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1.1  Introduction

Metal–organic frameworks (MOFs), also known as porous coordination poly-
mers (PCPs), are a recent class of hybrid materials that have attracted consider-
able attention during the last few decades. Their crystalline structure constructed 
from the association of inorganic building units connected through complexing 
organic linkers can be wisely and finely tuned [1, 2], in terms of the chemical 
nature (metal cations, organic linkers), pore size (micro‐ or mesoporous), and 
the shape/type of cavities (cages or channels and triangular, square, or hexago-
nal, etc.). As a consequence, the versatile and tunable characteristics of MOFs 
have, nowadays, made them very promising candidates for various applica-
tions including gas storage, molecular separation, biomedicine, sensing, cataly-
sis, and so on [3, 4].

Because the particularity of each MOF, for a given property or application, 
derives from its unique well‐defined crystalline chemical structure, its porous 
framework shall be expected (and mandatory) to be retained without any altera-
tion over the course of a process. In other words, for practical applications, one 
shall carefully consider the stability as one of the most important requirements 
to be fulfilled.

In a general manner, and particularly in the field of MOFs, “robustness” or 
“stability” cannot be considered as an absolute qualification, and one shall con-
sider a predefined set of parameters. These depend on the targeted application 
where the porous material will be exposed to a given environment (i.e., organic 
solvents, water, corrosive media, etc.; high temperature and/or compression), at 
a certain concentration and for a given duration. Consequently, depending 
on the considered criteria, three main categories of stabilities can be identified: 
(i) chemical stability, (ii) thermal stability, and (iii) mechanical stability, where, 
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1 The Stability of Metal–Organic Frameworks2

henceforth, stability of a MOF refers to the resistance of its structure to degrada-
tion upon exposure to the operating conditions. Though, it is worthy of note that 
thermal stability (except in the case of amorphization and melting; see Section 1.3) 
is closely related to chemical stability because heating may also alter the chemical 
structure of the MOFs by initiating and/or accelerating the chemical reaction 
inducing the degradation of the corresponding crystalline framework. This 
affects mainly the coordination sphere of the metal cation due to the disruption 
of the coordination bonding between the organic ligand and the inorganic moi-
ety (i.e., hydrolysis, redox activity, etc.), or, sometimes, it can affect the organic 
linker itself (i.e., decarboxylation, alkyne oxidation, etc.).

Regarding an application of interest, an MOF shall possess one or more types 
of stabilities. For example, chemical stability is crucial for applications in  aqueous 
media and/or at different pH, such as in molecular separation or drug delivery 
[5], while both chemical and thermal stabilities are important for catalytic 
 processes performed under harsh conditions as for chemical feedstock and fuel 
production [6]. Mechanical stability is mainly considered in MOF shaping such 
as making pellets or other compact forms required in industrial processes [7].

If, at the early stage of MOF exploration, one of the main concerns was to 
 synthesize frameworks possessing the highest surface area and the largest pore 
 volume, more recently considerable efforts have been devoted to the design of 
highly stable structures, allowing applications under ambient conditions as well 
as in harsh and corrosive media. This chapter aims at giving a comprehensive 
overview of the three aforementioned categories of stabilities and their impor-
tance in MOFs. Particular attention will be paid to address strategies allowing 
the synthesis of robust MOFs.

1.2  Chemical Stability

While thousands of different structures of MOFs have been reported to date, 
relatively, only a limited number have exhibited promising properties under 
non  inert conditions (i.e., outside their mother liquor), in which they can be 
manipulated without alteration of their porous framework. MOFs consist of 
divalent cations (M2+) and carboxylate‐based linkers are typical fragile materials 
[8, 9]. For instance, Zn2+ terephthalate MOF‐5 degrades rapidly in water 
[8, 10–13], while Cu2+ trimesate HKUST‐1 degrades over time in water at room 
temperature [14, 15]. The lack of stability for water is clearly a strong limitation 
on the use of MOFs not only for practical applications requiring a direct contact 
with water (e.g., separation processes from flue gas, which may contain consider-
able amounts of water, or water splitting catalysis [16, 17]), but also for clean 
applications such as hydrogen storage for fuel cells [18] in which water is itself a 
product of the reaction or could be a contaminant during the refueling process, 
for instance. In this context, chemical stability, in general, is one of the most basic 
criteria one should take into account in order to synthesize an MOF that is resist-
ant to the ambient atmosphere in which water or moisture may be a considerable 
risk of degradation.
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1.2 Chemical Stability 3

In 2009, Low et al. [9] have investigated, through a dual computational and 
experimental study, the effect of water (and steam) on a series of MOFs. They 
have highlighted the fact that the probability of the hydrolysis of the metal–
ligand bond (involving breaking of coordination bonds and displacement of 
water (or hydroxide), ligated cations, and ligands) is inversely correlated with the 
strength of the bond between the metal cation and the organic linker from which 
the MOF is constructed. To some extent, this correlation can also be applied 
to all molecules (i.e., phosphate, H2S, SOx, NOx, NH3, phenolate, etc.) that can 
potentially compete with the organic linker and break the cation–ligand bond. 
Hence, regarding the potential competing agent (or reactive species), chemical 
stability can be subdivided into different categories such as moisture and water 
stability, stability to acidic or basic media, stability under harsh conditions (e.g., 
physiological media, in the presence of H2S or NH3, etc.), and so on. Accordingly, 
in order to improve the chemical stability of MOFs, efforts should be devoted to 
strengthening the interaction between inorganic and organic moieties. An alter-
native strategy to improve stability may be by preventing or limiting the access of 
any competing agent to the cation–ligand bond. A series of subfactors that 
should be considered, such as the redox behavior, the coordination geometry of 
the cation, the nuclearity and the connectivity of the inorganic building unit, the 
rigidity of the linker, the presence of open metal sites or defects, the hydrophobic 
character of the structure, framework catenation, inter‐ and intramolecular 
interaction, and so on, are also important to evaluate chemical stability.

Assessing the chemical stability of an MOF is most of the time performed by 
simply comparing the powder X‐ray diffraction (PXRD) patterns of the sample 
before and after exposing the solid to a given environment. Nevertheless, this 
method does not give a complete and realistic evaluation of the stability even if 
the two patterns closely match. Partial degradation can still occur since such 
PXRD analysis is not quantitative and does not consider what could be released 
(solution) or the formation of amorphous phases. A complementary and more 
accurate analysis can be carried out by performing additional inert gas sorption 
isotherm measurements before and after the treatment. A loss of porosity will 
clearly reflect any partial degradation of the crystalline framework. Though, no 
standard methods of chemical stability tests (concentration, exposure time, 
number of cycles, etc.) or assessments have been established to date. Besides, 
when evaluating the stability as a function of pH, in most of the cases, verifica-
tion of the pH of the solution after the addition of the MOF is not performed. 
Though, in the case of carboxylate‐based MOFs, for instance, reporting the 
chemical stability at high pH values is in most cases inaccurate. In fact, partial 
degradation of the MOF is likely to occur, inducing partial release of the linker in 
solution, which in turn leads to a significant decrease in the initial pH of the 
medium. In addition, most authors indeed do not provide any analysis of the 
solution or the final solid to prove their assessments (e.g., BET surface measure-
ments, thermal gravimetric analysis, etc.). For these reasons, in the following 
section, no accurate comparison of the stability of MOFs reported in different 
studies can be given. Examples discussed in this chapter will only rely on the 
self‐statements of the authors.
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1 The Stability of Metal–Organic Frameworks4

The remainder of this section will encompass, in a non‐exhaustive manner, the 
different methods that have been developed in order to enhance the chemical 
stability of MOFs. Because water stability is a very good indicator of a general 
chemical stability and a determinant factor for real‐world applications, this sec-
tion will be mainly focusing on MOFs stable in aqueous media (neutral, acidic, 
and basic pH). However, other types of chemical stabilities will also be discussed 
[19–22].

1.2.1 Strengthening the Coordination Bond

Since the coordination bond is the elemental part of a MOF, the most intuitive 
efficient strategy to prevent cation–ligand breaking is to reinforce the interac-
tion between the two components (which is an interaction between a Lewis acid 
and a Lewis base). Analysis of the stability of different MOFs has clearly shown 
that the enhancement of the hydrothermal stability of MOFs increased with the 
charge density of the metal cation in the case of polycarboxylate‐based MOFs 
[9]. For instance, based on quantum mechanical calculations on MOF clusters, 
the strength of the Zn─O bond in MOF‐5 is estimated to be 365 kJ mol−1, 
whereas the strength of the Al─O bond in MIL‐53(Al) is about 520 kJ mol−1. 
Besides, these calculations have also evaluated the energy for water displace-
ment of linkers in MOF‐5 (50 kJ mol−1), which is considerably lower than that in 
MIL‐53(Al) (180 kJ mol−1). Interestingly, it has also been shown that an imida-
zolate‐based MOF, ZIF‐8, exhibits one of the best hydrothermal stability among 
the studied MOFs. Hence, the strengthening of the cation–ligand interaction 
can be achieved by:

1) Using acidic to highly acidic metal cations of higher oxidation states exhibit-
ing a high charge density (which results from the combination of the ionic 
radius and charge) or high polarizing power

2) Using organic linkers bearing highly complexing functional groups, showing 
high pKa values (higher than that of carboxylic acids (~4.5))

3) Combining both cations of high oxidation states and highly complexing 
ligands.

1.2.1.1 High-Valence Cations and Carboxylate-Based Ligands
As stated earlier, MOFs based on polycarboxylate linkers and divalent metal cati-
ons exhibit a very limited chemical stability especially in air moisture or in water. 
The use of cations of higher oxidation states has, as expected, yielded several 
MOFs showing drastically enhanced chemical stability.

In general, synthesis reactions involving trivalent cations (or cations of 
higher oxidation states) with polycarboxylic acid linkers are performed under 
slightly acidic conditions in the presence of HF [23, 24] or HCl [15] or mono-
carboxylic acids (known as modulators) [25]. This is done in order to prevent 
the formation of metal oxides or hydroxides and maintain a sufficient concen-
tration of metal complexes necessary for the formation of hybrid frameworks 
in solution. In the latter case, the competition between the monotopic and 
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1.2 Chemical Stability 5

polytopic carboxylate moieties also allows slowing down of the nucleation pro-
cess, leading to the formation of larger crystallites [25].

Materials of Institute Lavoisier (MIL) compounds are among the first success-
ful examples of this strategy based on the use of cations of higher degree of oxi-
dation (>2+). Different MIL‐n based on trivalent cations have been reported 
[26, 27]. They are mainly, but not limited to [28–31], based on two different inor-
ganic building units that are chains of μ2‐hydroxo corner‐shared octahedra 
[M(μ2‐OH)(R─CO2)2]n (where M = Fe3+, V3+, Sc3+, Al3+, Ga3+, and In3+; A = anion 
(F−, Cl−, OH−, etc.); and S = solvent) (Figure 1.1c) and μ3‐oxo centered trimers 
M3(μ3‐O)(R─CO2)6AlSm (Figure 1.1a). It is worthy of note that isostructural 
MOFs obtained with different trivalent cations do not exhibit similar chemical 
stabilities, which can drastically drop from one analog to another. This is mainly 
attributed to the difference in charge density (Z/r2) between the metal cations 
such as Al(III) and In(III) [26], the difference in kinetics of ligand exchange (for 
instance, 2.4 × 10−6 s−1 for Cr(H2O)6

3+vs 1.6 × 102 s−1 for Fe(H2O)6
3+) [36], or the 

redox behavior of a cation (for instance, MIL‐47(V4+) degrades rapidly in air 
moisture [37, 38], where isoreticular structures of MIL‐53(Al, Cr) are very stable 
under similar conditions).

Among MIL‐n compounds, the chain‐based MIL‐53(Al, Fe) (terephthalate or 
(1,4‐BDC (1,4‐benzenedicarboxylate)) ligand) [9, 37–39] (Figure 1.1c,e) and the 
zeolitic MTN‐type MIL‐100 (trimesate or (1,3,5‐BTC) ligand) [32, 40, 41] based 
on oxo‐timers (Figure 1.1a,f ) have shown very good stability in aqueous media 
(and at different pH ranging from 2 to 12 for MIL‐53). For instance, MIL‐100 
has been shown to be a successful candidate for applications like dehumidifica-
tion or separation [42]. In contrast, Fe(III)‐dicarboxylate solids MIL‐88(Fe) and 
MIL‐101(Fe) exhibit a lower aqueous stability where in some cases they are 
transformed to denser phases of type MIL‐53 or MIL‐88 [43]. This clearly high-
lights the fact that the strength of the cation–ligand interaction is the main, but 
not the only, parameter in play to target chemically stable MOFs. The nuclearity 
and the presence of oxo/hydroxo bridges (i.e., 0D vs 1D inorganic building units), 
the presence of “vulnerable” sites (such as open metal sites), the geometrical con-
straints, and/or the size of the pore volume are also key parameters to be taken 
into consideration.

If M(III)‐MIL compounds were mostly prepared using di‐ or tricarboxylate 
aromatic short size ligands, more recently, few examples based on shorter [44], 
functionalized [45], or extended linkers [43, 46, 47] have also been reported to 
show good stability to water [43, 47]. For instance, PCN‐333 (Al, Fe), which is 
an  extended version of MIL‐100 obtained with 4,4′,4″‐s‐triazine‐2,4,6‐triyl‐ 
tribenzoate (TATB) as a linker, has been claimed to be highly stable in aqueous 
solutions with pH values ranging from 3 to 9, although these results, as men-
tioned previously, should be further verified and/or better understood. Besides, 
tetracarboxylate linkers have also yielded MOFs stable under aqueous condi-
tions. For example, MOFs based on meso‐tetra(4‐carboxyphenyl)porphyrin 
(TCPP) and the Al(III)‐chain‐based [48] and the Fe(III)‐trimer‐based PCN‐600 
[49] have been reported to be stable in water as well as to slightly acidic pH (~5) 
and pH values ranging from 2 to 11, respectively. Moreover, MIL‐127(Fe) or 
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1 The Stability of Metal–Organic Frameworks6

soc‐MOF(Fe), based on 3,3′5,5′‐azobenzenetetracarboxylate (ABTC) linkers 
and Fe(III)‐ trimers (Figure 1.1a,g), has been shown to be, as MIL‐100(Fe), hydro-
thermally resistant [33, 50, 51]. If biomedical applications (under the body fluid 
conditions) are considered, it appears that tri‐ and tetravalent cations of polycar-
boxylate MOFs degrade rapidly (less than 1 day) in phosphate buffer solution 

(a)

(c) (d) (e)(b)

(f) (g)

(i)(h)

Figure 1.1 Selected M(III and IV)-carboxylate inorganic building units and MOFs. (a) M(III)-
oxo-trimer, (b) 12-connected Zr(IV)-hexanuclear oxo-cluster, (c) M(III) chains, and (d) Zr(IV) 
chains found in MIL-140 (i). Crystalline structures of (e) MIL-53 [23], (f ) MIL-100 [32], 
(g) MIL-127 or soc-MOF [33], (h) UiO-66 [34], and (i) MIL-140A [35]. Color code: M(III) = Fe3+, 
Al3+, etc., dark gray; Zr, violet; C, gray; N, blue; O, red. The cages are represented by colored 
spheres. Hydrogen atoms are not represented for the sake of clarity.
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1.2 Chemical Stability 7

(pH = 7.2 at 37 °C) with slower degradation when it changes from di‐ to tri‐ to 
tetracarboxylate linkers [5].

Incorporation of kinetically inert metal ions such as Cr(III) into the framework 
backbone could generate MOFs with exceptional chemical stability. Indeed, the 
very high water stability is attested by Cr(III)‐analogs MIL‐53 [37, 52], MIL‐100 
[53, 54], and MIL‐101 [24, 42]. However, the direct synthesis of Cr‐based MOFs 
with carboxylate ligands is rather difficult due to the kinetic inertness of Cr(III), 
which may require the use of hydrofluoric acid (HF) and/or synthesis under 
hydrothermal conditions. An alternative way to obtain Cr(III)‐based MOFs, 
which seems to be successful, is the postsynthetic metathesis of metal cations 
from a sacrificial MOF. The best way involves using Fe(III)‐based MOFs and 
exchanging Fe(III) under an inert atmosphere with Cr(II), which will be oxidized 
later on to Cr(III). This strategy has led to the formation of highly chemically 
stable MOFs such as PCN‐426‐Cr(III) [55] and PCN‐333‐Cr(III) [56]. Both have 
shown high resistance to water as well as to a broad range of pH for at least 24 h 
(from 0 to 12 and 0 to 11, respectively).

Rare‐earth (RE) trivalent cations generally lead to MOFs exhibiting lower 
chemical resistance to water. But in some cases RE‐based MOFs have shown 
high chemical stability to water [57–61]. This chemical stability, which in some 
cases remains in aqueous solution up to pH = 14 [59], is mainly attributed to the 
use of short hydrophobic linkers that prevent the inorganic cluster from 
water molecules. For instance, the fcu‐MOFs [RE(μ3‐OH)8(1,4‐NDC)6(H2O)6]n 
(RE = Eu(III), Tb(III), or Y(III); 1,4‐NDC = 1,4‐naphthalene dicarboxylate) have 
been shown to be stable in water. Similarly, isoreticular fcu‐MOFs based on 
fumarate linkers are stable after exposure to acidic H2S [62].

In the same line as trivalent cations, tetravalent cations should yield even 
stronger interactions with the organic ligand and hence an even higher chemical 
stability. Indeed, it has been established that Ti(IV) MIL‐125 [63] based on octa-
meric inorganic units and terephthalate linkers is not only stable in water at 
room temperature but also (as well as its aminated analog) possesses a good 
stability in the presence of acidic gasses such as H2S [64].

A considerable breakthrough in the field of MOFs, not only in terms of 
structural versatility but also in terms of chemical stability, has been achieved 
with the discovery of UiO‐66, an MOF based on the robust Zr(IV)6‐oxo‐cluster 
and 1,4‐BDC ligand [34]. The expansion of structures based on this hexameric 
oxo‐ cluster has been supported by the use of modulators [25] (generally, mono-
carboxylic acids such as formic, acetic, trifluoroacetic, or benzoic acids) that 
allows control of the reactivity of the highly acidic tetravalent cations and, hence, 
the crystallization process. Indeed, during the past few years, a large number of 
MOFs, based on the Zr6‐oxo‐cluster (and its Hf analog [65, 66]), have been 
reported using di‐, tri‐, or tetratopic carboxylate ligands showing different topol-
ogies and porosity size [67, 68].

The first structure, UiO‐66 (Figure 1.1h), presents an fcu‐topology (with tetra-
hedral and octahedral cavities) based on the 12‐connected Zr6(μ3‐O)4(μ3‐
OH)4(R─CO2)12 oxo‐clusters (Figure 1.1b) and the BDC linker. It has been shown 
to be hydrothermally stable and resistant to the dehydroxylation/hydroxylation 
process [69]. However its upper analogs UiO‐67 and UiO-68 have been found, 
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1 The Stability of Metal–Organic Frameworks8

more recently, to be unstable under hydrothermal conditions [35, 70]. This 
evidences again that chemical stability is not only a matter of strong cation–
ligand interaction. UiO‐66 and its analogs (based on NH2─, Br─, and NO2─BDC) 
have also been shown to be stable (or at least to maintain their crystallinity) in 
aqueous acidic solution (up to pH = 1), but unstable in basic pH solutions (except 
the NO2─BDC analog, which seems, surprisingly, to be (kinetically) stable in 1 M 
NaOH aqueous solution (pH = 13.6)) [71].

As stated earlier, the use of modulators during the synthesis has contributed to 
the burgeoning of Zr‐MOFs. The use of HCl as an additive, in some cases, led 
also to an improvement of the crystallinity as it mainly stabilizes Zr4+ ions in 
solution. Though, it has been established that the use of an excess of HCl (and/or 
monocarboxylate modulators [72, 73]) generally leads to the creation of defects 
(replacement of polycarboxylate ligands by OH/H2O species) within the hybrid 
framework [74, 75]. This may be considered in two different ways, either creating 
centers of weakness in the frameworks leading to a decrease in stability [76] 
(which may explain some discrepancy in the chemical stabilities attested from 
different studies or preparation) or creating more space and open metal sites that 
may [75, 76], respectively, increase the surface area and/or be of interest for 
applications such as catalysis, for instance [72, 73].

Various Zr‐based MOFs have been obtained and are in general stable in aque-
ous media from neutral to acidic conditions. A remarkable example of a MOF 
exhibiting this acidic stability is the sulfated derivative of MOF‐808 [77] (based 
on the trimesate ligand and the 6‐connected Zr6‐oxo‐cluster), which was 
 prepared by exposing the parent MOF to aqueous sulfuric acid [78].

Like MOF‐808, lower (than 12) connectivity (10, 8, and 6) Zr6 building units 
based on di‐, tri‐, or tetracarboxylate ligands (rigid or flexible small or extended) 
have also been reported, whereas, for instance, Zr‐MOFs constructed from 
porphyrin tetracarboxylate ligands have demonstrated an unprecedented versa-
tility in terms of topology using the same ligand [68]. Overall, the resulting 
structures show a relatively good chemical stability to water and acidic pH (~1 
or 2), at least during a limited time of exposure and at a given concentration 
[79, 80]. In some cases, this aqueous stability is extended to higher pH (~11) 
[81–85]. However, no systematic study has been reported to evaluate the 
extent to which the stability at basic pH can be maintained. Similarly, NU‐1000 
[86] (showing csq‐topology, octa‐connected oxo‐cluster, based on tetratopic 
1,3,6,8(p‐benzoate)pyrene linkers) has been shown to possess a very good aque-
ous stability at pHs ranging from 1 to 11 and to be, like MOF‐808, a very good 
catalyst for the hydrolysis of nerve agents (pH 10) [21, 86, 87].

Compared with Zr6‐oxo‐cluster‐based MOFs, particularly UiO‐66, the series 
of pseudo‐polymorph Zr oxide chain‐based MIL‐140 or ZrO[O2C─R─CO2] 
(R = C6H4, C10H6, C12H8, C12N2H6Cl2) (Figure 1.1d,i), though less porous due 
to the presence of a denser 1D pore system, are much more hydrophobic and 
exhibit hydrothermal stability whatever the nature of the organic spacer [35]. 
This might be explained also through the presence of an infinite Zr oxide chain 
versus isolated Zr6‐oxo‐clusters, which possess a lower hydrolytic stability asso-
ciated with the hydrolysis of the Zr─O bonds [88]. As discussed before, such an 
increase in stability when transitioning from isolated inorganic building units to 

c01.indd   8 2/6/2018   12:58:53 PM



1.2 Chemical Stability 9

infinite ones has been previously documented for M(III)‐terephthalate‐based 
MOFs (see previous text).

1.2.1.2 Low-Valence Cations and Highly Complexing Ligands
The use of organic linkers bearing complexing functional groups with higher 
pKa values than carboxylates has also been successfully explored. This phenom-
enon was rationalized by comparing the pKa values of the complexing groups: 
because the cation–ligand interactions are constructed from a Lewis adduct 
(Lewis acid–Lewis base), the higher the basicity, the stronger the bond and 
hence the higher the chemical stability. Though, the number of MOFs obtained 
from this strategy is actually much more limited compared with carboxylate‐
based MOFs. This is mainly because of the higher chemical reactivity of these 
ligands (especially when it concerns metal cations of higher (than 2) oxidation 
states) as well as the lack of their commercial availability.

Among the functional groups bearing high pKa values, N‐rich azole derivatives 
have been shown to be promising candidates for elaborating chemically stable 
MOFs. While tetrazole shows very similar pKa values to those of carboxylic acids, 
triazole, imidazole, and pyrazole bear much higher pKa values (13.9, 18.6, and 
19.8, respectively) [80]. Indeed, azolate‐based MOFs, including zeolitic imida-
zolate frameworks (ZIFs) [89] and zeolite‐like MOFs [90] (ZMOFs, which com-
bine both azolate and carboxylate moieties on the same linker), yield in general 
moderate to good water‐stable MOFs [91–93].

ZIF‐8 [93], a porous hydrophobic MOF based on Zn(II)‐single nodes and 2‐
methylimidazolate (Figure 1.2c) ligands, seems to be stable not only under 
hydrothermal conditions but also to some extent under basic conditions (soak-
ing in 8 M aqueous NaOH at 100 °C). This stability is certainly enhanced due to 
the presence of methyl groups that makes this MOF rather hydrophobic, which 
shields the metal centers together with the presence of narrow pore windows 
(3.4 Å) [97, 98]. Though, it has been shown that the stability of ZIF‐8 is only a 
kinetic phenomenon with a full dissolution in water occurring slowly with time 
(a few months) [54]. The sodalite‐like Ni(BTP) (Figure 1.2d), based on Ni(II)‐
tetramers (Figure 1.2a) (where BTP = 1,3,5‐tris(pyrazolate)benzene), is one of 
the different azolate MOFs reported by the group of Long [94]. It was found to 
be stable under extreme conditions such as boiling aqueous solution with 
pH ranging from 2 to 14. It is worthy of note that the Cu(BTP) analog 
exhibits a much better chemical stability compared with its carboxylate‐based 
counterparts.

More recently, a series of hydrophobic bis‐pyrazolate MOFs (Ni(DP)), based 
on cubic octanuclear Ni(II) oxo‐pyrazolate building units (Figure 1.2b) have been 
reported and have been proven to be highly chemically stable in water under 
basic pH conditions [95, 99–101]. They are designated as [Ni8(μ4‐OH)4(H2O)2(L)6]n 
(where L is the ditopic linker) and exhibit a fcu‐topology (as for UiO‐66) with 
octahedral and tetrahedral cages (Figure 1.2e). The use of extended linkers bear-
ing hydrophobic groups allows tuning of water sorption behavior and capturing 
of harmful volatile organic compounds [95]. More recently, analogs based on 
benzenedipyrazolate (BDP) derivatives, tailored with defects, have shown selec-
tive SO2 adsorption [101].
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1 The Stability of Metal–Organic Frameworks10

The same octanuclear‐oxo‐cluster has also yielded a very chemically stable 
MOF (PCN‐601) based on porphyrin‐tetrapyrazolate ligands showing an ftw‐
topology made of cubic cages (Figure 1.2f ) [96]. Attested by PXRD and sorption 
measurement, PCN‐601 is stable in water and saturated aqueous solution of 
NaOH up to 100 °C. Thermodynamic and kinetic investigations have shown that 
the higher crystal field of stabilization energy and the stiffer coordination 
between Ni8‐oxo‐cluster and pyrazolate ligands allow PCN‐601 to be resistant to 
H2O and OH− even under extremely basic conditions. Its extended analog, 
PCN‐602, has also revealed a very good stability for 24 h in water and in saturated 

(a)

(c)

(e) (f)

(d)

(b)

Figure 1.2 Selected M(II)-azolate inorganic building units. Pyrazolate (a) Ni-tetranuclear and 
(b) Ni-octanuclear building units. Crystalline structures of (c) ZIF-8 [93], (d) Ni(BTP) [94], 
(e) fcu-Ni(DP) [95], and (f ) PCN-601 [96]. Color code: Ni, green; Zn, cyan; C, gray; N, blue; O, red. 
The cages are represented by colored spheres. Hydrogen atoms are not represented for the 
sake of clarity.

c01.indd   10 2/6/2018   12:58:53 PM



1.2 Chemical Stability 11

solution of NaOH at room temperature as well as in aqueous solution of anions 
like fluorides, carbonates, and highly complexing phosphates [102].

M(II)‐bistriazolate MOFs of the chain‐based honeycomb‐type structure have 
been reported to show relatively good chemical stability. M(II)2Cl2(BTDD) 
(where M = Mn, Co, and Ni and BTDD = bis(1H‐1,2,3‐triazolato[4,5‐b],[4′,5′‐i])
dibenzo‐[1,4]dioxin) have been shown to be sufficiently thermally and chemi-
cally stable for the storage and separation of highly corrosive NH3 [103]. In addi-
tion, the Co analog has allowed reversible capture and release of elemental 
halogens without any significant loss of crystallinity [104].

1.2.1.3 High-Valence Cations and Highly Complexing Ligands
As stated in the aforementioned section, azolates, and particularly pyrazolates, 
due to their high basicity, have afforded some examples of MOFs showing very 
high chemical stability in aqueous media. One would assume that combining 
these complexing ligands with cations of oxidation degree higher than two would 
give rise to even stronger interaction and, consequently, more chemically stable 
MOFs. Nevertheless, highly charged cations (i.e. M(III), M(IV)) usually hold a 
strong oxophilic character, which renders the isolation of derived azolate‐based 
MOFs challenging. Indeed, only one single example of a BDP Fe(III) MOF has 
been reported to date [105]. This solid, with the formula Fe2(BDP)3, consists of 
chains of isolated FeN6 octahedra connected through the ligands to define trian-
gular channels (Figure 1.3a). Note that this MOF was prepared in anhydrous DMF, 
probably to avoid the competition with oxygenated ligands such as water. More 
generally, reacting high‐valence cations with highly complexing agents including 
oxygenated ones (i.e., phosphonates or phenolates) still remains a synthetic chal-
lenge because of the very fast coordination process that might occur, leading to 
the precipitation of amorphous solids or the corresponding metal oxide. Though, 
very scarce examples of MOFs based on this strategy have been reported.

MIL‐91(Ti) is one example of porous MOFs obtained by reacting highly 
charge cations and highly complexing ligands, namely, N,N‐piperazinebismethyl-
phosphonates. Its chain‐based structure has been shown to be very stable under 

(a) (b)

90°

90°

Figure 1.3 Crystalline structures of two highly stable chain-based MOFs: (a) Fe2(BDP)3 [105] 
and (b) MIL-163 [106]. Color code: Fe, yellow; Zr, violet; C, gray; N, blue; O, red. Hydrogen 
atoms are not represented for the sake of clarity.
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1 The Stability of Metal–Organic Frameworks12

hydrothermal conditions [107, 108]. More recently, a Sn(IV)‐triphosphonate 
MOF (CALF‐28) has been reported and shown to be stable in water at 80 °C with 
a decrease in surface area only after the first treatment, most probably due to 
the  reorganization of its interpenetrated structure [109]. Though, to date, the 
still tough challenge of controlling the coordination process in terms of direc-
tionality and reactivity prevented the development of a rational design of such 
compounds.

Moreover, a novel MOF, labeled MIL‐163, has been recently obtained follow-
ing a rational design between Zr(IV) and bis‐gallate ligands [110]. Based on the 
bis‐trioxophenyl ligand, the Zr‐chain‐based structure of MIL‐163 (Figure 1.3b) 
has been shown to be highly resistant not only in boiling water but also note-
worthily in a phosphate buffer solution (containing highly complexing phosphate 
ions) for more than two weeks [106]. This is mainly attributed to the high strength 
of the Zr─O bonds, associated with the very high pKa value of the linker, together 
with μ3‐oxo and μ3‐hydroxo bridges between the Zr(IV) units.

1.2.2 Protecting the Coordination Bond

As clearly stated earlier, the key parameter to enhance the chemical stability is to 
strengthen the interaction between the metal cation and the ligand. One shall 
also consider a series of additional parameters such as the nuclearity, dimension-
ality, and connectivity of the inorganic building unit, the topology of the net-
work, the presence of defects and/or open metal sites, and so on, which may 
reinforce (or not) the chemical stability of the hybrid framework. An alternative 
strategy is to protect the cation–ligand interaction (which is the weakest point in 
the structure of a MOF) from the attack of a competing species. This is of great 
interest when a given topology or molecular arrangement is the key for potential 
application, but the corresponding MOF shows very limited stability. The metal–
ligand bond can be protected by simply creating a shield using bulky groups, 
preventing any accessibility that might lead to ligand displacement, and/or tun-
ing the hydrophobic character of the porous structure to enhance the water/
moisture stability (by maintaining water molecules away from the fragile coordi-
nation interaction). The latter can be achieved either by decorating the internal 
part of the MOF or by coating/embedding the MOF from the outside with a 
hydrophobic layer.

1.2.2.1 Introducing Bulky and/or Hydrophobic Groups
Several examples of MOFs showing enhanced water/moisture stability due to the 
presence of bulky and/or hydrophobic moieties have been reported [111–116]. 
For example, MOFs based on silver and 3,5‐bis(trifluoromethyl)‐1,2,4‐triazolate 
linkers (FMOF‐1 and FMOF‐2), which are supposed to exhibit rather weak 
metal–ligand interactions, have shown resistance upon long‐term exposure to 
boiling water, as revealed by PXRD [117, 118]. Another relevant example is the 
case of MIL‐88B(Fe)‐(CF3)2 or UiO‐66‐(CF3)2, which exhibits an enhanced 
hydrothermal stability compared with their bare analogs [45, 119]. Indeed, this is 
attributed to the presence of dense fluorinated groups that can prevent the water 
from breaking the coordination bond. Similarly, alkyl group‐modified MOF‐5 
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1.2 Chemical Stability 13

[120] or polymer‐based ligands, polyMOFs [121], have shown an improved water 
stability.

Similarly, phosphonate monoester‐based MOFs have also been shown to be 
more resistant to carboxylate‐based MOFs [122, 123]. The presence of one ester 
group allows phosphonates to possess a carboxylate‐like coordination mode but 
with stronger interaction together with providing a shielding effect.

Introducing bulky groups into the structures of MOFs has also been realized 
through postsynthetic grafting rather than direct crystallization. This method 
allows the use of a template MOF structure to render it more stable (in water, 
most frequently) with a reduction of the initial porosity. A series of enhanced 
stability MOFs have been modified through this method [124–126]. Furthermore, 
a series of perfluoroalkane carboxylates with different chain lengths (C1–C9) 
were attached to the Zr6‐oxo‐cluster of NU‐1000, following solvent‐assisted 
ligand incorporation (SALI) [127]. This led to an enhancement of the water sta-
bility of the MOF.

1.2.2.2 Coating MOFs with Hydrophobic Matrices
In contrast to the insertion of bulky groups within the crystalline framework, 
embedding the crystals or the crystalline powder of MOFs with a hydrophobic 
coating allows to cover the material (mainly) at the outer surface with a protec-
tive layer [128]. Indeed this allows the enhancement of the water stability of the 
MOFs. Moreover another benefit is to avoid any decrease of the inner porous 
volume of the material. Nonetheless, it is worth mentioning that this technique 
may only change the kinetics of water diffusion but does not improve the 

CH3

CH3

235 °C

Water/moisture treatment

MOF

PDMS

OSi n

Figure 1.4 Illustration of PDMS coating on the surface of MOFs and the improvement of 
moisture/water resistance. (Reproduced with permission from Ref. [129]. Copyright 2014 
American Chemical Society.)
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1 The Stability of Metal–Organic Frameworks14

intrinsic stability of the MOF. Besides, coating an MOF is not a trivial proce-
dure as it needs careful control of the thickness, flexibility, and the hydropho-
bic character of the protective layer. Albeit it is challenging to balance all these 
parameters, a polydimethylsiloxane (PDMS) protective layer has been success-
fully deposited on the surface of HKUST‐1 and the more water‐sensitive 
MOF‐5 crystals (Figure 1.4). Indeed, this allowed maintaining the morphology 
and the crystallinity of the crystals even after 3 months in water [129].

Similarly, chemical vapor deposition of hydrophobic perfluorohexane on 
MOFs has also been proven to be successful, leading to a considerable enhance-
ment of the water stability of HKUST‐1 [129]. Coating MOFs with hydrophobic 
carbonaceous layers has also been achieved using a careful carbon painting 
technique [130, 131]. This allowed MOF‐5 to retain its crystallinity under air 
moisture up to 2 weeks. Unfortunately, in liquid water, carbon‐coated MOF‐5 
underwent a significant decrease in pore volume.

1.3  Thermal Stability

Thermally stable materials are highly demanded and important in industrial 
applications. Although more complicated systems with extra cost might be 
involved, it is still possible to conduct industrial procedures under dried work-
ing conditions. In most cases, only the thermal stability of the materials without 
taking into account the presence of water vapor or liquid water shall be 
considered. Therefore, here, we will rather focus on the thermal stability than 
the hydrothermal stability of MOF compounds in this section.

The thermal stability of a MOF compound is usually defined as its ability to 
avoid irreversible changes in its chemical and physical structures upon heating to 
a relatively high temperature. During the thermal treatment process,  degradation 
of MOF structures leads to either amorphization [132, 133], melting [134, 135], 
metal‐oxo‐cluster dehydration [69], or linker dehydrogenation or graphitization 
[136, 137]. These phenomena take place progressively during the heating step or 
only when temperatures above the decomposition limit are reached; this is nor-
mally accompanied by the release and/or combustion of the guest molecules as 
well as breaking of the metal–ligand bonds followed by combustion of the 
organic spacer.

Current techniques for assessing the thermal stability of a compound are still 
limited. For most MOF compounds, thermogravimetric analysis (TGA) data are 
usually provided; this is far from being sufficient. Variable temperature PXRD 
(VT‐PXRD) experiments are a more accurate method of investigating the ther-
mal stability. However, various measurement conditions are considered for each 
sample (scanning speeds, duration of a certain temperature for collecting data, 
etc.), which makes comparison of thermal stabilities using this method rather 
difficult. Besides, VT‐PXRD patterns are very often obtained under inert condi-
tions, which do not reflect the real behavior of the framework upon heating in 
the presence of oxygen and/or moisture. Particular attention should be paid to 
the details of measurements when the experimental result is reproduced. 
Therefore, as in the case of the chemical stability study and report, well‐accepted 
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universal standards shall be set up in order to precisely evaluate and compare the 
thermal stabilities of MOF compounds.

Taking the components of MOF compounds into consideration, their inor-
ganic parts and organic parts as well as the packing modes and fashions of their 
structures are the most dominant factors to determine thermal stabilities. 
However, these are usually a consequence of the aforementioned multiple fac-
tors, not only relying on one single structural or chemical feature. Thus, it is not 
easy to predict the thermal stability of a given MOF compound based on well‐
defined rules as it is the case for chemical stability. Based on the numerous MOF 
compounds reported, some general experience or tentative “trends” can never-
theless be extracted as follows: note that there will always be exceptions for each 
parameter due to the poor degree of relationship between the structure, compo-
sition, and thermal stability.

Metal species constitutive of MOFs cover a wide range in the periodic table of 
elements, including transition, main‐group, alkali, alkaline‐earth, and rare‐earth 
metals. In addition, within the resulting MOF skeleton, these species exist in the 
form of either single metal sites or metal (oxo)clusters with multinuclearity or 
even chains or layers. In general, the nature of a metal ion, such as the oxidation 
state, ion radius, preferred coordination number, and its interaction with a given 
linker through metal–ligand coordination, plays a significant role in determining 
the thermal stability of a corresponding MOF compound. Several conclusions 
can be drawn according to the literature as follows:

1) A metal ion at its most stable oxidation state leads to a higher thermal stability 
compared with cations with multiple oxidation states. For example, Fe(II) is 
sensitive to oxygen and other oxidative species. It will always be converted 
into Fe(III) in the presence of oxygen along with a clear color change upon 
heating, during which the decrease of the crystallinity of the MOF or even the 
collapse of the framework possibly occurs [138–141]. V(III)‐based [142, 143] 
and Cu(I)‐based [144, 145] MOFs also follow the same trend.

2) In the case of the most stable oxidation states of metals, the higher the oxida-
tion state, the higher the thermal stability of the MOF. When oxygenated 
donors are used for the fabrication of MOFs, tri‐ or tetravalent metal ions, 
such as Fe(III) [51, 146], Cr(III) [23, 147], Al(III) [148, 149], Ln(III) [150, 151], 
Zr(IV) [34, 35], Ti(IV) [63, 108], and so on, normally result in higher thermal 
stabilities than di‐ and monovalent metals.

3) Inorganic secondary building units (SBUs) with higher nuclearity or even infi-
nite subunits possess a better thermal stability compared with MOFs com-
prised of the same metal ions and similar types of linkers but discrete building 
units. MOF‐74, one of the most well‐known divalent metal‐based MOFs with 
infinite metal‐oxo chain SBUs, is generally stable up to 300 °C (in the absence 
of oxygen), which outperforms many other MOFs consisting of divalent met-
als and oxygenated linkers [152, 153]. Another typical example is Ca‐SDB, 
which possesses a 1D chain SBU [154]. This compound was found to maintain 
its crystallinity up to 500 °C, which has been the most thermally stable alka-
line‐earth metal‐based MOF reported so far. In particular, this experience 
fits well for the MOFs built with high‐valence metal ions. For instance, the 
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MIL‐140 series [35] that comprised of infinite Zr─O chains are more stable 
than their corresponding polymorphs of the UiO‐66 structure type 
 constructed from Zr6‐oxo‐cluster SBUs [34]. Another example is the Ti8‐ 
 oxo‐cluster‐based MIL‐125 [63] compound that is more thermally stable than 
COK‐69 comprising Ti3‐oxo‐cluster SBUs [155] or PCN‐22 derived from Ti7‐
oxo‐clusters [156].

The nature of the organic linker is the second main critical parameter for 
determining the thermal stability of MOF compounds. There are two major 
types of linkers when classified according to the donor heteroatoms, oxygenated 
and nitrogenated linkers. They can also be divided into aromatic and aliphatic 
ones on the basis of their chemical structures. One can note that sometimes a 
linker molecule can cover some or even all these characters together at the same 
time, which is usually referred to as a “multifunctional” spacer [157]. In this case, 
the thermal stability of the corresponding MOF structure becomes extremely 
unpredictable. Fortunately, most of the reported MOF structures concern only a 
single type of organic spacer with uniform functional group for coordination or 
sometimes two types of different organic ligands. Thus from the chemical struc-
ture point of view, the impact of the linker on the thermal stability can be 
 estimated as follows:

1) Oxygenated linkers contribute to most of the MOF architectures as almost all 
the metal species can form coordination bonds with oxygen atoms with sig-
nificantly different strengths. According to the chemical nature of the group 
to which oxygen atoms are attached, one can classify MOFs into different 
subgroups, ranging from the most common carboxylate linkers to the less 
popular sulfate or phosphonate ones, while phenolate groups have only been 
considered very recently. As a combined result of the strong bond strength 
and chemical inertness, phosphonate‐based and sulfate‐based [158–160] 
MOFs generally tend to display higher thermal stability than those compris-
ing carboxylate and phenolate linkers, which undergo decarboxylation and 
oxidation, respectively, upon heating. Being different from oxygenated link-
ers, nitrogen‐containing ligands are efficient to build MOF structures based 
on divalent metal centers rather than with higher‐valence metal dots, mostly 
due to the stronger tendency for coordination of divalent metal ions to nitro-
gen donors. ZIFs provide convincing support in this case. There is only one 
type of coordination bond between the nitrogen site and the metal center in 
the ZIF family, which gives rise in most cases to a very high thermal stability 
(>500 °C) in sharp contrast to the other divalent metal‐based MOFs 
 constructed from most oxygenated linkers [91, 161].

2) Aromatic moieties are dominantly preferred in organic linker design and 
selection, not only because of the general robustness of their skeletons for 
generating accessible porosity within the MOF structures but also because of 
the resulting higher thermal stability for most of the corresponding MOF 
materials compared with those assembled from aliphatic linkers. Despite the 
impressive achievements of flexible MOFs used in molecular separation 
[162,  163] or bioapplications [164, 165], the use of flexible organic linkers 
made from aliphatic spacers results in a strong decrease in thermal stability. 
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For instance, succinic acid, a very cheap natural product with only single 
C─C bonded C4 skeleton, is one of the earliest aliphatic linkers used in MOF 
syntheses. Its derived MOFs (Co(II) [166], Ln(III) [167], etc.) consistently 
display rather low thermal stability (<200 °C). Similarly, the microporous Zr‐
fumarate compound has a significantly lower thermal resistance than the 
UiO‐66 aromatic‐based compounds although they share the same structure 
type and metal–ligand connectivity [168].

3) Structural features, such as framework density, related network topology, 
interpenetration, presence of defects, and so on, are other parameters that 
affect the thermal stability. One expects that a denser structure with a mini-
mum porosity might exhibit a better thermal stability. Structural interpene-
tration or interweaving of networks takes place very often to avoid the 
formation of large cavities inside most large‐pore MOFs, leading to the most 
energy‐favorable construction with the highest structural density, which in 
turn results in an improved thermal resistance. The fact that the absolute 
energies of ZIF polymorphs show a tendency to decrease while the structural 
density increases has been supported by a systematic computational calcula-
tion [169]. Recent progress revealed that the introduction of structural defects 
into MOF structures is also a powerful tool to increase the content of active 
sites to enhance catalytic activity [170, 171]. However, the presence of such 
defects is usually accompanied by a decrease in thermal stability depending 
on the type and ratio of defects [74, 172].

As summarized from the aforementioned trends, an MOF structure that fea-
tures a short aromatic linker, metal ions with stable oxidation state, strong 
metal–ligand interaction, and defect‐free and dense packing is an ideal candidate 
for a high thermal stability. Nevertheless, applications of MOF materials do not 
only need high thermal stability but also require other properties depending on 
the specific domain of applications. Therefore, the right balance between poros-
ity, functionality, and stability will always be a compromise.

1.4  Mechanical Stability

Looking back to the history of the development of MOFs, major attention has 
been paid to the generation of as large as possible accessible porosity within the 
structures, which in turn intrinsically results in the weakening of the mechanical 
stability. Hence, the investigation of the mechanical stability of MOFs is still at its 
early stage, and thus, only a limited number of examples could be found in the 
literature.

It was found initially that some MOFs can lose their crystallinity when the 
guest molecules are removed. It is mainly due to the capillary force‐driven 
destruction, which is, in our opinion, the most common mechanical stability 
issue of MOFs. An efficient method to deal with this issue is to use supercritical 
CO2 activation, during which the strongly associated guest solvent molecules in 
the pores can be exchanged with liquid CO2, leading to zero solvent surface ten-
sion and thus zero capillary force [173]. Attaching hydrocarbon or fluorocarbon 
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to the metal site is an alternative, particularly evidenced for Zr‐MOFs with large 
channels. It does not only limit the hydrogen bonding between inorganic SBU 
and guest solvent molecules but also reduce the size of the guest water clusters 
[97, 174]. Noteworthily, the breathing effect is an efficient characteristic to mini-
mize the damage to the capillary force. A few MIL series compounds possess a 
highly flexible porosity associated with robust frameworks during the removal of 
guest solvents. Later on, other flexible MOFs with dynamic mechanical stability 
were reported. COK‐69, constructed from Ti3‐oxo‐cluster SBUs and an aliphatic 
carboxylate linker, represents the first example of a breathing Ti‐MOF [155]. 
DUT‐49, a copper dicarboxylate MOF, was found to display a negative gas 
adsorption behavior, during which the MOF would shrink in order to release the 
extra inner gas pressure and returns to its normal state [175].

As long as “capillary force‐inert” MOFs were reported, such as the breathing 
MOFs or UiO‐66, a major effort has been devoted to study their pressure‐induced 
dynamic behavior. In these studies, several important parameters shall be con-
sidered for evaluating and comparing the mechanical resistance of an MOF com-
pound, including the shear modulus (G), Young’s modulus (E), Poisson’s ratio (ν), 
and the bulk modulus (K). In detail, shear modulus is normally used to describe 
the response of the material to shear stress, which is a good indicator of the 
resistance of the MOF to mechanical degradation [176]. Young’s modulus and 
Poisson’s ratio are parameters for the evaluation of the stiffness and stability of a 
material upon the loading of stress along the uniaxial and orthogonal directions, 
respectively. However, these two factors were hardly mentioned in the literature 
possibly due to the difficulty in collecting experimental data. On the contrary, 
there are notably more examples of studies on MOFs under pressure in the pres-
ence of liquid guest molecules (water, Hg, etc.), in which the bulk modulus was 
probed frequently, as it describes the response of the material to uniform hydro-
static pressure. MOFs with rigid structures (such as ZIF‐8 [7, 177], MOF‐5 [178], 
Cu‐BTC [179], and UiO‐66 [176]) or flexible frameworks (including MIL‐47(V) 
[180], MIL‐53, and its amino group‐functionalized derivatives [181–184]) were 
studied experimentally and theoretically for their mechanical dynamics under 
pressure in the presence of various types of guest molecules. Noteworthily, the 
defect‐free Hf‐UiO‐66 compound was predicted to have the highest shear and 
bulk moduli in all MOFs, which was deduced from the computational investiga-
tion [176, 185].

Though limited examples of MOFs have been studied, there are some tenden-
cies that still could be summarized. Generally speaking, dense structures with 
minimized porosities tend to display better resistance to mechanical loadings. In 
the MOF component point of view, inorganic subunits with high nuclearity and 
coordination values, short and rigid linkers, and strong dot‐donor interaction 
prefer to give rise to improved stability under external stress. On the other hand, 
efficient reduction of the accessible internal porosity in the MOF structure could 
enhance the stability. Adopting close‐packing for the network, replacing long 
and flexible linkers with short and rigid ones, filling the pores with guest mole-
cules, and making the framework breathe are all effective strategies for limiting 
the negative effect of the porosities of MOFs.
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1.5  Concluding Remarks

With the increased interest in the use of MOFs in real‐world applications, con-
siderable efforts have been devoted recently to the elaboration of highly robust 
and porous structures. In relation to a targeted application, an MOF shall exhibit 
sufficient chemical, thermal, and/or mechanical stability. Though it is still 
difficult to achieve the synthesis of porous MOFs showing “ultimate” stability, 
one should carefully consider the minimum stability requirements for a given 
application.

Chemical stability has attracted much more attention compared with the ther-
mal and mechanical ones. This allowed establishment of several rational strate-
gies for engineering chemically robust MOFs. Strengthening the cation–ligand 
interaction is the most prominent strategy. Using highly charged cations (M(III), 
M(IV), etc.) or highly complexing ligands (azolates, phenolates, etc.) has indeed 
permitted obtaining a panel of very promising MOFs able to exhibit resistance to 
aqueous media at different pHs and temperatures and sometimes to very harsh 
conditions (H2S, NH3, etc.). This strategy starts to show some limitations when 
combining both cations of high oxidation state and highly complexing ligands. 
This is certainly due to the difficulty in controlling the crystallization process of 
these highly reactivity species. The use of modulators during the crystallization 
is very efficient in the case of carboxylate linkers and M(III, IV) cations, although 
not 100% of the time sufficient. Another approach that is of great interest is using 
preformed inorganic building units based on monotonic ligands instead of sim-
ple cation salts. Controlled and slow exchange of the monotopic ligand with a 
polytopic derivative often allows crystallization of extended hybrid porous 
frameworks [156, 186]. Connecting preformed inorganic units (based on mono-
topic ligands bearing suitable organic functions) through covalent bonds has also 
been successful [187, 188].

Thermal and mechanical stabilities have been much less rationalized than 
chemical stability. However, one can still underline a few important parame-
ters. Thermal stability is closely related to chemical stability since, in general, it 
derives from the chemical nature of the components of the MOFs. Chemically 
inert metal cations and ligands such as phosphonates, sulfates, or pyrazolates 
yield in general high thermal stabilities, while carboxylate and particularly 
phenolates suffer from decarboxylation and oxidation, respectively, at high 
temperature. When considering the mechanical stability, one shall avoid very 
large pores. In such cases, an alternative strategy would be to consider other 
shaping methods such as embedding particles of MOFs in polymeric binders 
rather than using mechanical pressure to prepare pellets or membranes of pure 
MOFs.

Finally, whatever the type of required stability, the robustness of the crystalline 
structure of MOFs is governed by a complex interplay between the chemical 
and/or structural parameters that one can, in most cases, tune to achieve a satis-
fying compromise, although probably not sufficient in all cases for long‐term 
stability under operating conditions. This thus justifies continuing the search for 
even more stable MOFs and/or developing new process conditions.
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