plastic behaviour of MOF monoliths was well approximated by a
simple elastic-perfectly plastic mechanical model.

Another difference between the load-depth curves of the two
monoliths can be observed in the very first part of the loading
curve (indentation depth <200 nm). Figure 2c illustrates a
detailed view of the loading curve in this shallow range and its
first derivative, dP/dh: MIL-68 exhibits a stiff response in this
range, followed by an evident softening for depths > 200 nm. This
is not the case for ZIF-8, which exhibits a softer response, without
a drastic change in its slope. We reasoned that this may be due to
the higher elastic modulus of the MIL-68 framework, which
provides a stiffer response prior to grain boundary sliding taking
place.

The residual imprints left by the flat punch on the two
monoliths surface are shown in Fig. 2d, e. Concentric ring-shaped
cracks are evident in both cases, which resemble the shear faults
observed in Vickers residual indents in our previous work29. This
suggests that the yielding of these MOF monoliths consists of
stepwise microcracking—accommodating excessive build-up of
stress—likely taking place at the grain boundaries between the
nanocrystals. Such a localized failure mechanism is well contained
in the vicinity of the residual imprints and does not lead to critical
crack propagation. This is supported by the absence of any pop-
ins (i.e., sudden displacement bursts at a constant load) in the
load-depth curves, which are typically associated with indentation
cracking35. This pseudo-ductility is promoted by the fine granular
nanostructure of these materials: the particles size is approxi-
mately 100 nm in ZIF-8 and even <100 nm in MIL-68
(Supplementary Figs. 2, 3).

Raman microspectroscopy analysis of residual strains. The two
materials, characterized by different framework architectures
(Fig. 1b, c), exhibited a different vibrational spectral behaviour:

we noticed shifts of some of characteristic Raman bands in ZIF-8
when the Raman probe was moving from outside to inside of the
indent (Fig. 3), while the position of all the MIL-68 bands (Fig. 4)
was not affected.

Let us analyze in detail the ZIF-8 Raman spectrum. As reported
by Chen et al.36 in an in situ study of the effect of high pressure
on ZIF-8 crystalline powders, the majority of the bands are due to
methyl group (−CH3) and imidazolate (Im) ring vibrations. The
low-frequency bands (176, 284 and 422 cm−1) are ascribed to
the vibrations of the ZnN4 tetrahedra. A detailed assignment of
the bands is provided in Table 2.

Our results (Fig. 3) can be compared with the ones reported
by Chen et al.36, which observed the evolution of Raman bands
with in situ high pressure via a diamond anvil cell, up to
~20 GPa. In our case, the maximum pressure applied by the
punch is appreciably smaller (of the order of only 0.1–0.2 GPa)
and the material underwent an elastic recovery before the
measurement. Despite these differences in the pressure range,
some similarities can still be observed. First, a broadening of all
the vibrational bands was observed inside the indent due to
compression, as expected. As shown in Fig. 3 and Supplemen-
tary Figs. 5, 6, blue shifts, caused by bond compression, were
observed for the Zn-N vibrations (176 cm−1), Im ring puckering
(686 cm−1) and out-of-plane bending (1024 cm−1). Interest-
ingly, red shifts—usually related to a state of tension of the
bonds37—were observed for two of the bands relative to the
C−H out-of-plane bending vibrations in the Im ring (836 cm−1

and 953 cm−1), C−N stretching vibration in the Im ring
(1146 cm−1 and 1185 cm−1), C−H wagging in the methyl group
(1461 cm−1), C= C stretching in the Im ring (1500 cm−1) and
C−H stretching in the Im ring (3114 cm−1 and 3135 cm−1). The
red shifts mostly correspond to the stretching vibrations in the
linker (Im ring): this is due to the particular mechanical
instability of the ZIF-8 framework, which is characterized by an
extremely low shear modulus25 and it undergoes shear-mode
softening under compression38. We reasoned that the shear-
induced deformation of the framework induces a state of tension
in the organic linkers.

It is worth noting that the indentation does not induce any
residual strain of the crystal structure outside the contact area.
This finding suggests that the plastic flow consists of shear-driven

Fig. 1 Schematic of the synthesis of sol-gel MOF monoliths. a The high concentration reaction (HCR) synthetic approach involves the deprotonation of
the organic linker using a base, i.e. triethylamine (NEt3), which accelerates the production of metal-organic clusters and subsequently increases the number
of nucleation sites, resulting in the formation of nanoparticles small enough to induce the formation of a gel. These nanoparticles coalesce and solidify to
form the monolith as the gel dries at room temperature (RT). b Cage-type architecture of a unit cell of ZIF-8. c Channel-type architecture of the MIL-68
framework.
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grain boundary sliding, and rearrangement of the nanograins to
accommodate the applied shear strain15.

On the other hand, the Raman spectra of MIL-68 (Fig. 4)
determined from the inside and outside the indent are identical,
except for some amount of peak broadening (Supplementary
Figs. 7, 8). To the best of our knowledge, no Raman studies of the
structural stability of MIL-68 are available so far. Hu et al.39

analyzed the behaviour of MIL-68 under high pressure in a

diamond anvil cell by FTIR spectroscopy. They observed a full
recovery of the structure upon releasing the pressure for the as-
made sample (i.e., prior to activation, with some DMF still trapped
in the channels), while the spectrum of activated MIL-68 was
irreversibly modified, especially the O−H stretching mode, which
is more sensitive to compression. The peaks relative to O−H
stretching were strongly broadened and their intensity decreased
already with a small pressure of 0.12 GPa (comparable to the value

Fig. 2 Flat punch nanoindentation tests on MOF monoliths. a Load-depth and (b) stress–strain curves resulting from nanoindentation tests of ZIF-8 and
MIL-68 monoliths using a flat punch indenter (diameter 10.64 μm). c Magnification of two representative load-depth (P−h) curves in the range of
0−500 nm (top) and their first derivative, dP/dh (bottom). d, e SEM images of some representative residual flat punch imprints on ZIF-8 and MIL-68,
respectively.

Table 1 Mechanical properties of ZIF-8 and MIL-68 monoliths extrapolated from the stress–strain curves obtained by flat punch
nanoindentation.

Material Number of tests Yield stress (MPa) Yield strain (–) K (MPa) n (–) Average flow stress (MPa) Hardness (MPa)

ZIF-8 18 88.2 ± 16.4 0.0238 ± 0.0033 184.1 ±
9.5

0.1976 ± 0.0405 140 ± 10 452 ± 2015

MIL-68 16 90.0 ± 10.5 0.0072 ± 0.0008 154.0 ±
6.6

0.1093 ± 0.029 150 ± 16 402 ± 1329

The values of hardness were computed by Berkovich nanoindentation in previous studies15,29.
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applied by our nanoindentation test). This suggests a significant
guest-host interaction in the porous framework upon compression.
The absence of major changes in the Raman spectrum in our case
suggests a complete recovery of the framework structure, facilitated
by the presence of some residual DMF molecules retained in the
channels, demonstrated by the (weak) band at ~1661 cm−1 (C=O
stretching in DMF40,41), as highlighted in Fig. 4.

As a control experiment, the effect of pressure on ZIF-8 and
MIL-68 monoliths was studied by means of bulk ATR-FTIR
(Supplementary Fig. 9 and Supplementary Fig. 12), XRD
(Supplementary Fig. 10 and Supplementary Fig. 13) and Raman
spectroscopy (Supplementary Fig. 11, Supplementary Fig. 14 and
Supplementary Table 3) and discussed in the Supporting Note 1.
The significance of DMF becomes particularly obvious in the IR
spectra: the intensity of the band relative to the C=O stretching
in DMF (~1673 cm−1) is not significantly reduced with
increasing pressure in MIL-68 (Supplementary Fig. 12), unlike
ZIF-8 (Supplementary Fig. 9). This might imply that solvent is
still trapped inside the channels of the MIL-68 framework. Also
in this case, shifts of the framework characteristic Raman bands
were observed in ZIF-8 but not in the case of MIL-68.

Micropillar compression. Two sets of micropillars were fabri-
cated on each sample, see Supplementary Fig. 15. Scanning

Fig. 3 Confocal Raman microscopy of a flat punch residual imprint on ZIF-8 monolith. a Representative Raman spectra taken outside and inside the
residual indent. The insets show details of the stress-induced blue-shift of the 686 cm-1 band (Im ring puckering) and red-shift of the 3114 cm-1 and
3135 cm-1 bands (C−H stretching in the Im ring). b Optical micrograph of the indent. c, d Contour maps indicating the spectral shift of some of the
characteristic phonon bands of ZIF-8, i.e., 686 cm-1 and 3135 cm-1, respectively.

Fig. 4 Confocal Raman microscopy of a flat punch residual imprint on
MIL-68 monolith. Representative Raman spectra of a MIL-68 monolith
taken outside and inside a residual flat punch imprint. The inset shows a
magnified view of the 1612 cm-1 band, revealing the absence of stress-
induced shifts.
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electron microscopy (SEM) micrographs of the micropillars
before and after the test were taken for both ZIF-8 (Supple-
mentary Figs. 16–19) and MIL-68 (Supplementary Figs. 20–23).
The load–displacement curves resulting from each test are shown
in Supplementary Figs. 26 and 27 for ZIF-8 and MIL-68,
respectively. These curves were converted into the nominal (σ–ε)
curves (Fig. 5a–c), using the following relationships:

σ ¼ P

ðπd2=4Þ ð1Þ

ε ¼ h
l

ð2Þ

where P is the load, d the pillar diameter, h the vertical displace-
ment and l the pillar height. The resulting σ–ε curves (Fig. 5a and b
for ZIF-8 and MIL-68, respectively) showed good reproducibility,
particularly the elastic behaviour.

The averaged values of the material properties (namely
Young’s modulus, yield stress, stress and strain at failure)
extracted from micropillar compression tests are listed in Table 3.
Values measured for each pillar, along with test inputs are
summarized in Supplementary Table 2.

ZIF-8 exhibited a brittle behaviour (Fig. 5a): pop-in events
caused by the propagation of cracks, that are visible during elastic
loading, are followed by a second, less steep, linear (elastic)
segment, indicating that the material response is still elastic but
that a smaller cross-sectional area is now bearing the applied load.
As we can observe in Fig. 5d and Supplementary Fig. 24, the
cracks propagate along the longitudinal direction of the pillars,
essentially splitting it in two, hence reducing the cross-sectional
area bearing the load. The pillars that were brought to failure (see
Supplementary Table 2) were all ruptured at ~17% strain. This
different response compared to nanoindentation (brittle rather
than pseudo-ductile) is due to the different stress states generated
by the two tests: uniaxial for micropillar compression and triaxial
for nanoindentation. The latter results in a confining pressure
that compacts the nanocrystals, improving the overall toughness.

The strain rate was found to influence the yield stress of ZIF-8
(in this case, defined as the stress at which the first pop-in
appears), which decreased by ~30% (from ~200 to ~135MPa)
when the strain rate was reduced from 0.2 to 0.001 s−1. The effect
of strain rate might be explained with an inertial effect, similar to
what is widely observed in rock-like materials (i.e., solid
aggregates of minerals)42. Inertia initially inhibits crack growth,
meaning that the cracks will have less time to nucleate at higher
strain rate, hence starting to propagate at higher stresses.

The stress–strain behaviour of MIL-68 was very different from
ZIF-8. As shown in Fig. 5b, there is a significant plastic
deformation (large strains lying within the 20–50% range) and
no pop-ins are observed. There is no evidence of longitudinal
cracks (Fig. 5e and Supplementary Fig. 25), as opposed to ZIF-8.
Two pillars failed (set #1—pillar #1 and set #2—pillar #1) and
their fracture surfaces (Supplementary Figs. 20, 21 and Supple-
mentary Figs. 22, 23, respectively) suggest that the pillars cracked
in the direction perpendicular to their axis, contrary to what was
observed for ZIF-8 (Supplementary Fig. 24c, d), with the pillar
failing after longitudinal splitting. Particularly noteworthy is the
case of pillar #1 of set #2 (Supplementary Fig. 25c), that was not
crushed like the others, but rather cut at its base. This outcome
may suggest a buckling failure, given the greater slenderness of
this pillar (h/l= 2.6, against ~1 of the others).

These results are in good agreement with what was reported in
the authors’ previous work29, concerning the indentation fracture
toughness of these two monoliths. ZIF-8 was found to be more
susceptible to sharp indentation cracking than MIL-68. The
different fracture behaviour was ascribed to the different frame-
work architectures and nanostructures, resulting in distinct
elastic-plastic behaviours: ZIF-8 is characterized by large elastic
recovery and high H/E ratio, distinctive features of brittle
materials, contrary to MIL-68 (low elastic recovery and low
H/E), which exhibits an extraordinary resistance to indentation
cracking. The ductility of MIL-68 stems from the small size and
morphology of the nanoparticles building blocks and the stiff and
robust nature of the framework: this combination promotes the
grain boundary sliding as principal deformation mechanism. This
dramatically reduces the share of load transferred to the
framework, avoiding its distortion and eventual collapse, as
confirmed by the microRaman results, where no stress-induced
spectral modifications were observed.

The Young’s modulus values measured by the σ–ε curves
obtained from micropillar compression (measured as the slope of
the linear segments, before pop-ins) are lower than the results for
ZIF-8 and MIL-68 monoliths based on traditional
nanoindentation15,29, particularly for MIL-68, for which it is
only 20% of the counterpart measured by nanoindentation.
Young’s modulus of ZIF-8 was E= 2.45 ± 0.34 GPa, (against
3.18 ± 0.04 GPa15 measured by nanoindentation) and the one of
MIL-68 was 2.28 ± 0.37 GPa, (against 13.24 ± 0.52 GPa29 mea-
sured by nanoindentation). Numerous studies have found that
the modulus values for micropillars compression are significantly
lower than those for nanoindentation43–46, due to the intrinsic
differences between the two methods. Moreover, in the case of
self-assembled nanoparticles-based materials, like the monoliths
analyzed in this work, FIB milling induces the formation of highly
porous network, caused by the nanoparticles migration and
melting upon ion beam exposure47. This phenomenon was
observed in both ZIF-8 and MIL-68 samples, as porous networks
are visible inside the trenches surrounding the pillars (Fig. 5d, e
and Supplementary Figs. 24, 25). The presence of these features
may affect the computation of strain since the actual height of the
pillars may be higher than the measured one. Finally, there may
be some experimental aspects that are material specific. The
vacuum pumping in SEM might damage the porous monoliths
containing entrapped solvent. This could lead to further loss of
stiffness.

Conclusions
The stress–strain relationships of two prototypical MOF mono-
liths, namely ZIF-8 and MIL-68, obtained by a sol-gel synthesis
route, were evaluated by flat-punch indentation and micropillar
compression. Under indentation, when a confining pressure is

Table 2 Raman bands correlation table for ZIF-8.

Approximate wavenumber
(cm-1)

Mode assignments

176 Vibrations of the ZnN4 tetrahedra
284
422
686 Im ring puckering
694
836 C−H out-of-plane bending vibration in

the Im ring953
1024
1146 C−N stretching vibration in the Im

ring1185
1461 C−H wagging in the methyl group
1500 C=C stretching in the Im ring
2930 C−H stretching in the methyl group
3114 C–H stretching in the Im ring

(aromatic group)3135
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present and crack propagation is constrained, both the materials
display a similar plastic behaviour, characterized by a minimal
amount of strain hardening. Consistent with previous studies, this
kind of behaviour is promoted by the nanostructure of the sol-gel
monoliths, which favours grain boundary sliding as the main
deformation mechanism. When the framework itself is compliant
enough, it can permanently deform, absorbing part of the applied
load. This phenomenon was observed in the ZIF-8 monolith, as
demonstrated by the microRaman analysis of the residual flat
punch indent, which evidenced the presence of residual strains at
the framework level. Micropillar compression resulted in two
different yielding behaviours: ZIF-8 fails by elastic crack

propagation, while MIL-68 exhibits a certain amount of plastic
flow prior to failure.

The results of this work will broaden the current understanding
of the mechanical behaviour of MOF monoliths and nanocrys-
talline porous materials in general, which is a nascent field, but
will underpin the core development of this class of materials from
academic research to real-world applications.

Methods
Materials synthesis. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O),
2-methylimidazole (mIm), indium nitrate, 1,4-benzenedicarboxylate

Fig. 5 Micropillar compression tests. a, b Stress–strain curves of the micropillars compression of ZIF-8 and MIL-68, respectively. c Comparison of some
representative ZIF-8 and MIL-68 stress–strain curves, obtained by compression under different strain rates. d, e Representative pillars before
microcompression test (left), after test (middle) and magnified views of the ZIF-8 and MIL-68 monoliths after the tests (right).

Table 3 Mechanical properties of ZIF-8 and MIL-68 monoliths extrapolated from the micropillar compression tests.

Material Young’s modulus (GPa) Yield stress (MPa) Stress at failure (MPa) Strain at failure (–)

ZIF-8 2.45 ± 0.34 173 ± 30 224 ± 18 0.169 ± 0.015
MIL-68 2.28 ± 0.37 154 ± 38 180 ± 27 0.215 ± 0.007
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(BDC), triethylamine (NEt3), dimethylformamide (DMF), methanol
(MeOH), and acetonitrile (MeCN) were purchased from Fisher
Scientific and used as received.

ZIF-8 monoliths were synthesized following the procedure
described in our previous work15: 0.595 g of Zn(NO3)2·6H2O and
0.493 g of mIm were dissolved in 9 mL of DMF each and stirred
for 5 min. Then, 0.837 mL of triethylamine (NEt3) were added to
the linker solution. Subsequently, the two solutions were
combined in a 50mL vial, where a gel was promptly formed.
The mixture was sonicated for 5 min and then washed three
times, in 50 mL of solvent (DMF, MeOH and MeCN, respec-
tively), followed by centrifugation at 8000 rpm. The collected
solid was dried slowly at room temperature (RT ~ 25 °C) for
3 days under the fume cupboard to yield monoliths.

MIL-68(In) monoliths following the procedure reported in our
previous work29: a 9 mL DMF solution of 797mg of 1,4-
benzenedicarboxylic acid (H2BDC) plus NEt3 (9.6 mmol) was
prepared. After that, 9 mL DMF solution of 1444mg of indium
nitrate was immediately added into the mixture. Then the product
was washed thoroughly 4 times (2 times with DMF, 2 times with
MeOH). The nanocrystals of MIL-68(In) were separated from the
suspension by centrifugation at 8000 rpm for 10min and the
excess solvent was decanted. The obtained material was dried at
room temperature for 3 days to yield monoliths.

Nanoindentation. Nanoindentation tests were carried out using
an iMicro nanoindenter (KLA-Tencor) equipped with a 1 N load
cell. The as-synthetized monoliths were cold mounted in epoxy
resin (Struers Epofix), resulting in cylindrical samples. The spe-
cimens were thoroughly polished with sandpapers and diamond
suspensions (up to a 0.1 μm surface finish) to minimize rough-
ness and obtain a flat surface suitable for nanoindentation.

A flat punch indenter was employed, (diameter 10.64 μm) in
accordance with the method patented by Hay (2019)33 to
estimate stress–strain relationships. The flat punch indenter was
pressed into the surface at a constant strain rate of 0.005 s−1 to a
maximum depth of 5000 nm. More details of the method are
given in the Supporting Method 1.

Pellet preparation. ZIF-8 and MIL-68 pellets were produced by
using a manual hydraulic press (Specac). 100 mg of powder
materials (obtained by gently grinding the monoliths) per pellet
were compressed under pressures of 0.075, 0.15 and 0.375 GPa.

Confocal Raman microscopy (microRaman). Raman micro-
spectroscopy measurements were performed at beamline B22,
Diamond Light Source (DLS), Didcot (UK), using a confocal
Bruker Senterra Raman microscope. The mapping of the residual
flat punch indents was collected by setting the following mea-
surements conditions: objective 50×, laser 532 nm with grating
1200, resolution 3–5 cm−1, laser power 12 mW, integration time
5000 ms, scan area 40 μm × 40 μm, 21 × 21 points, and confocal
aperture of 25 × 25 μm.

Averaged Raman spectra of the pellets were obtained by
collecting 20 spectra per sample, in different areas. In this case a
×20 objective was employed and a 5 s bleaching step was
necessary for baseline corrections. All the other parameters were
kept constant.

XRD. X-ray diffraction (XRD) patterns were recorded using a
Rigaku MiniFlex with a Cu Kα source (1.541 Å).

ATR-FTIR. Attenuated total reflection Fourier Transform
Infrared (ATR-FTIR) spectra were recorded using a Nicolet iS10
FTIR spectrometer (employing a diamond crystal).

SEM and FIB. Scanning electron microscopy (SEM) images of
the nanocrystalline aggregates were acquired with a Tescan Lyra 3
(Tescan, Czech Republic) field-emission scanning electron
microscope, operating under a voltage of 10 keV. Focused Ion
Beam (FIB) was used to fabricate the micropillars for compres-
sion testing. The voltage was set to 30 keV, the values of beam
current are listed in Supplementary Table 1.

Micropillar compression. Compression tests of the micropillars
were performed by a flat punch indenter (diameter 10.64 μm),
using an iMicro nanoindenter (KLA-Tencor), equipped with a
50 mN load cell.

AFM imaging. The surface topography of the monoliths and the
nanocrystal aggregates was studied by atomic force microscopy
(AFM) as implemented in a neaSNOM instrument (neaspec
GmbH), in tapping-mode. A Scout350 (NuNano) probe with a
nominal tip radius of 5 nm and a resonance frequency of 350 kHz
was used.

The surface of the monoliths was imaged using the same
samples used for nanoindentation. The nanocrystal aggregates
samples were prepared by drop-casting: a small quantity of gel
(~1 mL) was pipetted out of the vial before drying and diluted
with a large volume of solvent (~20 mL), yielding a dispersion of
nanocrystals. The dispersion was then drop casted on a silicon
wafer (~1 cm × 1 cm), which had been carefully cleansed to
eliminate dust and other surface impurities beforehand. Follow-
ing that, the silicon chip was air dried in a fume hood.

Data availability
The primary data that support the findings of this study are available within the
Supplementary Information and from the corresponding author upon reasonable
request.
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