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Exploration of the mechanical behavior of Metal Organic
Frameworks UiO-66(Zr) and MIL-125(Ti) and their NH,

functionalized versions

Pascal. G. Yot,” Ke Yang’ Florence Ragon,” Vladimir Dmitriev," Thomas Devic, Patricia

. d o d . .
Horcajada,” Christian Serre, Guillaume Maurin,?

The structural behaviour under mechanical stimuli of two Metal Organic Frameworks, UiO-66(Zr) and MIL-125(Ti) and their
amino-functionalized derivatives has been investigated by high-pressure powder X-ray diffraction up to 3.5 GPa. All these
solids showed a gradual pressure-induced reversible decrease of their crystallinity and UiO-66(Zr)_NH, material was
revealed as one of the most resilient MOFs reported so far orresponding to a very high bulk modulus. The mechanical
behaviors of these MOFs have been correlated to their chemical and geometric features including the metal-oxygen

coordination number,

Introduction

Metal Organic Framework (MOF) materials have been the focus of
intense research over the past 10 years, with the emergence of
more than 20,000 architectures, constructed from the assembly of
a large diversity of both inorganic units (clusters, chains) and
organic moieties. Some of these hybrid porous solids have shown
performances that sometimes surpass that of the conventional
porous materials commercially used in diverse areas including
storage of strategic gases, separation of fluids, catalysis, etc... 01,02 o
significant effort has been devoted since the last few years to
characterize the water stability of these materials considered as
one of the major drawbacks that would limit their uses for many
applications. *% Their mechanical stability has received much lesser
attention, 9 although this feature is of outmost importance since
the MOFs are required to retain their crystallinity and porosity
during both their shaping (pellets, membranes) and the different
types of compression in play in the targeted applications.

Amongst the large number of MOFs reported so far, the UiO-66(Zr)
(UiO stands for University of Oslo), the MIL-125(Ti) (MIL stands for
Materials of Institut Lavoisier) and their amino derivatives 1012 have
shown promising performances in different fields including gas
storage/separation, electro/photo-catalysis and optical response. B
16, Interestingly, both families of materials have been demonstrated
to possess good thermal and chemical stabilities that make them
very attractive for further applications. Indeed they maintain their
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the nature of the organic

linker, the porosity as well as their crystal density.
structure unaltered up to 600 K in air, and they are stable not only
under moisture but also in the presence of contaminants such as
H,S. % This unique combination of stabilities is a clear-cut
advantage compared to the majority of Cu-, Fe- and Zn- based
MOFs reported so far. 7 The mechanical behaviour of the UiO-
66(Zr) and the MIL-125(Ti) has been only scarcely explored so far. 18,
1 Beyond an interest from an application standpoint, the
fundamental knowledge of the impact of both the framework
topology and crystal density, the metal-oxygen and metal-organic
coordination of MOFs and the functionalization of the organic linker
on their mechanical properties is appealing. In this context, the
selection of these 3D cages-type Zr- and Ti- based MOFs is relevant
since these solids showing the same topology (i) are built from
distinct structure building units (SBUs), i.e. cyclic octamers of edge-
and corner-sharing TiOs(OH) octahedra for MIL-125(Ti)s and inner
Zr04(0OH), cluster in which the triangular faces of the Zrg-
octahedron are alternatively capped by u3-O and us-OH groups for
Ui0-66(Zr)s, (ii) the coordination of the metal center differs, the Ti
atoms being six-coordinated, while the Zr atoms are eight-
coordinated and (iii) their crystal density significantly differs (see

Table 1).

Herein, the pressure-induced structural behaviour of these MOF
materials under applied pressure up to 3.5 GPa is explored by
means of high pressure powder X-ray diffraction (PXRP) with the
objective to reveal (i) their pressure-domain stability, (ii) the
evolution of their crystallinity and (iii) their compressibility via the
determination of their bulk modulus. These whole data are further
discussed in light of the framework topology, the metal-oxygen
coordination and the functionalization of the organic linker of these
MOFs. Finally these mechanical properties are compared to that
reported so far in the literature for other rigid MOFs.

Materials and Methods

Materials

Dalton Trans., 2015, 00, 1-3 | 1
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The four samples were synthesized and characterized according to
previously published procedures. 2022

More details about the synthesis procedures are given in the
Electronic Supporting Information. Since this Zr-based MOF is
known to show defects in the form of missing Iinkers,zs'27 Thermo
gravimetric analysis (ESI, Fig. S1) 2 were performed to estimate
their concentration in both UiO-66(Zr) and UiO-66(Zr)_NH,. It was
evidenced that these solids contain only a small concentration of
missing linkers, i.e. 1 out of 12 total in the Zr-O coordination sphere.
Such an identical number of defects for the two solids make the
comparison of their mechanical properties fully consistent without
the need in this study to explore the impact of the structural
defects.

Powder X-ray diffraction

High pressure powder X-ray diffraction (PXRD) experiments were
carried out at the European Synchrotron Radiation Facility on the
Swiss Norvegian Beamline BMO1A. All XRPD patterns were recorded
at room temperature in a pressure range [10'4—3.5 GPa] using a
diamond anvil cell (DAC) with a wavelength A=0.694120 A. This
strategy has been already used to characterize the structural
behaviour of MOFs under applied pressure. 22844 £ 6 each patterns
the pressure was determined from the shift of the ruby R1
fluorescence line. Aldrich AP100 Silicone oil was used as a pressure-
transmitting medium to give quasi-hydrostatic conditions since its
kinetic diameter largely exceeds the window size of both porous
solids which ensures that it does not enter into the pore. Profile
analysis (Le Bail intensity fitting with refinement of lattice
parameters) of individual powder X-ray patterns was performed
using Jana 2006 software. 45

Results

The resulting PXRD patterns for both UiO-66(Zr) and UiO-66(Zr)-
NH2 are reported in Figures 1a and 1b. The Bragg peaks are only
slightly shifted towards high angles in the whole range of applied
pressure. All the recorded patterns are successfully indexed in the
space group F43m (See ES fig. S2 and S3). The resulting evolutions
of the unit cell parameters as a function of the applied pressure are
plotted in Figure 2. Both solids show a gradual decrease of their unit
cell volumes at the initial stage of the applied pressure up to 1 GPa
followed by a step change that occurs in the pressure range 1.0-1.5
GPa. In contrast to our previous reported results for the MIL-53(Cr,
Al) and MIL-47(V) series, these solids do not undergo any structural
transition. The UiO-66(Zr) frameworks exhibit a relatively rigid
character as illustrated by their unit cell volume variations lower
than 10% at 3.5 GPa (see ESI). This observation confirms what has
been previously reported by Guillerm et al. 8 for Ui0-66(Zr) under
an increasing uniaxial compression created by an Infra-red press up
to 1 GPa. The mechanical stability of these solids comes from the
high Zr-O coordination (8) and the high inorganic node-organic
linker coordination (12) both parameters contributing to drastically
enhance the resilience of such an architecture. These experimental
findings are also consistent with the conclusions drawn by previous
DFT calculations on UiO-66(Zr) that stated that such a structure
undergoes only tiny changes under compression with a small
shortening of the Zr-O distances as well as the distances between
bridging bonds between the carbon atoms of the carboxylate group
and the carbon of the phenyl rings. 9

2 | Dalton Trans., 2015, 00, 1-3

Both solids exhibit however a significant broadening of the Bragg
peaks under increasing applied pressure (Figure 1). This is
associated with a pronounced loss of crystallinity at moderate
pressures that was evaluated using the Scherrer equation applied to
the diffraction peak corresponding to the (111) plane (see ESI). The
evolution of the normalized crystallinity in the whole range of
pressure is reported for both UiO-66(Zr)s in Figure 3.
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Fig. 1 Powder X-ray diffraction patterns (A= 0.694120 A) obtained
for the (a) UiO-66(Zr) and (b) UiO-66(Zr)_NH, as a function of the
applied pressure at room temperature.
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These plots show a step-change at ~1.4 GPa and ~1.8 GPa for UiO-
66(Zr) and its amino form respectively, followed by a smoother
decreasing profile at higher pressure. This coincides well with the
step-change observed in Figure 2 for the unit cell parameter
variations.

One can also observe that the lowering of the crystallinity is
significantly more pronounced for UiO-66(Zr) whatever the
magnitude of the applied pressure. This trend is concomitant with a
steeper decrease of the unit cell parameter for the non-
functionalized solid (Figure 2). Typically, for an applied pressure of
~1.7 GPa, Ui0-66(Zr) undergoes a slightly higher volume change
(AV/Vy=6.5%) compared to its amino functionalized form
(AV/Vy=4.3%) (See ESI). The incorporation of the amino function on
the organic linker does not lead to a drastic change of the crystal
density and porosity (free volume and theoretical accessible surface
area-see Table 1). However, the —NH, groups introduce a steric
hindrance (van der Waals volume of 90.4 A% and 93.8 A® for C¢H,
and CgHs-NH, respectively). into the pore and allow establishing
intra-framework interactions by the formation of hydrogen bonds
between one of its hydrogen atom and the oxygen of the
carboxylate group as previously shown by our DFT calculations (see
Figure S14). * Both factors contribute to rigidify the framework
leading to a lowering of the unit cell volume variation upon
mechanical stimulus.
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Fig. 2 Evolution of the unit cell parameter a as a function of the
applied pressure for UiO-66(Zr) (blue) and UiO-66(Zr)_NH,) (red).

To confirm this, the bulk modulus (K) for the two solids was
estimated from the dependence of the unit cell volumes as a
function of the pressure by applying the following equation

K=V, (Qj in the pressure range 0-1.5 GPa (See ESI Fig. S10 and
ov

S11). The so-obtained K value for UiO_66(Zr)_NH, (25(2) GPa) is
significantly higher than that obtained for the non-functionalized
solid (17(1.5) GPa) (Table S1). This observation confirms that the
functionalization leads to a higher mechanical resilience of the
solid, consistent with a lower magnitude of volume change and a
lower loss of crystallinity. The so-obtained experimental bulk
modulus for UiO-66(Zr), although significantly lower than the
predicted value previously reported by DFT calculations (41 GPa), 1
is among the highest values reported so far for MOFs (see Table S2).
This clearly emphasizes that this family of Zirconium based-MOFs

This journal is © The Royal Society of Chemistry 20xx

above its exceptional thermal and chemical stabilities shows a high
mechanical robustness.

To check whether the structural change of both solids is reversible
or not, the XRPD patterns were collected once the applied pressure
was released starting from the highest investigated pressure at 3.5
GPa. One observes that the corresponding data reported in Figure
S4 and S5 perfectly match the PXRD patterns obtained for the
pristine solid in terms of Bragg peak positions and widths. This
clearly emphasizes the reversible nature of the structural
modification.
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Fig. 3 Evolution of the crystallinity for the (111) Bragg peak as a
function of the applied pressure for UiO-66(Zr) (blue) and UiO-
66(Zr)_NH,) (red).

Interestingly, Figure 3 shows that while the unit cell parameters for
Ui0-66(Zr) still decrease at the highest applied pressure, the
scenario differs for UiO-66(Zr)_NH, with an increase of the cell
dimensions. Such an evolution is characteristic of the instability of
the structure of porous solids as was previously observed by
Greaves et al. *® on zeolites.

Regarding MIL-125(Ti) and MIL-125(Ti)_NH, the corresponding
PRXD patterns under applied pressure are disclosed in Figure 4. All
the diffraction patterns were indexed in the space group 14/mmm
(See ESI Fig. S6 and S7) revealing no pressure induced phase
transition up to ~3.8 GPa. Figure 5 shows the evolution of the unit
cell parameters for MIL-125(Ti)s as a function of the applied
pressure. A broadening of the (200) and (002) diffractions peaks is
detected during the compression corresponding however to a loss
of crystallinity but much less marked than for the UiO-66(Zr)s (See
ESI Fig. S8 and S9). Further, both solids show smaller unit cell
parameters changes compared to the UiO-66(Zr)s as well as an
extended domain of stability up to 1.5 GPa as revealed by the shift
of the step-change at higher pressure. Moreover, one can notice
that the functionalization of this solid only slightly affects its
structural mechanical behaviour. As an illustration, the magnitude
of the AV/V, change at ~2 GPa is 1.5% and 2.3% for MIL-125(Ti) and
MIL-125(Ti)_NH, respectively (see Fig. S12 and S13) and the domain
of stability spans in the same range of pressure.

Dalton Trans., 2015, 00, 1-3 | 3
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Fig. 4 Powder X-ray diffraction patterns (A= 0.694120 A) obtained
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applied pressure at room temperature.
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The bulk modulus was estimated with the same method used for
Ui0-66(Zr)s. The resulting values are similar for both solids 10(2)
GPa and 13(2) GPa for MIL-125(Ti) and MIL-125(Ti)_NH,
respectively (See Table S1). The bulk moduli for MIL-125(Ti)s are
thus significantly lower than the values obtained for UiO-66(Zr)
analogues. This trend indicates that the mechanical resilience of a
MOF solid decreases when the porosity increases and the crystal
density decreases which supports what was evoked in a previous
study dedicated to the investigation of the mechanical properties of
a series of MOF-5 analogues (Table S3). 2 n addition, the higher
compressibility of MIL-125(Ti)_NH, can be also related to a lowering
of the metal-oxygen coordination (6 vs 8 for UiO-66(Zr)_NH).

Table 1 Diameters of the octahedral/tetrahedral cages, the crystal
density, accessible surface area and pore volume calculated from
the crystal structures for all the investigated MOFs.

Uio- Uio- MIL- MIL-
66(Zr) 66(Zr)_NH2 125(Ti) 125(Ti)_NH,
Diameter of the
octahedral/tetrahedral 7.8/6.8 6.8/5.9 12/6 10.7/4.7
cages (A)
Density peyrst (g/cm’) 1.2098 1.2642 0.8241 0.8683
Viore (cma/g) 0.45 0.40 0.76 0.72
Saec (M*/g) 1% 1018 848 2140 1730

Conclusion

This experimental work evidenced that beyond a very good
chemical and thermal stability, the UiO-66(Zr) material and its
amino functionalized version show a high mechanical resilience
associated with one of the highest bulk moduli among the family of
porous hybrid solids reported so far. In addition, no amorphization
was evidenced for these solids under applied pressures up to 2 GPa.
Only a gradual loss of crystallinity was detected under applied
pressure and was revealed to be fully reversible once the
mechanical constraint released. More interestingly, the
functionalization of this solid, which was shown to significantly
enhance its separation/adsorption properties with respect to a
series of strategic gases such as CO,, N, and CH,, '3 also enhances
the mechanical stability with a significant increase of the bulk
modulus. This trend was explained by the additional intra-
framework interactions introduced by the amino group. Such an

This journal is © The Royal Society of Chemistry 20xx
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observation might be even truer for the di-acidic functionalized
materials that have been revealed as one of the most promising
MOFs for CO, capture in post-combustion conditions. *® The
mechanical resilience is also of great importance when one
envisages the use of such hybrid solids in the design of composite
membranes with polymers. By considering the MIL-125(Ti)s
characterized by a higher porosity and a lower density, our
experimental approach revealed that the mechanical stability and
the high porosity are two competing factors. This information is of
interest to further design MOFs with not only appropriate
adsorption/separation properties but also mechanical resilience, a
crucial pre-requisite for industrial applications. Finally, a future
work will consider the impact of the defects on the mechanical
properties of UiO-66(Zr) by considering samples containing
different concentration of missing linkers.
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