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ABSTRACT: The key parameters governing the mechanical stability of highly porous materials such as metal-organic frame-
works (MOFs) are yet to be clearly understood. This study focuses on the role of the linker connectivity, by investigating the 
mechanical stability of MIL-100(Cr), a mesoporous MOF with a hierarchical structure and a tritopic linker, and comparing it 
to MIL-101(Cr) having instead a ditopic linker. Using synchrotron X-ray diffraction and infrared spectroscopy we investigate 
the high-pressure behavior of MIL-100(Cr) with both solid and fluid pressure transmitting media (PTM). In the case of a solid 
medium, MIL-100(Cr) undergoes amorphization at about 0.6 GPa, while silicone oil as a PTM delays amorphization until 12 
GPa due to the fluid penetration into the pores. Both these values are considerably higher than those of MIL-101(Cr). MIL-
100(Cr) also exhibits a bulk modulus almost ten times larger than MIL-101(Cr).  This set of results coherently proves a supe-
rior stability of MIL-100(Cr) under compression. We ascribe this to the higher connectivity of the organic linker in MIL-
100(Cr), which enhances its interconnection between metal nodes.  These findings shed light on the importance of linker 
connectivity in the mechanical stability of MOFs,a relevant contributoin to the quest for designing more robust MOFs.

INTRODUCTION 
Understanding and improving the mechanical stability of 

a material is often a critical aspect. This is especially true in 
the context of metal-organic frameworks (MOFs), a class of 
crystalline materials wherein metal ions or clusters are co-
ordinated with organic ligands in a precisely engineered 
manner.1 MOFs have garnered significant attention due to 
their guest-accessible porosity, which renders them well-
suited for a wide spectrum of purposes, including hydrogen 
storage2, catalysis, nanoparticles incorporation3, and drug 
delivery4, among others. For such applications, MOFs must 
be stable, namely the structure must resist to degradation 
once exposed to operating conditions.5 In particular, me-
chanical stability is of paramount importance for postsyn-
thetic processing through mechanical compression.6 In-
deed, most of the MOFs are synthesized as fine powders and 
then densified in the form of monoliths and/or pellets for 
targeted operations. Determining whether the structure or 
textural properties are preserved during the compression 
or not is thus crucial.7 In the last years, great attention has 
been paid to synthesizing frameworks chemically and ther-
mally stable and different experimental approaches have 
been used to assess these stabilities.5,6,8 On the contrary, 
mechanical stability has been determined only for a few 
MOFs, mainly microporous, and the systematic investiga-
tion of many new synthesized frameworks is currently lack-
ing.6 

The mechanical properties of a given framework can be 
assessed by evaluating its response to compression, shear 
stress or tension. In particular, applying an external pres-
sure while tracking the volume reduction is an effective way 
to obtain the bulk modulus (K) of a crystalline material, 
which evaluates the isotropic volumetric elasticity on com-
pression.9 Moreover, it is possible to establish the maximum 
load that the system can hold before changing its phase or 
structure. For MOFs, this upper limit of the mechanical sta-
bility is typically marked by an amorphization process, 
characterized by partial or total pore collapse.10 Given the 
large number of attainable frameworks, elucidating inter-
dependencies among structural parameters—such as to-
pology, pore volumes, and ligand connectivity— and me-
chanical properties, could foster the synthesis of more ro-
bust MOFs.11,12 

As the number of reported structural parameters for 
compressed MOFs grows, few studies permit cross-compar-
isons.11 This is due to different experimental methods or the 
lack of experimental details. As an example, reported values 
of the UiO-66(Zr) bulk modulus span between 15 and 37.9 
GPa.13–18 Such different values are probably the result of dif-
ferent defect concentrations present in the framework, bur-
densome quantity to determine experimentally.11,15,19 More-
over, it is well known how guest molecules can penetrate 
into the pores and significantly impact the high-pressure 
behavior of MOFs and thus the bulk moduli reported in the 
literature.11,20–24 A recent study by Redfern and coworkers 



 

explores the relationship between the structural parame-
ters of two isoreticular MOF series, the UiO and the NU-900 
series. They observe that for both topologies, the bulk mod-
ulus is inversely correlated with void fraction13, which is in 
agreement with a computational study  showing that the 
bulk modulus is inversely  proportional to the pore diame-
ter for 3000 frameworks.25 However, Redfern et al. also 
showed that the linker length and the nearest node distance  
play an important role in the framework response to com-
pression, highlighting how even minor differences in the 
structure can strongly affect the bulk modulus.13 One of the 
key parameters in MOFs structure that defines their topol-
ogy is the linker connectivity, also known as topicity, which 
identifies how many metal nodes a single linker molecule 
can connect to within the MOF network.16,26 Identifying 
MOFs with the same topology and different linker topicity 
and comparing their behavior at high pressure, could help 
in assessing the role played by this parameter in the frame-
work mechanical stability.11 

To contribute a piece to this puzzle, we report the study 
of the high-pressure behavior of the mesoporous MOF MIL-
100(Cr) which presents a hierarchical structure made up of 
trimeric chromium oxide secondary building units (SBUs) 
linked by 1,3,5-benzenetricarboxylic acid (BTC).27 MIL-
100(Cr) exhibits the mtn topology and cubic symmetry 
(space group Fd3m̅), akin to MIL-101(Cr) previously inves-
tigated at high-pressure.20 However, it features a tritopic 
linker, in contrast to the ditopic 1,4-benzenedicarboxylate 
acid (BDC) ligand found in MIL-101(Cr).28 In MIL-100(Cr) 
the chromium clusters are assembled in supertetrahedra 
(ST), as shown in Figure 1, and then further linked in a ver-
tex-sharing manner forming two quasi-spherical cages. The 
small cage made of 20 ST has pentagonal windows of 5 and 
9 Å diameter, and the large cage consisting of 28 ST shows 
a diameter of 29 Å accessible through hexagonal (14.7 x 16 
Å2) and pentagonal windows.27  

 
FIGURE 1 Supertetrahedra of MIL-101(Cr) (left) and MIL-
100(Cr) (right). Cr, C and O atoms are depicted in blue, gray and 
red respectively. 

Here, we investigate MIL-100(Cr) by means of synchro-
tron X-ray diffraction (XRD) and infrared (IR) spectroscopy 
at high-pressure, which is generated by diamond anvil cells 
(DACs) using solid and fluid pressure transmitting media 
(PTM). A thorough experimental procedure allowed us to 
compare the results obtained here with the mechanical 
properties of MIL-101(Cr). We demonstrate that MIL-
100(Cr) presents a bulk modulus almost ten times higher 
than that of MIL-101(Cr), making MIL-100(Cr) the more 
mechanically stable mesoporous MOF reported so far. 

 

EXPERIMENTAL SECTION 

MIL-100(Cr) (chemical formula Cr3O(H2O)2F[C6H3-
(CO2)3]2(H2O)n with n~28) is synthesized by a modified hy-
drothermal synthesis developed by Llewellyn et al.29 Tri-
mesic acid (8.4 g, 40 mmol), HF 49% (1.44 ml, 0.8 g, 40 
mmol HF) and H2O (192 ml) are added to CrO3 (4 g, 4 mmol). 
The obtained mixture is stirred for a few minutes at room 
temperature and then introduced in a Teflon-lined stain-
less-steel autoclave for 96 hours at 493 K. The resulting 
green solid is separated by filtration, washed with water, 
and dried at 393 K in an oven. The as-synthesized MIL-
100(Cr) is purified by Soxhlet extraction with ethanol. Ni-
trogen porosimetry was performed at 77 K to estimate its 
textural properties (see Figure S1 in Supporting Infor-
mation). The determined BET surface area and the specific 
pore volume are 1679±10 m2g-1 and 0.92±0.01 cm3 g-1 re-
spectively. Transmission electron microscopy images 
shows that the crystallite size of the MIL-100(Cr) is in be-
tween 100 and 200 nm (see Figure S2). The thermal stabil-
ity of MIL-100(Cr) was determined by thermogravimetric 
analysis (TGA), shown in Figure S3.  

Since activated samples can easily adsorb water mole-
cules, samples have been degassed before any experiment 
at 493 K for 18 hours under vacuum (below 10-5 mbar) and 
successively handled avoiding air exposure, i.e. in a glove-
box under an N2 gas atmosphere with O2 and H2O levels be-
low 1 ppm, before the high-pressure experiments.  

The crystalline structure of activated MIL-100(Cr) was 
verified by both laboratory and synchrotron X-ray diffrac-
tion at ambient conditions. Laboratory measurements have 
been performed on samples exposed to air, using a Bruker-
D8 Advance diffractometer in the Bragg-Brentano geometry 
and using as source a copper anticathode (λKα1 = 1.5406 Å) 
fed at 40 kV and 40 mA (Figure S4). An additional high-res-
olution diffractogram of a degassed sample has been col-
lected at the CRISTAL beamline of the SOLEIL synchrotron 
(Figure S5). Diffraction images were collected using Ray-
onix SX165 detector a monochromatic beam with a wave-
length of 0.7293 Å. 

Synchrotron high-pressure measurements were carried 
out at SOLEIL synchrotron. Membrane DACs equipped with 
IIas diamonds were used. The sample chambers consisted 
of a 150−200 μm hole drilled in pre-indented stainless-steel 
gaskets 50 μm thick. For each experimental run, the acti-
vated samples were loaded into the DAC in a glovebox 
equipped with a microscope and the DAC was sealed at the 
lowest pressure achievable, usually around 0.01-0.1 GPa, 
before removing it from the glovebox. Fluid and solid PTM 
were used in separate experiments: PDMS silicone oil (pol-
ydimethylsiloxane / PDMS, viscosity 30 000 cSt at 300 K, 
CAS 63148-62-9) and alkali salts, namely, NaCl for XRD and 
CsI for IR, chosen for its transparency in the far infrared re-
gion.30 Before being loaded, solid PTM were finely milled 
and stored in an oven at 393 K. In the case of XRD experi-
ments, the sample was loaded together with the chosen 
PTM and few grains of NaCl, used to determine the pressure 
from its equation of state. The XRD experimental run with 
silicone oil was performed on the PSICHE beamline using a 
wavelength of 0.485930 Å, a spot size of 35x35 μm2and a 
DECTRIS CdTe 4 M detector. XRD measurements with NaCl 
as PTM were collected on the CRISTAL beamline with a 



 

0.5802 Å X-ray beam, a spot of around 40 μm2, and a Ray-
onix SX165 detector. Raw diffraction images were corrected 
by masking, if any, diamond reflections, and artifacts and 
converted to 1D patterns by using the Dioptas software.31 
Unit cell parameters were then refined using the Le Bail 
method. The equation of state fitting procedure has been 
performed using the EoS fit software.32 

IR spectroscopy measurements were performed at the 
SMIS beamline with a home-built horizontal microscope 
equipped with custom Schwarzschild objectives and cou-
pled to a Thermo Fisher iS50 Fourier-transform spectrom-
eter. Mid-IR (MIR) spectra (700 − 4000 cm−1) were collected 
with a liquid N2-cooled MCT detector while a liquid He-
cooled Si bolometer was used to collect far-IR (FIR) spectra 
in the 200 − 700 cm−1 spectral range. KBr and solid sub-
strate beam splitters were used for these two spectral 
ranges. Peak frequencies and width were obtained via least-
square fitting using Lorentzian functions. For all experi-
mental runs, pressure was increased at a rate of about 0.02 
GPa per minute and it was obtained by the ruby fluores-
cence technique. 

 
RESULTS AND DISCUSSION 

Selected diffractograms of MIL-100(Cr) collected with in-
creasing pressure are reported in Figure 2 using NaCl and 
silicone oil as PTM. In the NaCl case (panel (a)), the intensity 
of the Bragg peaks gradually decreases on compression up 
to about 0.6 GPa. This indicates a complete transition to an 
amorphous phase which is not reversible after the pressure 
release. On the contrary, when silicone oil is used as PTM 
(panel (b)), the main XRD peaks are still detectable, alt-
hough very broad, up to around 18 GPa pointing out that 
some crystalline long-range order is still present at this 
pressure.  

 
FIGURE 2 Selected powder XRD patterns of MIL-100(Cr) under 
pressure with (a) NaCl (λ=0.5790 Å) and (b) silicone oil 
(λ=0.48593 Å). Patterns are vertically stacked for the sake of 
clarity. Patterns collected after the pressure release are shown 
in blue. 

The pattern collected at the minimum pressure obtained 
after the pressure release, i.e. around 3.8 GPa, resembles 
those measured at the highest pressure. This means that the 
original crystalline order is not re-established. However, a 
complete transition to an amorphous phase is not observed 
with the fluid PTM in the pressure range explored. The pres-
sure dependence of the lattice parameter of MIL-100(Cr) is 

reported in Figure 3(a) in the low-pressure range. In the 
case of solid PTM, a decreases on compression quite regu-
larly up to around 0.4 GPa. Above this pressure value the 
slope changes slightly concomitantly with the abrupt loss of 
the Bragg peaks intensity in the XRD patterns (see Figure 
2(a)), suggesting that this effect is probably linked to the on-
set of the amorphization, then completed around 0.6 GPa. 

We performed a fit to the unit cell volume data with a sec-
ond and third-order Birch-Murnaghan equation of state 
(EoS)33 up to 0.4 GPa, as shown in Figure 3(b). In the case of 
a second-order EoS (dotted red line), the bulk modulus re-
sults to be K0 = 9.0±0.4 GPa. Although the fit converged, the 
curve obtained does not perfectly match the experimental 
points. For this reason, we also tested a third-order equa-
tion (dashed red line) which gave a bulk modulus K0 = 
12.0±0.4 GPa and its first derivative Kp = -8.6±1.4 GPa. A 
negative value for Kp indicates that the framework becomes 
more compressible on increasing pressure, an unusual ef-
fect for solid systems. However, a similar response has been 
previously reported for ZIF-8.34 The authors proposed that 
this could originates from the bending of the organic linker 
and may be a widespread phenomenon for hybrid porous 
materials.34  

 
FIGURE 3 Pressure dependence of MIL-100(Cr) lattice param-
eter a up to (a) 0.65 GPa and to (b) 19 GPa. NaCl (pale blue sym-
bols) and silicone oil (light green) are the PTM employed. If not 
displayed, error bars are within the symbol size. (c) Unit cell 
volume of MIL-100(Cr) in the 0-0.5 GPa pressure range. Dotted 
and dashed red lines represent the second and third-order 
Birch-Murnaghan equation-of-state fit of the experimental 
points, respectively.  

With silicone oil as the PTM, a quite different pressure de-
pendence of the lattice parameter is observed. As shown in 
Figure 3(a), it slightly increases up to 0.2 GPa, and then 
starts to decrease with pressure. The  unusual volume ex-
pansion of the unit cell could be explained by a pressure-
promoted hyperfilling of the MIL-100(Cr) pores by the 
PDMS, as already observed for MIL-101(Cr) at a lower ex-
tent.20 Indeed, the bulky polymeric chains of PDMS would 
require high pressures to be inserted into the pores causing 



 

the volume expansion up to about 0.2 GPa. After this pres-
sure value, MIL-100(Cr) and the silicone oil are compressed 
together up to 12 GPa and the whole pressure behavior 
originates from the composite material. Above 12 GPa, the 
lattice parameter starts to increase (see Figure 3(b)), which 
has also been seen in the MIL-101(Cr) case, and signals the 
formation of an amorphous phase denser than the crystal-
line phase, thus freeing some spaces inside the DAC gasket 
hole to allow for the observed expansion of the crystalline 
sample portion.20 

To test the hypothesis of the fluid PTM presence inside 
the pores, we measured the IR spectra of MIL-100(Cr) un-
der pressure in the spectral range spanning the FIR and the 
MIR, i.e. from 100 to 5000 cm-1 with the two PTM used. De-
tails of the peak assignments, some of them here reported 
for the first time, are discussed in the SI (figures S6 and S7).  

Here we focus on the FIR (200 – 700 cm-1) range, where 
collective and CrO vibrational modes appear, and on the 
high-frequency region of the MIR (3500 – 3750 cm-1) char-
acterized by OH stretching modes. These two spectral re-
gions at high-pressure are reported in Figure 4 panels (a)-
(b), where CsI is the PTM, and in panels (c)-(d), with silicone 
oil as PTM. In the first case, the peaks broaden and their in-
tensity decreases under pressure. In particular, the OH ν26 – 
ν28 modes are completely suppressed and not detectable an-
ymore above 0.7 GPa, while the intensity reduction of col-
lective and CrO ν1 – ν4 peaks stops above this pressure 
threshold. The spectrum collected after releasing pressure, 
shown in blue in Figure 4, indicates a preservation of the 
pressure-induced modifications, which agrees with the ir-
reversible transition to the amorphous phase observed at 
around 0.6 GPa in the XRD experiments.  

Focusing now on the silicone oil case, spectra shown in 
Figure 4(c)-(d) present a quite different evolution under 
pressure: the CrO ν4 mode blueshifts without a noticeable 
intensity variation until 6 GPa, followed by a broadening. A 
broad OH mode redshifts until it merges with the broad 
band detected between 2700 and 3500 cm-1 attributed to in-
teracting residual water molecules inside the pores.35 In-
deed, it is worth noting that even after degassing the sam-
ple, which removes the majority of water molecules, a small 
percentage persists within the pores. After the pressure re-
lease, the observed effects at high-pressure are almost fully 
reversible. These spectroscopic results are thus consistent 
with the those found by XRD, pointing out the structural en-
durance of the framework up to 18 GPa (see Figure 2(b)) 
with silicone oil. 

FIGURE 4 FIR and OH stretching regions of MIL-100(Cr) 
spectra measured under pressure with CsI(a)-(b) and sili-
cone oil (c)-(d) used as PTM. In panel (c), the absorption of 
around 400 cm-1 of silicone oil is masked (see figure S8 for 
a spectrum of silicone oil). Spectra collected after the pres-
sure release, at the lowest possible pressure, are shown in 
blue. Spectra are vertically stacked for clarity with increas-
ing pressure values. 
 

To quantify the reported spectral changes, we extracted 
by a fitting procedure the peak frequency and the full width 
at half maximum (FWHM) of  the CrO mode ν4 and the OH 
ν26 peak, which is assigned to the structural hydroxyl group 
linked to the chromium atoms of the metallic cluster.35 The 
pressure dependence of these parameters is shown in Fig-
ure 5 up to 1.1 GPa for both PTM, where the peak frequency 
and the FWHM of the ν26 mode have been normalized to the 
value obtained at the lowest pressure measured to ease the 
comparison (absolute values are shown in figures S10 and 
S11). 

In the silicone oil case (green symbols), ν4 mode hardens 
and ν26 mode softens under pressure while the FWHMs re-
main quite constant without showing any relevant anomaly, 
consistently with the absence of phase transitions. Instead, 
when using a solid PTM (blue symbols), the CrO mode ν4 

hardens up to around 0.4 GPa, then it softens until it is fi-
nally stabilized around 522 cm-1 above 0.8 GPa as shown in 
panel (a) of Figure 5. The OH mode frequency ν26 is quite 
stable before becoming undetectable at 0.8 GPa. Indeed, 
both FWHMs of ν4 and ν26 modes show a clear and sudden 
slope change at about 0.4 GPa with a strong increase per-
sisting up to 0.8 GPa, where the width of the CrO mode sta-
bilizes, similarly to its frequency trend.  

The effects observed around 0.4 GPa with the solid me-
dium can be related to the occurrence of the crystal-to-



 

amorphous transition, where the pore collapse and lattice 
distortions increase the interaction among adjacent atoms, 
thus abruptly increasing the peak widths36 and weakening 
the CrO bonds. The changes around 0.8 GPa thus signal the 
end of the crystal-amorphous conversion.  The absence of 
hardening for the OH modes, thus contrary to the usual re-
sponse of vibrational modes under pressure, could be ex-
plained by the formation and strengthening of hydrogen 
bonds between the hydroxyl groups and the neighboring C-
H groups of the organic linker37 which are made possible by 
the dramatic distortions that the framework experience 
during the amorphization process.  Filling the pore voids 
with PDMS removes all the aforementioned spectroscopic 
signatures from the pressure dependence of the MIL-
100(Cr) peak parameters. Indeed, now they evolve 
smoothly under pressure, clearly indicating the lack of ab-
rupt and dramatic structural changes. It is worth noting the 
strong softening of the OH frequency, nicely explained by 
the distance between the hydroxyl groups and the guest 
polymers getting reduced by pressure, which increases the 
hydrogen-PDMS interaction thus weakening the OH bond. 
Therefore, the OH frequency vs pressure relation, is a clear 
marker of the host-guest interaction. 

 
FIGURE 5 Pressure dependence of the peak frequencies 
(PF) and full-widths-half-maximum (FWHM) of the CrO ν4 

(a)-(c) and the OH ν26 (b)-(d) modes of MIL-100 up to 1.1 
GPa with different PTM: CsI (pale blue symbol) and silicone 
oil (green). For the OH modes, the PF and FWHM values at 
each pressure have been normalized to those at the initial 
pressure, PF0 and FWHM0. Error bars are within the symbol 
size. 
 

Finally, the whole set of IR data confirms that the pres-
sure induced transition to the amorphous phase starts 
around 0.4 GPa and it is completed around 0.8 GPa when no 
guests are present in the pores, in agreement with the 

results obtained by XRD. The small discrepancy in the pres-
sure values for the end of the amorphization obtained 
through the two techniques, probably originates from the 
higher sensitivity of IR spectroscopy to the local environ-
ment. The discrepancy suggests that short-range order is 
still present after the amorphization, between 0.6 and 0.8 
GPa, when instead the long-range order is completely lost.38 

This coherent set of results on MIL-100(Cr) at high-pres-
sure allows for a comparison with MIL-101(Cr).20,21 MIL-
100(Cr) has a similar cubic structure and the same topology 
as MIL-101(Cr) consisting of microporous supertetrahedral 
units linked by rigid carboxylate ligands: trimesate and ter-
ephthalate, respectively.27,28 The presence of a different 
linker results in different pore sizes and windows which in 
turn is reflected in the internal surface areas and total pore 
volumes: MIL-101(Cr) displays larger pores and higher to-
tal pore volume compared to MIL-100(Cr).  

The comparison between the present results on MIL-
100(Cr) and those on MIL-101(Cr)20,21 shows that they be-
have qualitatively similarly when an external pressure is 
applied. When a solid medium is employed, an irreversible 
amorphization of the empty structure occurs for both sys-
tems. However, a closer inspection reveals quantitative dif-
ferences. MIL-100(Cr) bulk modulus is considerably higher, 
almost 9 times in the case of the second-order equation of 
state fit, and the amorphization occurs at higher pressure, 
being completed around 0.6 GPa for MIL-100(Cr) instead of 
0.1 GPa for MIL-101(Cr). This is particularly noticeable 
when the normalized unit cell volumes of the two frame-
works are compared under pressure, as shown in Figure 
6(a). An analogous comparison with silicone oil as PTM is 
shown in Figure 6(b). The overall behavior of the two mes-
oporous MOFs appears similar to an initial compression of 
the volume followed by the increase observed concurrently 
with the amorphization onset. However, this effect is shifted 
to higher pressure for MIL-100(Cr).  

 
FIGURE 6 Unit cell volume as a function of the pressure for 
MIL-101(Cr) (green) and MIL-100(Cr) (red) when NaCl (a) 
and silicone oil (b) are employed as medium. Pressure de-
pendences of CrO peak frequency (PF) (c) and width 
(FWHM) (d) for both samples with a solid PTM. Volume, 
peak frequency, and width values are normalized to the 



 

lowest pressure values for each sample. MIL-101(Cr) data 
are from our previous works.20,21 

 

At a local scale, both frameworks feature the same chro-
mium oxide SBUs and this is reflected in a qualitatively sim-
ilar behavior of the peak parameters of the CrO mode (ν4) 
under pressure with a solid PTM. As shown in Figure 6(c)-
(d), from low to high-pressure, the frequency trend is char-
acterized by a hardening-softening-constant sequence 
whereas a constant-broadening-constant sequence is ob-
served for the width. It is interesting to notice that the initial 
frequency hardening, which is usually the expected re-
sponse of a vibrational mode to compression, is not ob-
served for MIL-101(Cr) because of the amorphization pro-
cess taking place already at about 0.1 GPa. This qualitatively 
similar behavior but shifted in pressure when changing the 
linker, indicates that the mechanical instability, ultimately 
leading to the amorphization, does not probably stem from 
the metallic cluster, i.e., the trimeric chromium oxide SBU, 
but from the linker.  

Previous experimental and theoretical studies prove that 
also other structural parameters, such as the length and 
shape of the linker, the metallic node connectivity or differ-
ent metallic ions, affect the framework stability.9,13,37,39,40 
The influence of the ligand topicity on the mechanical sta-
bility has never been explored before, to the best of our 
knowledge. Our results indicate that the polytopic nature of 
the BTC linker and the higher interconnection between the 
metal SBUs in MIL-100(Cr) are key factors in achieving 
higher mechanical stability in porous frameworks. As a 
comparison, augmenting node connectivity in NU-901 by 
introducing an extra linker, resulted in a less than twofold 
increase of the bulk modulus.40 Conversely, in the case of 
UiO-66 with different metals, the variation in bulk modulus 
was smaller than a factor of two.37 This underscores the sig-
nificantly greater impact of linker topicity on the mechani-
cal stability, as reported here for MIL-100 and MIL-101. 

To further enlarge our discussion, we report in Table 1 
bulk modulus and other relevant structural parameters for 
noteworthy MOFs previously studied at high pressure. 

 
TABLE 1 Void fraction, linker length, bulk modulus K0 and 
amorphization pressures (AP) for various MOFs, including 
MIL-100(Cr) and MIL-101(Cr), ordered by decreasing void 
fractions.  References are indicated for each value. 

To ensure a meaningful comparison, our analysis focused 
on MOFs having BDC and BTC linkers, such as UiO-66, MIL-

125 and HKUST-1, in addition to MOFs showing a correla-
tion between void fraction (or linker length) and bulk mod-
ulus. 13 Indeed, Redfern et al. hypothesized that the primary 
source of lattice rigidity was due to the steric repulsion of 
the framework components: the presence of larger void, i.e. 
larger void fraction, thus leads to a lower mechanical stabil-
ity.13 Our data on MIL-100(Cr) and MIL-101(Cr) align with 
this qualitative correlation showing that the bulk modulus 
decreases as the void fraction increases (see Table 1 and 
Figure S12). However, it is worth noticing a slight deviation 
in the case of MIL-100(Cr) and HKUST-1, which display a 
higher bulk modulus although having a void fraction com-
parable to that of MOFs with a BDC linker. i.e. MIL-101(Cr) 
and MIL-125(Ti), respectively. This stresses, once more, the 
importance of the linker topicity. although totally decou-
pling this parameter and the textural properties, in particu-
lar the void fraction, is not possible. Nevertheless, compar-
ing the high-pressure behavior of the two MOFs when their 
pores are filled with a fluid PTM could be a first step in dis-
entangling the porosity and the linker connectivity. As 
shown in Figure 6(b), the MIL-100(Cr) volume starts to in-
crease around 12 GPa, 5 GPa higher than in MIL-101(Cr), 
thus highlighting a higher mechanical stability of the MIL-
100(Cr) backbone structure even when the pores are filled. 
We can thus conclude that the higher mechanical stability of 
MIL-100(Cr) compared to MIL-101(Cr) originates from the 
higher linker connectivity. 

 
CONCLUSIONS 
In this work, we investigated the mechanical stability of a 
mesoporous MOFs, i.e. MIL-100(Cr), using solid and fluid 
PTM revealing the pressure-induced modification of its 
structural and vibrational properties. Exploiting two com-
plementary techniques, X-ray diffraction and infrared spec-
troscopy, and carrying out a thorough sample preparation 
provided a clear and coherent picture about the intrinsic 
mechanical stability of the system, the effect of eventual 
guests inside the pores, and the role played by the ligand 
connectivity. In the case of solid PTM, MIL-100(Cr) under-
goes amorphization at 0.6 GPa, higher than the pressure 
value of 0.1 GPa observed for MIL-101(Cr), showing that 
MIL-100(Cr) presents a superior mechanical stability than 
MIL-101(Cr). Accordingly, MIL-100(Cr) exhibits a consider-
ably higher bulk modulus, about ten times greater than the 
one obtained for MIL-101(Cr). These two MOFs have the 
same topology but an organic linker with different connec-
tivities, i.e. two for MIL-101(Cr) and three for MIL-100(Cr). 
Although the linker connectivity and the porosity are inevi-
tably correlated, our results point out that a polytopic linker 
in the framework provides higher mechanical stability. 
Therefore, we hope that this study stimulates further high-
pressure investigation focusing on MOFs with different 
linker connectivities but similar pore volumes to disentan-
gle these two parameters and find the structural key to 
achieving mesoporous MOFs with higher mechanical stabil-
ity to compression. 
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MOFs 

Void 

frac-

tion 

Linker 

length 

(Å) 

K0 (GPa) 
AP 

(GPa) 

MIL-101(Cr) 0.8328 6.0213 1.1±0.921 0.121 

MIL-100(Cr) 0.7627 5.0527 9.0±0.4 0.6 

PCN-57(Zr)13 0.73 14.35 4.6±0.1 > 0.3 

NU-901(Zr)13 0.70 17.08 7.2±0.3 > 0.3 

HKUST-1 0.6841 5.0541 29.5±0.524 > 224 

MIL-125(Ti) 0.6842 6.0213 10±214 > 214 

UiO-67(Zr)13 0.64 10.09 21.1±0.6 > 0.25 

DUT-52(Zr)13 0.57 7.99 17±2 NA 

UiO-66(Zr) 0.5213 6.0213 37.9±0.613 1.818 



 

N2 adsorption and desorption measurements, TEM images, 
thermogravimetric analysis, XRD measurements at ambient 
conditions, infrared characterization at ambient conditions and 
peak assignments, infrared spectrum of silicone oil, pressure 
dependence of vibrational modes.  
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