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This critical review will be of interest to the experts in porous solids (including catalysis), but also

solid state chemists and physicists. It presents the state-of-the-art on hybrid porous solids, their

advantages, their new routes of synthesis, the structural concepts useful for their ‘design’, aiming

at reaching very large pores. Their dynamic properties and the possibility of predicting their

structure are described. The large tunability of the pore size leads to unprecedented properties and

applications. They concern adsorption of species, storage and delivery and the physical properties

of the dense phases. (323 references)

This new class of porous solids1 emerged as a new domain of

research ca. fifteen years ago. More or less considered at the

beginning as a curiosity, it has transformed into a fully

qualified field of research with an explosion of papers (Fig. 1).

As usual for a new domain, most of the papers currently refer

to new phases with their crystal structure and sometimes some

indications about the porosity. It was a necessary step for

justifying the richness of the field, as it was previously for the

mesoporous compounds.2,3 The latter impressed the commu-

nity of zeolites and microporous phases by the huge gap in the

dimensions of the pores. The interest towards hybrid porous

solids concerns more the important increase in chemical

versatility compared to ‘classical’ porous solids. The present

contribution on hybrid solids will therefore be placed in the

continuum of the story of porous solids, with their similarities

with the other families, their advantages, their potentialities

and the unprecedented properties they sometimes exhibit. It

represents a global introduction to the domain of hybrid

porous solids, not a complete review. Some of them have

already been recently published: for a detailed inventory of

what exists see ref. 4–12.

1. Some definitions

Hybrid porous solids result from the reaction between organic

and inorganic species in order to build up three-dimensional

frameworks whose skeleton contains both organic and

inorganic moieties only linked by strong bonds, at variance

to supramolecular chemistry. Conceptually, there is no

difference between classical inorganic porous solids and hybrid

ones (Fig. 2). Indeed, the three-dimensional skeleton can be

described for both of them by the association of secondary

building units (SBU).13 However, whereas the inorganic SBU

contains only inorganic parts (tetrahedral species like SiO4,

PO4, AsO4, SO4, associated with metallic cations in four-, five-

or six-coordination), in the hybrid SBU, the anionic species are

replaced by organic linkers, creating a contrast between the

bonds within the framework: mainly covalent for the organic

parts, ionocovalent for the inorganic. Moreover, as far as the

porous character is concerned, organic ligands with multiple

bonds must be preferred in order to ensure rigid topologies as

for inorganic solids with an open framework.

The tremendous development of this family generated a new

vocabulary. In the first hybrid open frameworks14–19 the

inorganic part contained either isolated polyhedra or small
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clusters, like in coordination chemistry. For this reason, these

solids were first labelled as coordination polymers. However,

very soon, it was shown that these hybrid solids could possess

inorganic parts with a larger dimensionality, giving rise to

chains (1D), layers (2D) and even inorganic frameworks (3D).

The more general term Metal-Organic Frameworks20 (or

MOFs) was then introduced with some derived acronyms

[for instance IRMOFs (for IsoReticular MOFs), MMOFs (for

microporous MOFs) PCP (for porous coordination poly-

mers)…] to identify some specificities of the corresponding

series. Some proposals have also been made in order to classify

these solids according to the dimensionality of the inorganic

subnetwork.21

MOFs provide also an ambiguity. It has become a generic

term for the family. However, the old habit used by the

community of zeolites to identify a given new solid by three

letters (generally indicating the geographic origin of the new

product) followed by a number, has been kept, and most of the

published MOFs use this system. For example, our own

compounds are given identifiers MIL-n [MIL for Materials of

Institut Lavoisier].

2. Advantages and disadvantages of hybrids toward
inorganic frameworks

At variance to zeolite-related inorganic solids, which require

the use of inorganic or organic templates (amines, quaternary

ammoniums…) beside the components of the skeleton and the

solvent, the situation is much simpler for MOFs: the solvent

itself acts as the main template. Such a feature presents a great

advantage, the skeleton of most of the MOFs being therefore

neutral. Indeed, many structures of zeolitic inorganic solids

with a cationic skeleton often collapse during the extraction of

the template owing to the strong electrostatic host–guest

interactions, which energetically represent an important

contribution to the lattice energy. In MOFs, the solvents have

weaker interactions with the framework and therefore easily

evolve the structure at low temperature, often keeping the

framework intact and providing very quickly an important and

readily accessible porosity. Moreover, the existence of inor-

ganic and organic moieties in the structure allows hydrophilic

and hydrophobic parts to coexist within the pores and may

have some influence on the adsorption properties.

Another interesting feature of MOFs concerns the great

variety of cations which can participate in the framework.

Indeed, compared to inorganic ones22 which are more based

on a few cations [Si and Al for zeolites – eventually doped with

some transition metals – with the exception of titanosili-

cates23–, Zr, Al, Ga, In phosphates and arsenates, sometimes

fully substituted by transition metals (Ti,24 V,25 Fe,26,27

Co,28,29 Ni,30 Zn31,32)]–, MOFs can accept almost all the

cations of the classification, at least those which are di-, tri-

(including rare earth) or tetravalent. Keeping in mind the

tremendous number of species previously isolated in coordina-

tion chemistry, this provides a huge number of possibilities for

creating new MOFs.

This number is drastically increased considering the large

choice of functionalized organic linkers which can be

associated with the inorganic parts. The functions borne by

the linker contain O or N donors. When O is concerned, they

are mainly mono- or polycarboxylates, mono- or polypho-

sphonates, rarely sulfonates. All of them, even combined, can

provide different possibilities of linkage with the inorganic

cations (chelating, single bond…). The nitrogen derivatives

(cyanides, pyridine, imidazoles...) are fixed directly to the

cation. Moreover, the carbon subnetwork (rigid or not) of the

linker can be itself functionalized, depending on the expected

applications (halogeno-, amino groups…). This means that,

potentially, the possibilities of combination within this new

family of hybrids tend towards infinity. It is both the richness

and the weakness of this family. The richness is clear, but the

weakness comes from the quasi-infinite number of potential

products. Among them, which are potentially interesting for

applications? One cannot imagine testing all these products for

eventual applications. A global and predictive approach to this

family is therefore needed, in order to converge more easily

towards potentially interesting compounds. This approach will

be detailed below.

Fortunately, MOFs have a significant advantage for

reducing the number of possible structure types. In the same

way as inorganic zeolitic solids accept group substitutions

while keeping the same topology (PO4 ) AsO4 …), the

functionalized linker can be substituted by larger ones, as soon

as the connectivity with the inorganic moieties is preserved.

When it is possible, this creates series of so-called ‘isoreticular’

solids (IRMOFs),20,33 decreasing the number of possibilities,

while taking advantage of the increase of the pore size of the

corresponding solid with length of the ligand. In other words,

MOFs not only allow modularity for a given structural type

but, within it, can create a new type of porous solid, as was

recently shown by us.34–36 Indeed, beside the usual crystallized

microporous solids, with small pores (ø , 20 Å) and

mesoporous solids, with larger pores (ø . 20 Å) but

amorphous frameworks, there is place for hybrid mesophases

with crystallized frameworks, opening a new window in terms

of applications. This will be discussed in Section 5.

During the syntheses of MOFs (see below), the coordination

of the metallic species, the nuclearity and/or the dimensionality

of the inorganic subnetwork strongly depend on the tempera-

ture of reaction. Within the same system, the other synthesis

parameters being fixed, the increase of temperature favours

first an enhanced condensation of supplementary metallic

polyhedra on the starting cluster (increased nuclearity) and

after, a change into chains then layers of inorganic polyhedra.

Fig. 2
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The increase of the inorganic dimensionality creates the onset

of long range interactions (for instance, magnetic ones) and

therefore, the appearance of physical properties usually

encountered in dense solids. This introduces a new field of

potential applications beside the usual properties of porous

solids (fluids separation and storage, catalysis…). On the other

hand, such a variability increases once more the possibilities

for the creation of new solids. In the face of this infinity,

claiming that new solids are obtained by design is at least

utopian.37 The community will have first to increase its

knowledge about the mechanisms of formation of hybrid

porous solids, to introduce more rationale in the syntheses

before speaking seriously about ‘design’.

Have MOFs disadvantages? For the moment, only one is

apparent: the weak thermal stability of MOFs [limited to 350–

400 uC, rarely more (500 uC)38] which rules out any application

at high temperatures. However, it allows specific ones,

described at the end of this paper.

3. Syntheses

Usually, MOFs are synthesized at low temperature (,250 uC).

Below 100 uC, the classical ways familiar to coordination

chemistry are used. Above 100 uC, solvothermal syntheses are

required. Beside water (the most frequently used), the main

solvents are alcohols, dialkyl formamides, pyridine. For many

syntheses, the recipes underline the addition of amines (ETA)

which seem to favour the reaction without participating in the

formula of the final compound. It must be recalled that MOFs

can be obtained with almost all of the di-, tri- or tetravalent

cations.

The pertinent chemical parameters of the synthesis are pH

(mostly acidic), concentrations (which can vary over a large

range) and temperature. As mentioned above, temperature is a

fundamental parameter. First, it defines two regimes, at least

with water as a solvent: below and above 100 uC. In

hydrothermal conditions, the dielectric properties of the

solvent change, leading to weakened interactions between the

solvent molecules and increased dissociation of the latter. For

instance, the pH value of water, measured at 180 uC in

hydrothermal conditions by an original in situ NMR method,

is 5.5.39 This means that an extrapolation of the conditions

applied at room temperature is not yet valid. Another

chemistry begins.

A textbook example is provided by cobalt(II) succinates.40–44

Keeping the same starting mixture, this system was studied

from room temperature to 250 uC. It provided seven different

solids with first a gradual decrease of the number of

coordinated water molecules per cobalt atom (T ¡ 100 uC),

an increased edge-sharing connectivity for the Co2+ octahedra,

higher coordination numbers for carboxylate groups and

incorporation of hydroxide groups in the phases formed above

100 uC. The temperature increase also augments the dimen-

sionality of both the whole structure and the inorganic

subnetwork. First one-dimensional (with isolated octahedra

for the inorganic part at 60 uC and trimers at 100 uC), it

becomes two-dimensional at 150 uC with 14-membered rings of

corner-shared Co octahedral, and finally three-dimensional

above (190 and 250 uC), the inorganic subnetwork being

always 2D, but with an increased connectivity of M–O–M

bonds.

Anyhow, each cation or association of cations into clusters

is a particular case, depending on its chemical nature and its

acido-basic characteristics. For instance, the trimeric octahe-

dral m3-O chromium cluster45 which exists in the structure of

chromium(III) acetate, is stable in solution from 25 uC to

200 uC without modification. It allows exchange reactions46 to

be performed in this range of temperature and gives rise to

very interesting structures.

For a given system, the nature of the starting metallic salt

also greatly influences both the nature of the resulting

products and their crystal growth.47 For example, in the

Zn2+/1,4-benzenedicarboxylic acid/solvent reaction system,

many different compounds, for example, Zn(BDC)?DMF?

H2O, Zn3(BDC)3?6CH3OH and Zn4O(BDC)3 were discovered.

Keeping the same 1 : 1 metal/ligand ratio of the original

synthesis of MOF-5,20 but changing the counter anion of the

salt (NO3
2, Cl2, SO4

2, CH3CO2
2, O22) in DMF medium

leads to MOF-5 with NO3
2, CH3CO2

2, O22, to an unknown

phase with SO4, while reactions using Cl2 only result in DEF

soluble reaction products, with a profound influence on the

crystal size and the morphology. Using slightly basic condi-

tions leads to a new zinc terephthalate Zn3(OH)2-

(BDC)2?2DEF. The addition of small amounts of nitric acid

to the synthesis mixture results in the new microporous zinc

terephthalate (H2NEt2)2[Zn3(BDC)4]?3DEF.48

This underlines the role of precursors for the synthesis of

MOFs. Counter ions of metal salts, owing to their own acido-

basic or redox characteristics, can influence the conditions of

reaction. This was also demonstrated for carboxyphospho-

nates in the system Co2+/(H2O3PCH2)2NCH2C6H4COOH

(H5L3)/NaOH.47 in which unexpected results were obtained

with the redox-active nitrate as counter ion. Under acidic

conditions, NO3
2 ions induce an in situ oxidation of one of the

P–C bonds of the ligand and a new phosphonic acid is formed

which is stabilized by complexation of the Co2+ ions.

Beside these classical methods, four new routes are currently

being developed for the synthesis of MOFs. The first49 uses a

mixture of non miscible solvents for the hydrothermal

synthesis (heavy alcohols and water, for instance). The solid

forms at the interface of the biphasic mixture and, most of the

time, provides single crystals of the desired phase.

The second represents the first trial for synthesizing MOFs

using an electrochemical route.50 It concerns the previously

known copper (1,3,5-benzenetricarboxylate).51 Bulk copper

plates (thickness 5 mm) are arranged as the anodes in an

electrochemical cell with the carboxylate linker dissolved in

methanol as solvent and a copper cathode. After a period of

150 mn at a (voltage: 12–19 V, current: 3 A), the greenish blue

precipitate is formed.

The third concerns the microwave synthesis, a method

already applied to dense solids and inorganic porous

compounds51–57 which seems very promising for MOFs. The

microwave method already attracted growing attention for the

synthesis of nanoporous inorganic materials which normally

require several days for their hydrothermal crystallization. It

provides an efficient way to synthesize them with short

crystallization times, narrow particle size distributions, facile
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morphology control, and efficient evaluation of process

parameters,58,59 etc. However, the microwave method has

rarely been applied to the synthesis of porous hybrid materials

to date.60

Chang and co-workers have recently shown that the

microwave syntheses of the latter offer several advantages

such as fast crystallization as well as phase selective

synthesis.61,62 Hybrid solids with giant pores, chromium

trimesate and terephthalate (MIL-100 and -101), have been

formed under microwave irradiation after less than 1 h at

220 uC, instead of 96 h using the conventional route.61

Moreover, at very short times (1 min) of synthesis, MIL-101

is obtained as quasi-monodisperse nanoparticles, a feature

which could afford very quickly applications in nanosciences.

In addition, the formation of the cubic nickel glutarate,

[Ni20{(C5H6O4)20(H2O)8}]?40H2O (MIL-77) previously

synthesized by conventional heating for several hours or days

depending on the synthesis temperature, was greatly acceler-

ated by microwave irradiation. The system results also in the

formation of the more stable tetragonal nickel glutarate,

Ni22(C5H6O4)20(OH)4(H2O)10]?38H2O only within a few min-

utes.62 The cubic phase was formed preferentially at low pH,

low temperature and predominantly with conventional elec-

trical heating. In contrast, the tetragonal phase was favored at

high pH, high temperature and especially with microwave

irradiation. These selective results suggest the efficiency of

microwave technique in the synthesis of MOFs.

The exceptionally rapid crystallization of nickel glutarates

was attributed to different formation pathways compared with

conventional zeolites. While the formation of aluminosilicate

zeolites appeared to involve complex crystallization pathways

via hydrolysis, hydrophobic hydration, gelation, nucleation,

and crystal growth,63 the porous nickel glutarates apparently

grew directly from the reactants once the solution was raised to

the appropriate reaction temperature. Consequently, the long

induction periods required for zeolite formation are not

necessary in the synthesis of nickel glutarates.

Morris and co-workers have reported that two new

isostructural coordination polymers with anionic MOFs are

synthesized classically and under microwave conditions using

an ionic liquid, 1-ethyl-3-methylimidazolium bromide, as

solvent and template.64 They conclude that the MOF samples

prepared under microwave conditions are purer in phase and

have higher crystallinity. All these results show that the

extremely fast hydrothermal formation of metal–organic

hybrid materials is not only a new route for synthesis of

MOFs but also an important step towards developing

commercially viable routes toward producing MOFs.

Finally, the richness of the possibilities of isolating new

MOFs and the race for describing them has incited some

authors to develop a dedicated application of high throughput

synthesis to MOFs systems.65–69 This method was already

employed for zeolites, inorganic frameworks and polymers for

applications in catalysis and phosphors.70–72 High-throughput

(HT) methods imply four major steps: design of experiment,

synthesis, characterization, and data evaluation which have to

be integrated in a workflow in order to reach a maximum of

productivity and innovation. While HT-methods can produce

a tremendous amount of data in a very short time, their success

depends on proper application. Thus, the design of

experiment is a step of paramount importance. Statistical

methods in combination with data evaluation programs,

genetic algorithms and neural networks have been shown

to be powerful tools.73 The number of reactions must

also be minimized by including chemical data and

chemical knowledge into the synthesis set-up. In addition,

investigations are most often limited to certain parameters,

mainly composition, but can also process parameters such as

temperature, time and pressure. In a typical experiment,

48 mini autoclaves are filled by various compositions within

the same system.

For MOFs, the current focus of the applications of HT

concerns the investigation of the parameter space of

solvothermal reactions in solid state sciences, the discovery

of new compounds,66,74 the optimization of reactions75

(including the influence of dilution on crystal growth66) as

well as the identification of reaction trends, particularly the

influence of pH and water content. In general, the large

amount of data obtained in a short time leads to an

improvement towards the understanding of the role that the

chemical parameters play in the formation of materials. For

example, with the cobalt succinates HT methods investigated

the parameter space from 384 individual reactions in a few

days. Beside the already known solids, two new materials were

discovered.44

Current trends for new porous systems

The number of possibilities of combining inorganic and

organic moieties is immense. It is out of the scope of this

paper to give an extensive review which can be obtained in

some other papers.4,7 The infinite variation on the nature of

the linkers provides either series of isostructural compounds or

new structures. With rigid linkers, a particular emphasis is put

on MOFs which do not have a counterpart in inorganic porous

solids (particularly those containing metallic cations like rare

earths whose phosphates are so insoluble that they exclude any

formation of templated porous equivalents76–101), on chiral

ligands for their applications in enantioselective catalysis and

separation, and more recently, on the use of amino acids for

biological purposes.

In the case of chiral ligands,102–108 some recent examples are

particularly interesting. A chiral ligand derived from tartaric

acid gives a layered zinc compound109 (POST-1) that has

triangular chiral channels (side length of a triangle 13.4 Å)

which enantioselectively adsorbs transition metal complexes. A

3-D cadmium carboxylate derived from quinine110 enantiose-

lectively adsorbs (S)-2-butanol and (S)-2-methyl-1-butanol.

Also, the three-dimensional coordination polymer zinc sac-

charate features two types of channels, hydrophilic and

hydrophobic, which can adsorb molecules such as azoben-

zene.111 Finally, two recent nickel aspartates,112–115 one 1-D

composed of helical chains (11.6 Å in diameter) with extended

Ni–O–Ni bonding), and the other 3-D Ni2.5(OH)(L-Asp)2),

6.55 H2O composed of the same helical chains 11.6 Å in

diameter with extended Ni–O–Ni bonding but connected by

additional nickel octahedra to ensure the chiral open frame-

work are very promising.
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Related to chiral solids, the use of amino acids and peptides

in general as building blocks for the construction of crystalline

open-frameworks is emerging.116 Such systems are expected to

exhibit rich metal–amino acid coordination chemistry that

could serve as model systems for the study of important

biocoordination compounds like metalloproteins. Open frame-

works developed through the interaction of biomolecules and

inorganic primary or secondary building units may allow for

the creation of novel materials that combine the high chemical

and thermal stability of inorganic oxides with the biological

functionality of biomolecules. Furthermore, the direct incor-

poration of chiral amino acids may lead to the creation of

noncentrosymmetric solids which could have applications in

enantioselective catalysis and separation or non-linear optical

applications.117,118 Because of these advantages, there has been

an increasing interest in using amino acids as building blocks

to create MOFs and a small number of amino acids have been

explored already, including asparagines, histidine and aspartic

and glutamic acids.119–123 A particularly interesting example is

provided by the combination of histidine with zinc phosphite

which lead to a layered MOF with four-ring units.116

Toward tailor-made porous solids?

Even recently, it was a dream to create by purely rational

synthesis tailor-made structures fitting the requirements for

dedicated applications. Some premises arise now in this

connection. It requires the knowledge of the chemical

conditions associated with the existence in the primitive

solution of a given type of INORGANIC brick which will

be preserved during the crystallization of the desired porous

solid. This is the key point. The organic linker is topologically

neutral during the synthesis since it remains invariant, but this

is not the case for the inorganic brick whose nuclearity and

dimensionality can vary greatly if the synthesis parameters are

not controlled. This was seen above. The mastery of nuclearity

and dimensionality then defines the active inorganic brick

which will be responsible for the final structure. Its potential

connectivity indeed orientates the topology, and its dimension-

ality will determine the physical properties and their intensity.

A great effort must be made in two directions for such a

knowledge: (i) more carefully to look at the relations between

the chemical conditions of synthesis and the existence of bricks

with a given geometry in the resulting structures45 and (ii),

development of the use of in situ techniques (NMR, IR,

Raman, EXAFs …) in respect of the conditions of synthesis in

order to identify these bricks in solution, as has already been

done for some porous inorganic solids systems (AlPOs,

GaPOs).124–129

Despite being long to perform and difficult to analyse, this

knowledge of the mechanisms of formation is important for

the future. For instance, an in situ EXAFs study of the

formation of a porous Fe(III) muconate using Fe(III) acetate as

a precursor recently showed46 that the trimeric unit, which

already exists in the precursor, remains intact during the whole

reaction, including the initial formation of an amorphous

phase followed by crystallisation of the final muconate.

Finally, after the synthesis, a correct evacuation of the

template or the solvent from the cages and tunnels is needed

for obtaining a solid with accessible pores. Even if it is easier

with MOFs, since they usually only necessitate evacuation of

the solvents, the proper activation of the as-synthesized solid

remains essential since upon it depends the surface area, the

accessibility to the pores and the porous volume, which will

drastically influence the adsorption and catalytic properties.

4. Structures and ‘‘design’’ of structures

In the broader sense of solid state chemistry, the emergence of

a new field always corresponds first to a tremendous effort in

chemical synthesis followed by a correlative research on the

corresponding crystal structures. In a first step, this feeds the

databases, but, very rapidly, a rationalization becomes

necessary for organizing these structural data into classes.

This was already done for dense phases (metals, inorganic

solids) in the nineties by Anderson, O’Keeffe and Hyde.130,131

after the pioneer works of Wells,132 and of Smith133 for

zeolites.

In the new field of MOFs, basic principles for such a

classification were needed owing to the already mentioned

infinite number of possible combinations between organic and

inorganic parts. Curiously, in 2000, in the same issue of the

same journal, O’Keeffe134 and Férey135 paved the way for the

development of the topological rules governing the structures

of porous solids. Their starting point was the same. They both

observed that some structures of MOFs corresponded to

extended versions of simple structures (diamond, sodalites …).

Even if their approaches were slightly different (nets for

O’Keeffe, SBU for Férey), both concepts were concerned by

the topology of structures and their invariance whatever the

chemical associations. They aimed also at finding porous

solids with larger and larger pores136 for specific applications

which are allowed with mesoporous solids and not with

micropores.

In continuation of his former way of describing the structure

of the solids in terms of nets,131,132 O’Keeffe defined the

geometrical design principles for frameworks of extended

solids134 based on the concept of ‘augmented’ nets. Every solid

can indeed be described by the geometric figure (net) obtained

by the connection of the entities of the structure. The idea of

these connecting nets is underlaid by the old concept of

coordination. For instance, in an [N,M] connected net, some

vertices are connected to N neighbors and some to M

neighbors. With the idea of creating low density structures,

and formalizing a previous idea of Hansen,137 O’Keeffe

defined the concept of decoration138 which describes the

process of replacing a vertex by a group of vertices, the

augmentation134 corresponding to the special case where each

vertex of a N-connected net is replaced by a group of

N-vertices. In other words, this replacement does not affect

the connectivity of the parent net.

An illustration of this concept is provided by the example of

platinum oxide Pt3O4 taken as a parent structure (Fig. 3). In

this solid, platinum ions are in square planar coordination by

oxygen atoms, and the latter are connected to three platinum

atoms (Fig. 3a), thus creating a (3,4) net and a structure based

on the three-dimensional assembly of square planes

(Fig. 3b).The augmented net will replace the platinum atom
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by a square (which provides the same connectivity as Pt) and

the oxygen atom by a triangle (which provides the same

connectivity as O). Once related by a line, the vertices of these

two polygons create the augmented net (Fig. 3c). The squares

and the triangles may be referred to as the topological SBU;

that is, they represent species whose connectivity is four for the

squares and three for the triangles, whatever their chemical

nature. Moreover, the line joining the polygons can be a bond,

but also a sequence of bonds, the latter case being called

expansion by O’Keeffe.134 It is what I called ‘the simplicity of

complexity’139 and such an approach allowed Chen et al. to

describe a copper(II) 4,49,40-benzene-1,3,5-triyl-tribenzoic car-

boxylate as an augmented Pt3O4 net.140 In this solid, the

squares are taken up by a binuclear Cu carboxylate moiety

(Fig. 3d). and the triangles correspond to the three corners of

the benzene ring acting as the vertices of the inner triangle, the

linkers being phenyl groups (Fig. 3e).

The O’Keeffe’s principle of ‘‘augmented nets’’ was not only

a tool for describing complex structures in a simple manner,

but was also very inspiring for the synthesis of new MOFs with

large pores showing very simple basic topologies dictated by

the shape and connectivity of the building units. O’Keeffe

anticipated that a few simple high symmetry topologies would

be of paramount importance in the future for such a purpose.

In a further work based on this principle, his group detailed

the rules for reticular synthesis141 (defined as the authors as

‘the process of assembling judiciously designed rigid molecular

building blocks into predetermined ordered structures which

are held together by strong bonding’) and the design of new

materials and proposed a classification of the known structure

types of MOFs,142 labelled, as for inorganic porous solids13 by

three small letters with oblique characters, often referring to an

abbreviation of the formula of the parent structure.

The approach of Férey, known as the ‘scale chemistry’

concept,135 started from his analysis of solids in terms of

Secondary Building Units (SBU). Instead of describing

structures by the connection of single polyhedra, he showed

that it was possible to analyze them using larger units (SBU or

‘bricks’) which, by translation and/or rotation and further

sharing of vertices, built up the final solid (Fig. 4). SBU

remained however only a tool of description.

Playing on the size of the SBU, he illustrated his concept by

numerous examples, for instance the following (Fig. 5). If the

brick is an atom, for example metallic, the topology of the

resulting solid is generally face centered cubic (fcc); if the brick

is a cube of atoms, the resulting structure is the fluorite type,

always fcc; if the brick is a C60, the fullerene structure is

Fig. 3 Principle of augmented nets (a) description of Pt3O4 in terms of connection of squares (b) balls and sticks representation of Pt3O4 (Pt: blue;

O: red) showing the fourfold coordination of Pt and the threefold coordination of O (c) augmented version of Pt3O4; O is replaced by a triangle and

Pt by a square. Both polygons are related by linkers; keeping the same topology in copper(II) 4,49,40-benzene-1,3,5-triyl-tribenzoic carboxylate, the

triangles correspond to the connecting points of the central phenyl ring of benzene-1,3,5-triyl-tribenzoic carboxylate (d) and the square to the Cu

dimer linked to four carbons of the carboxylate functions.

Fig. 4 Some complex oxides described in terms of connection of

pentameric SBUs.
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obtained, which also exhibits a fcc arrangement. This means

that, whatever the size of the SBU, the topology of the

resulting structure remains invariant and, in terms of porosity,

‘the larger the brick, the larger the pores’.

This defined one of his strategies for a possible access to

giant pores and to new applications related to their large sizes.

His in situ studies on the mechanisms of formation of

inorganic porous solids124–129 changed his approach. He

indeed proved the existence within the solution of SBU

identical to those which existed in the final solid. These

SBU, initially a tool of description, became a reality and then

could act as ‘bricks’ for the construction of the solid.

Moreover, as he proved that the increase of the size of the

inorganic moiety (and therefore the extent of oligomeric

condensation of inorganic species in the solution) was strongly

dependent on the weakening of the charge density of the

template, the validity of the concept was proved with the

rational synthesis of MIL-74,143 an aluminophosphate using

TREN as a template. MIL-74 has a supersodalite structure

(Fig. 6). The square brick of four tetrahedra which exists in the

pure sodalite is replaced by a square of nine tetrahedra which

create a cage eight times larger than that of the sodalite.

This concept of SBU applies to MOFs with however more

difficulties for playing on the size of the inorganic bricks.

Indeed, the rare inorganic bricks evidenced up to now are

stable ones which exist in a large range of temperature and are

known since a long time with their associated chemical

conditions of existence. In situ studies are currently performed

in his group for finding new inorganic SBU able to increase the

number of possibilities and new connectivities to enrich once

more the possibilities of getting tailor-made solids. The two

first examples are the discovery of the hexameric cluster of six

octahedra144 and the invariance of the trimeric cluster of three

octahedral during the reaction with carboxylic acids.46

Another example, explained in detail below for MIL-100 and

MIL-101 solids, will show that the search of new and

unexpected inorganic bricks appears to be at its very

beginning.

Both concepts are complementary for the creation of new

topologies. Both are simple, inspiring for the search of solids

with dedicated applications. Even if they do not pretend to

exhaustivity, they provide elements of thought which stimulate

the imagination of researchers without neglecting the unex-

pected results of serendipity which will refine the concepts.

Indeed, both principles have limitations. In the case of MOFs

(but not in the case of inorganic porous solids), the O’Keeffe’s

principle seems to be restricted, at least for most of the cases,

to the creation of coordination polymers in which the

inorganic part is a cluster because the augmentation of the

primitive net always respects the alternation of the cation and

the anion of the original simple structure and therefore the

alternation of organic and inorganic moieties. In terms of

predictability, the principle does not consider the variability of

the inorganic SBU with the chemical conditions. It is predicted

for already known bricks with a variation on the organic

linker. By contrast, the Férey’s principle takes into account

this variability of the bricks, but considers the same linkage in

a whole series. At least at the beginning, the extension

concerned only the inorganic brick, the connection being

invariant but recent examples145–147 have proved that scale

chemistry can apply as well to the shared vertices. Moreover, it

is not restricted to organic–inorganic connections, but accepts

also inorganic–inorganic ones for explaining, for instance, the

existence of MOFs with 1D or 2D inorganic subnetworks.

However, these two principles correspond to geometrical

rules and, as noticed by O’Keeffe, ‘In such considerations, the

structure directing role of guests and counterions is of paramount

importance and careful attention will have to be placed on guest–

host interactions. These will depend strongly on the specific

chemistry, as opposed to the simple geometry which has been our

concern in this paper’. It is true that both concepts do not take

into account the thermodynamics of the systems for the

isolation of new series, for instance by using reticular

chemistry.141 The series are observed only because the

thermodynamics (and sometimes kinetics) of the studied

systems allows their existence. In other terms, one must never

forget that the structures of MOFs are governed by thermo-

dynamics and not by geometry. At variance to the opinion of

some authors, the above rules can only suggest some

possibilities of arrangements of the SBU. They cannot predict

them. This point will be discussed further in this paper.

This important remark brings into question so-called

‘design’. Indeed, in many papers concerning MOFs, one can

Fig. 5 Principle of scale chemistry: whatever the size of the brick, the

three-dimensional arrangement keeps the same topology (here fcc).

Fig. 6 Comparison of the sodalite and MIL-74 cages with the same

topology. The latter is eight times larger than the former.
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read ‘this solid was obtained by design’. This term, despite

being fashionable, becomes more and more controversial.148

The etymology of this term comes from the old Italian

‘designo’ which has two senses: on one hand: drawing, sketch

and on the other hand: idea, aim, objective… Its evolution

with time, mainly during the XXth century, concerned

architecture, fashion, new shapes (aesthetic or not) and became

indistinguishable from a certain idea of beauty…Moreover,

‘design’ is inherent to the macroscopic scale and often

associated with the notion of pleasant use. An architect can

design a building, its shape, its height, its arrangement of

spaces because he has the mastery at the macroscopic scale of

the materials he uses and of the shaping he wants to give to

them. Indeed, at the macroscopic scale, materials can easily

take a desired form by smithing (metals), moulding (plastics)…

A car designer can imagine the lines of the coachbuilding of a

Ferrari because he can choose the proper material which allies

rigidity and lightness, he can optimize the lines for giving to

the car a good penetration in air, and therefore a higher

speed… A great dressmaker will choose a material, its colours

and texture, will cut the different pieces and assemble them in a

certain way, to give the final dress that he imagined from his

sketches. Design is the realization of what one imagined. The

result may be bad or good, depending on the quality of the

designer, but it is design, and from the design, one recognizes a

style. Frank Lloyd Wright, Pei (architecture), Pininfarrina

(cars), Y. Saint-Laurent (fashion) were famous designers

because they worked on macroscopic matter.

Can design exist at the atomic scale? If there is design in

chemistry, only organic chemists can insist on this talent

because they play on single molecules. Experts in total

synthesis of natural products do so because they know the

recipes for a possible grafting of some groups in special places

of the molecule, when the thermodynamic conditions are

satisfied. As soon as the dimensionality of the compound

increases, it becomes almost impossible. If it was possible, this

would imply that, in the domain of hybrid solids, chemists are

able to provide the structures they imagined. This would imply

too that only one structure is possible, which is clearly not the

case because it would exclude the possibility of polymorphism.

For instance vanadium(III) terephthalate, VIII(OH)[OOC–

C6H4–COO], exists in at least two forms MIL-47149 and

MIL-68.150 Both are built up from the same SBU associating

one vanadium octahedron with one terephthalate (Fig. 7) but

they correspond to a 44 and 6.3.6.3 topologies respectively.

This is a first argument against design.

The other is much more general and takes into account the

landscape of energies for the formation of solids. Schoen and

Jansen showed by simulation148 that the number of possibi-

lities (which each corresponds to a local minimum of energy) is

so large, with very small differences in the minima that it is

almost impossible to ‘design’ or predict anything. With these

authors, one can conclude that design is probably an ‘illusion’,

even if I have to confess to have used this word at the very

beginning.135,139

Anyhow, the rules emerging from these two principles are a

good guideline for the search for new structures. Both concepts

are based on the invariance of the connectivity between the

building bricks, but with a huge possibility of variations

around both the inorganic moiety and the linker. This can lead

to almost unlimited possible networks. MOFs represent the

microscopic version of Legoland
TM

.

When the inorganic subnetwork is concerned, several

possibilities are offered to the chemist. As already noticed,

playing on the chemical conditions, he can increase progres-

sively the dimensionality of the inorganic subnetwork, from

the original 0D coordination polymers to 3D (Fig. 8). and

introduce for the highest dimensionalities long range physical

properties usually encountered in dense solids as will be seen in

the paragraph of applications.

Keeping the 0D character of the inorganic subnetwork and

its connectivity, he can play either on the nuclearity of the

cluster (for instance using polyoxometalates ions155,156 or new

large hexameric units157) or the characteristics of the ligand

either for increasing the distance between the clusters, for

providing them a convex curvature158 (Fig. 9) which enhances

the accessible dimension of the cage, for introducing chirality

Fig. 7 Perspective view of MIL-47 and MIL-68, two polymorphs of

VIII(OH)[OOC–C6H4–COO].

Fig. 8 examples of MOFs with various dimensionalities: MOF-5,151 MIL-53,152 MIL-71,153 MIL-73.154
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in the MOF (see aspartates112–115), for introducing in the linker

large functionalized substitutes whose steric hindrance will

modify the orientation of the phenyl rings and therefore the

opening of the windows.

The three latter strategies apply also to MOFs with higher

dimensionalities of the inorganic subnetwork. A special case

worth noting concerns decorated inorganic porous solids when

the oxygens shared between two polyhedra are replaced by

ligands which have the same twofold connectivity as oxide

ions. It is for example the case of imidazole which create by

M–N bonds the same topology as the corresponding inorganic

porous solids. With such a strategy, the upper homologues of

sodalite, analcime and zeolite-rho topologies145–147 were

isolated and provide pore volumes eight times those of the

parent structures. Such a variety of parameters on which the

chemist can play shows once more that the immense number of

possible combinations is to come. The game is just beginning.

5. The structural originality of MOFs: dynamic
frameworks and breathing

Beside all these topologies, a strange feature arises with some

MOFs, which relates to their flexibility. It is a general problem

which concerns not only 0D coordination polymers, but all the

dimensionalities of the inorganic subnetwork.

As early as 1997, Kitagawa159 suggested classifying the

hybrid porous frameworks in three categories which he called

‘generations’. The first concerns frameworks which are

sustained only with guest molecules and collapse on removal

of the guest, most of the time irreversibly. The second

generation corresponds to stable and robust porous frame-

works which exhibit permanent porosity without any guest in

the pores. The last category refers to flexible frameworks

which change – most of the time reversibly – their structure to

respond to external stimuli. The stimulus can be temperature,

pressure, light, electric or magnetic field, guests… Depending

on the structure itself, the input is associated with either

an expansion or a contraction of the cell volume and can

generate induced movements larger than 10 Å during the

transformation.

Such a phenomenon, illustrated by several examples, has

lead Kitagawa160 to distinguish six classes of dynamic frame-

works (Fig. 10) in relation with the dimensionality of the

inorganic subnetwork.

In the 1D class (Fig. 10a,b), the voids between the chains are

occupied by small molecules and can exhibit ion exchange160.

In the first case of 2D class (Fig. 10c,d), the manner of stacking

of the layers (superimposed or shifted) is strongly dependent

on the nature of the guest and the weak interactions they have

with the layers. In the second case (Fig. 10e,f), the

interdigitated layers are superimposed and form 1D chan-

nels.161–163 Closed without guests, they open with some of

them, resulting in an elongation of the stacking parameter.

In the 3D cases, three situations occur. When pillared layers

are concerned (Fig. 10g,h), the reversible phenomenon of

interlayer elongation and shortening is realized by non-rigid

pillars.164 The expanding and shrinking frameworks (Fig. 10i,j)

act as sponges. Keeping the same topology, the drastic volume

change is induced by strong host–guest interactions. Depending

on the structure, the volume increase is associated with either

the evacuation149 or the inclusion of the guests.165–169 Finally,

in the case of interpenetrated grids, they are densely packed in

the absence of guests and the introduction of molecules

generates a sliding of one network (Fig. 10k,l).170,171

Most of the cases imply significant atomic movements during

the transition, typically in the range 2–4 Å. However, these

displacements can reach values in the range 5–10 Å whereas the

Fig. 9 The curved ligands in MOP-28.158

Fig. 10 The six classes of Kitagawa.
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topology of the framework is maintained. This is observed in

class 5 (expanded and shrinked grids) and concern two structure

types (MIL-53 and MIL-88) isolated in our laboratory.

The MIL-53 type149,152 [(MIII(OH)L, Guest) with M = Al,

V, Cr, Fe; L = terephthalate, naphthalene dicarboxylate, G:

guest] is built up from chains of octahedra sharing OH

vertices, which are linked in the two other directions by linkers

(Fig. 11) in order to create 1D lozenge-shaped tunnels.

The expanded empty form occurs at high temperature. By

cooling, a water molecule is trapped in the tunnels and induces a

drastic shrinkage of the framework with a decrease of the cell

volume of ca. 40% associated with atomic displacements of

25.2 Å in one direction and of +3 Å in the other one. The

transition is fully reversible. It is worth noting that, in the case of

MIL-53, the input (water) provokes a contraction of the

framework. An in situ solid state NMR study proved38 that

two types of strong hydrogen bonds between water and the

skeleton were responsible for the shrinkage. This very large

breathing induces some selectivity during the exchange of water

by other solvents. Acetone and ethanol are not exchangeable,

whereas dmf is, owing to the sufficiently strong hydrogen bonds

it forms with the skeleton. This large breathing effect induces

new applications, described in the last chapter.

The MIL-88 type, with an hexagonal symmetry,45,46,172,173

corresponds to a coordination polymer based on trimeric units

with three octahedra sharing a m3-oxygen (Fig. 12). Within the

3D structure, the carboxylates linking the trimers create both

tunnels and triangular bipyramidal cages in such a way that, in

the latter, there is no connection between the trimers in the

equatorial plane of the bipyramid.

This peculiarity induces unprecedented very large breathing

effects, but at variance to MIL-53, the input (solvent) is

associated with an expansion of the framework (Fig. 13). The

extent of these swellings (most of the time reversible) strongly

depends on the nature of the dicarboxylate linking the trimers in

the solids (MIL-88A for muconate, B for terephthalate, C and D

for naphthalene and biphenyl dicarboxylates respectively).

The as-synthesized solids always contain a few solvent

molecules and drastically increase their volume by solvent

exchange while keeping the same topology. The evacuation of

the solvent molecules by heating provides the dry forms, with

the same symmetry, but with a strong decrease of the cell

volume. For example, in MIL-88D (chromium(III) biphenyl

dicarboxylate), the ratio Vopen/Vdry is larger than 3, which

means a difference of more than 300% between the two

states.174 Correlatively, this expansion/shrinkage implies very

large reversible atomic displacements in the structures (.10 Å

for MIL-88D), the topology remaining invariant with appar-

ently no bond breaking.

Structural reasons must exist for explaining such a

behaviour.174 They concern two types of situation: (i) the

host–guest interactions (hydrogen bonds, VDW forces, p–p

interactions) and (ii) the intrinsic flexibility of the framework

itself, induced by the existence of ‘weak points’ within the

skeleton, which allow the deformation of the network under

the action of the stimulus.

On the first point, the interactions created by the guest must

be sufficiently energetic to induce the structural changes

described by Kitagawa, and once this condition is fulfilled,

the extent of breathing will depend on the strength of the host–

guest interactions. For instance, with MIL-88C, and as far as

hydrogen bonds are concerned, the volume expansion when

the dry form is put in contact with a solvent is ten times more

important for DMF than for H2O.174 This could find

applications in separation.

Fig. 11 The different forms of MIL-53: (a) as synthesized (as);

disordered terephthalic acid molecules lie within the tunnels; (b) high

temperature (open); (c) room temperature hydrated form (hydr.). Note

the changes in the cell parameters during the thermal treatments.

Fig. 12 (001) projection (left) of MIL-88B and perspective view of its cage (right)
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The second point is more specific and relates to the

structural characteristics of each structure. For MOFs with

non rigid ligands, the weak point of the structure concerns the

carbon chain of the ligand itself which can change its

conformation when stimulated. A nice example is provided

by [Cu2(pzdc)2(dpyg)]164,165 which exhibits contraction–

expansion during the desorption–adsorption process, with a

magnitude of breathing of 3.6 Å and 27% in volume variation.

This compound adsorbs MeOH and H2O but neither N2 nor

CH4. For MOFs with rigid ligands, and in the limit of the rare

known examples, two weak points of the structure (Fig. 14)

seem to be responsible for the breathing:174 (i) the connection

of the carboxylate functions with the metals of the inorganic

subnetwork; the O–O axis of the carboxylate which acts as a

kneecap between the inorganic part and the carbon chain

during the transition, and (ii) the free rotation of the phenyl

rings around the axis of the linker, which can relax the

constraints during the structure change and minimize the

lattice energy, as in MIL-53. When the inorganic subnetwork

is made of clusters, the latter can also play the above role of the

phenyl rings. It occurs for MIL-88 (Fig. 14) where the trimers

also rotate by 30u during the transition.

There is also a topological restriction for breathing. As

exemplified by MIL-68,150 a structure cannot breathe if odd

cycles exist in the structure. Indeed, MIL-68 is a polymorph of

MIL-53. Despite the same formula and the same inorganic

chain, the structures are different. Instead of lozenge-shaped

tunnels in MIL-53, MIL-68 exhibits large hexagonal and small

triangular tunnels. The latter confers a strong rigidity to the

structure, which was verified as a function of temperature,

excluding any breathing. The same rule applies for MOF-5.

6. Are MOF structures predictable?

Regarding topological aspects, the inorganic subnetwork may

be formally described as clusters (0D), chains (1D), layers (2D)

or frameworks. Its combinations with organic ligands (carbox-

ylates, phosphonates, crown ethers, polyamines...) on which

one can play with the size, shape, rigidity together with the

number and relative positions of the complexing N-donors or

O-donors functions leads to virtually infinite possibilities of

topologies. But, are all the associations possible?

The predictability of hybrid architectures and the control of

their dimensionality are therefore essential, however con-

fronted with the underlying issue of polymorphism.6 The

concept of rational design developed by O’Keeffe et al. was

rooted in the fact that topochemically-selected reactions

govern the construction process of the metal–organic frame-

work in hydrothermal conditions. Although metal-containing

SBUs may not be isolated, their repeated occurrence in a

significantly large number of structures suggested that the

targeted inorganic sub-unit pre-exists in the solution and may

be obtained with adequate synthetic conditions for participat-

ing in a systematic way in the construction of frameworks.45,46

As soon as a prototypic structure is known, the possible

Fig. 13 Evolution of the breathing in the MIL-88 family. For each

solid, the (001) projections and the view of the cages are represented

(from left to right, the dry closed form, the as synthesized structure (as)

and the open extended one (open).

Fig. 14 Part of the structure of the cage in MIL-88B, which

corresponds to one edge of the trigonal bipyramid. It explains the

framework displacements during breathing, occurring around the

‘knee cap’ O–O axis (blue line and sense of rotation (blue arrow)) of

the carboxylates. This allows the rotation around this axis of the whole

trimeric units (green arrows). The free rotations of the phenyl ring and

of the trimers around the OOC–COO axis occur only for relaxing the

constraints and minimize the lattice energy during the transformation.
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modulation of the pore sizes is directly achieved through

the length of the ligand or the nature of the inorganic SBU.

The isoreticular synthesis of IRMOFs 1–16 derived from the

prototypic MOF-533,175,176 is a good example of this approach.

A real structural prediction of new MOFs required the

development of a global optimization approach for predicting

libraries of viable MOFs in the same way as our group and

others used for the prediction of inorganic structures.177–187

Indeed, MOFs offer ideal features and concepts for the

efficient computational developments already applied by our

AASBU method177 for inorganic structures: the bricks exist or

are known, the global optimizations techniques for identifying

the local minima of the ‘‘energy ‘‘ landscape and the candidate

structures are valid. My group therefore made an adaptation

of the AASBU method applied to MOFs.188 The automated

assembly of SBU is performed in 3D space with minimal input,

aiming at computationally exploring the possibilities of

connection. The simulations provide a list of hybrid candidates

(existing or not-yet-synthesized structures), with their space

group, cell parameters and atomic positions, while tackling the

issue of polymorphism by limiting the domain of structures

that are possible for a given metal–organic ligand pair. The

inorganic (modelled by a rigid body) and organic (treated as a

flexible body) counterparts may be either treated indepen-

dently or encapsulated in a single hybrid building-block. The

computational assembly, is further controlled through the use

of pre-defined ‘‘sticky-atoms’’. The rules that control the

possible assembly are encapsulated in a forcefield that includes

‘‘sticky-atoms’’ pairs, parameterized on an atom–atom basis

by a simple Lennard–Jones potential.

This simulation was successfully validated on the best

known MOFs (MOF-5, HKUST-1, MIL-53) before testing it

with other bricks and ligands. Our first choice focused on the

trimeric cluster of metallic octahedral sharing a m3-oxygen, for

which the chemical conditions (including hydrothermal) of

existence were mastered in the group.45,46 Combined with the

two simplest carboxylates: terephthalate (1,4-benzene dicar-

boxylate or BDC) and trimesate (1,3,5-benzene tricarboxylate

or BTC), this cluster gave two solids, MIL-10034 and MIL-

101,36 exclusively in powdered form, with complex XRD

patterns and Bragg peaks at very low angle, indicating a huge

cell. As preliminary attempts to solve the structures ab initio

failed, the AASBU programme was tested. After calculating all

the steps, three candidate polymorphic structures with reason-

able energies were found, with different symmetries and cell

parameters. Among the calculated XRP patterns, only one

perfectly fits with experimental results After refinement of the

data, it appears that MIL-100 and-101, which both exhibit an

augmented MTN zeolitic topology, (scale chemistry!) are ‘the

two largest non proteinic structures ever evidenced’,189 with

cell volumes of 380,000 and 706,000 Å3 respectively, with

unprecedented cage volumes (from 10,000 to 20,000 Å3)

(Fig. 15) and Langmuir surface [for MIL-101 (5900 m2 g21)].

In the usual classification of porous solids, they represent the

first example of perfectly crystallized mesoporous solids.

Beside their spectacular character, the results show that

prediction, exclusively based on the combination of mastered

chemistry and computer simulations based on energy concepts,

allows the structure of not-yet-synthesized solids to be

anticipated. This renders computer simulation extremely

promising in the field of MOFs. Not only does it provide

structural solutions, but it stimulates the synthesis activity in

the search for new systems without the need of single crystals.

Beyond that, and just by comparison with X-ray powder

patterns, it provides structural solutions which could even not

be reachable in the absence of single crystals (the upper limit of

possibility of solving a structure in a cubic F lattice was

calculated to be 288,000 Å3 190). As it can be anticipated that

the discovery of new solids in the future will probably lead to

more and more complex structures and difficulties in getting

single crystals, the simulation facet in the research of new

MOFs opens a new window for their knowledge, their

applications and aesthetics (Fig. 16).

7. Hybrids as efficient materials: some physical

properties and applications

Porous solids have been for a long time strategic materials and

some authors191 claim that they represent more than 20% of

the Gross Domestic Product of the industrial countries for the

applications they imply, directly or indirectly. These applica-

tions concern mainly petrochemistry, catalysis and selective

separation using the porous character, the high thermal

Fig. 15 Structure and building of MIL-101: (a) the trimeric inorganic

brick; (b) the supertetrahedral SBU; (c) their connection; (d) the

framework of MIL-101; the lines join the centers of the super-

tetrahedra and show two types of cages (yellow and blue); (e) ball and

sticks and polyhedral representations of the large cages, (f) ball and

sticks and polyhedral representations of the ‘small’ cages.
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stability and the interesting surface areas of inorganic porous

solids. The principal limitation, up to the discovery of

mesoporous compounds, was the relatively small size of the

pores in the crystallized solids , which were further shown to be

rather disappointing regarding applications. MOFs provided a

breakthrough, as shown in Section 2, since they can combine

all the desired possibilities of the above classical porous solids

together this time with potentially unlimited pore sizes and

surface areas, with the physical properties of dense solids which

were quasi-inexistent for zeolites and related compounds.

This gap opens a number of windows for new potential

applications, at a moment of our civilisation when energy

problems become crucial and sustainable development a way

for surviving. MOFs can provide many solutions in these areas

owing to their already mentioned infinity of possibilities, the

increasingly rational approach for their synthesis, and the

ability to play on the tunability of all the characteristics of

porous solids (skeleton, surface, cages and/or tunnels) for

dedicated applications. Most of them are inspired by previous

orientations (catalysis, gas separation/storage), but with highly

improved performances. Some of them are unprecedented.

Catalysis by porous hybrid materials

Although catalysis is potentially one of the most important

applications of metal–organic porous materials, as was the case

in microporous zeolites and mesoporous materials, only a

handful of examples have been so far reported.192–194 Fujita’s

group first achieved195 shape-specific catalytic activity for the

cyanosilylation of aldehydes over [Cd(NO3)2(4,49-bpy)2]n in

1994. For catalytic applications using metal–organic open-

framework materials, apparently five types of catalyst systems or

active sites have been utilized: (a) homochiral metal–organic

frameworks, (b) metal ions or ligands in the metal–organic

frameworks, (c) coordinatively unsaturated metal (CUM)

centers in metal–organic porous materials, (d) metal complexes

in supramolecular porous frameworks, (e) highly dispersed

metal or metal oxide nanoparticles loaded onto porous MOF

host lattices.

Homochiral, porous MOFs that look like heterogeneous

enzymatic catalysts are particularly attractive candidates as

heterogenenous asymmetric catalysts for the production of

optically active organic compounds due to the lack of chiral,

inorganic zeolites. However, despite considerable efforts,

attempts to synthesize homochiral metal–organic porous

materials capable of enantioselective catalysis have met

with only limited success. Only a few groups have recently

provided preliminary evidence for the potential utility of

homochiral porous MOFs in enantioselective separation and

catalysis.196–199 Among the related works, Lin and co-workers

have designed a homochiral porous Cd–MOF ([Cd3Cl6L3]. X)

which, after chemisorption of titanium isopropoxide onto the

hydroxyl units, catalyses ZnEt2 additions to aromatic alde-

hydes for highly enantioselective heterogeneous asymmetric

catalysis rivalling its homogeneous counterparts.197 Recently,

Dybtsev et al.199 have isolated a Zn-based MOF with bdc and

lactate ligands, intrinsically homochiral, with size- and

enantioselective guest sorption properties and a remarkable

catalytic activity with size and chemoselectivity, and high

conversion in the oxidation of thioethers to sulfoxides.

Most popular examples for catalytic applications belong to

framework catalysis by metal ions in the metal–organic

frameworks even though the metal ion and the ligand are

usually selected as the building blocks rather than as catalysts.

After the pionneer works of Clearfield on phosphonates200–202

framework catalysis by MOFs includes now cyanosilylation,203

the Diels–Alder reaction,204 the hydrogenation,205 esterifica-

tion,44 CO oxidation,206 etc.

The introduction of CUM centers into porous MOFs can

offer a promising tool in catalysis because a regular arrange-

ment of metal centers in the pore channels induces regioselec-

tivity or shape- or size-selectivity towards guest molecules or

reaction intermediates.207 For example, Kitagawa and co-

workers have shown that pore surface engineering using a

metaloligand as a building unit could provide the introduction

of CUM centers.208 Some examples in framework catalysis

may have been achieved by CUM centers in MOFs although

they have not clearly mentioned.

Given that inorganic porous materials that contain metal

complexes encapsulated in their porous cavities take advantage

of heterogeneous catalysts, it might be a good approach to

encapsulate metal complexes into MOFs through supramole-

cular self-assembly. A few authors recently illustrated this

strategy.209,210 For instance, Qiu et al.209 have encapsulated the

metal complex [Mn(phen)2(H2O)2]2+ into supramolecular

frameworks through hydrogen bonding and p–p interactions.

The resulting supramolecular frameworks showed size- and

shape-selective catalytic activity in the oxidation of phenols

with H2O2 to form dihydroxybenzenes.

The use of highly dispersed metal or metal oxide nanoparticles

inside porous MOF host lattices is very rare. However,

Thompson et al. showed that Pd- and Pt phosphonates were

active catalysts for the photochemical production of H2
211 and

Fig. 16 The currently most cited MOFs (up). In the lower part of the

figure, their cages are represented at the same scale.
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the production of hydrogen peroxide from streams of H2 and

O2.212,213 More recently, Fischer and co-workers have shown

that metal–organic chemical vapor deposition gave inorganic

nanoparticles (Cu and Pd) in MOF-5 that were moderately

active for methanol synthesis (Cu@MOF-5) and hydrogenation

of cyclooctene (Pd@MOF-5), respectively.210 However, the

surface functionalization of pores for catalytic applications

remains still unexplored in porous MOFs in spite of a promising

research area, previously exemplified in mesoporous materials.

Whereas catalytic applications concern the surface of the

pores, many others use either the pores and their possibilities

to be filled by inserted species, or the skeleton as soon as

properties close to those of dense solids (magnetism, con-

ductivity, optical properties) are required.

Insertion of species and their applications

Solvents are easily evacuated from the pores of MOFs. The

tunability of pore sizes render them particularly attractive for

insertion of species, including gases, liquids, molecules, inorganic

nanoparticles and metals. On the point of tunability, a false

debate is emerging: what is better, large pores or small pores?

Such a question is not reasonable. The choice will only depend

on the required applications and on the size of the species to be

inserted. It is clear that if a selectivity between small species is

sought, there is no need for large pores. In contrast, if the aim is

to insert drugs in the pores, the larger the cage, the better the

storage. In other words, instead of opposing the two ways, it is

better to use all the possibilities of dimensions provided by the

literature to fit with a given application and optimize it. This

does not prevent us from searching for larger and larger pores.

Beside the idea of a world record (but every record is to be

beaten), more important is to enlarge the possibilities of insertion

for dedicated applications.

Gas adsorption/separation/storage and energy. This domain is

increasingly important. The decrease in fossil fuel reserves

urgently needs solutions of substitution and MOFs might be

one, for their capacity to adsorb large amounts of strategic

gases like H2, CO2, CH4, CO, O2, NOx, C2H2…. within the

cages. The American Department of Energy recently fixed the

lower limits of adsorption (6.5 weight% for hydrogen) needed

for realistic energy applications in this domain.214

The first success,159 due to Kitagawa in 1997, was the

introduction of large amounts of methane in a coordination

polymer. This opened the way for a tremendous search for

materials able to store these gases, due both to their high specific

surface areas (SSA) and large pore sizes. For the moment, the

main efforts concentrate on H2, CH4 and CO2 with however a

striking difference between the first and the others. Indeed,

MOFs adsorb large amounts of hydrogen only at 77 K; at room

temperature, adsorption is negligeable, at variance to CH4 and

CO2 which exhibit interesting performances at 300 K and above.

This low temperature adsorption of H2 prevented, for a long

time, applications for its use in cars until the recent discovery of

technical solutions.215

At this point, two general remarks must be made. The first

concerns the performances of MOFs and their reproducibility.

It originates from the works of Panella and Hirscher216 who

showed that the claimed performances of a MOF are strongly

dependent on the method of synthesis, on the scale of

production (laboratory or large-scale preparations) and, as

already mentioned, on the efficiency of activation of the MOF.

For example, for MOF-5, the first measurements on small-

scale laboratory synthesis claimed an uptake at 77 K of

4.5 wt.% at 0.8 bar,217 further corrected to 1.6218 and

1.3219 wt.% before reaching 4.7 wt.% at 50 bars (5.1 wt.% at

saturation)216 when the sample was prepared by a large scale

fast synthesis. This means that every published value, even

unprecedented, must be taken with care and needs to be

verified by other groups before becoming credible, using for

instance round robin procedures, as is done in other disciplines

prior to acceptance. Moreover, it is currently difficult to

compare the real performances because the data (for instance

wt.%) refer to a given P/P0 ratio (often at 1 bar) whereas the

true capacity must be measured at high pressure (60–70 bars).

For the future, there is an urgent need of normalization, with a

complete set data including isotherms of adsorption (classical)

and desorption (currently rare), gas capacity at high pressure

(wt.%; cm3 g21; cm3 cm23) as well as surface areas (BET,

Langmuir). At the laboratory scale, to the best of my

knowledge, the performances of only three MOFs have been

validated: MOF-5 (see above), MIL-53220 and HKUST-1.221

Moreover, a material will be efficient for industrial develop-

ments50 if the performances, measured at the laboratory scale

on a few milligrams, are still valid at a large scale.

The second remark concerns an emerging trend. The

improvement of the performances in gas adsorption will go

through a better understanding of mechanism and thermo-

dynamics of adsorption, and of a better knowledge of the

adsorption sites. This was done for zeolites. Measurements of

heats of adsorption are currently very scarce,50,222 as is the

localization of adsorbed molecules, experimentally (using

X-ray and neutron diffraction),223–225 or theoretically using

computer simulations.226–234 This will be a major requirement

for the future. The identification of the active sites, either on

the inorganic or the organic moieties, will be of paramount

importance for elaborating new syntheses.

Hydrogen adsorption and storage. This is currently one of the

major challenges for energy storage and for fuel cells for

cars.235–239 Hydrides seemed attractive for such a purpose, but

both their high density (which leads to low weight-based

storage) and the obligation to heat for delivering hydrogen

were drastic limitations for their industrial use, even if

alanates240,241 represented a significant progress. MOFs

do not have these limitations since their density is very low

(,1 g cm23) and the hydrogen storage is governed by

physisorption and not redox reactions.

Up to now, the three best verified MOFs for hydrogen storage

at 77 K are MOF-5 (5.1 wt.% at saturation, SSABET: 2296 m2

g21, SSALangmuir: 3840 m2 g21), HKUST-1 (3.6 wt.% at

saturation; SSABET: 1154 m2 g21, SSALangmuir: 1958 m2 g21)),

and MIL-53(Al) (3.8 and 4.5 wt.% at 15 bars and at saturation,

SSABET: 1100 m2 g21, SSALangmuir: 1540 m2 g21).50 Fig. 17

shows their isotherms of adsorption. The heats of adsorption

were calculated to be 23.8 and 24.5 kJ mol21 for MOF-5 and

HKUST-1 respectively.
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The adsorption–desorption curve of MIL-53 presents an

hysteresis which is due to the breathing effect in this solid. 90%

of its total capacity is reached in less then one minute; 2.2 wt.%

of hydrogen is recovered at 0.1 bar.

Recently, a capacity of 7.5 wt.% at 70 bar was mentioned for

MOF-177242 but needs to be verified according to the above

remarks. Anyhow, all these MOFs show H2 capacities much

larger than those reported for zeolites A, X, Y and RHO

(1.8 wt.%).243 Currently the above MOFs compare favourably

to high-grade activated carbon with an SSA close to

2500 m2 g21.244,245

Müller et al,50 from BASF, recently showed the real

efficiency of MOFs for industrial applications. Indeed, they

noted that, compared to pressurizing an empty container with

hydrogen, MOF-5, IRMOF-8 and Cu-BTC-MOF (electro-

chemically-prepared HKUST-1) increasingly take up higher

amounts of hydrogen, all of them exceeding the standard

pressure–volume–temperature (PVT) uptake curve of the

empty container and with the steepest incline below 10 bar.

At 40 bar, the PVT-relationship of hydrogen in an empty

canister is registered as 12.8 g H2 l21,244–246 whereas containers

filled with Cu-BTC-MOF reach a plus 44% capacity of up to

18.5 g H2 l21. For comparison, the volume-specific density of

liquid hydrogen at its boiling point (20 K) is 70 g H2 l21.

Above 10 bar, the curves run mostly parallel to the

conventional H2-pressure–volume relationship. On a per

weight calculation, it becomes clear that the saturation of

MOFs with hydrogen is already achieved at pressures of less

than 15 bar (Fig. 18). For electrochemically-prepared Cu-

BTC-MOF this attributes to about 3.3 wt% H2-uptake. Some

dedicated reviews appeared on the subject in 2005.235–237

For a few experimental determinations of the localization of

H2 molecules in MOFs,223–225 several computer simulations have

been performed, which either anticipated experience or agreed

with it.226–234 Whatever the case, experience and simulation

show that it is molecular dihydrogen which is adsorbed, and that

the metal–oxygen clusters are the preferential adsorption sites

for H2 in MOFs; the effect of the organic linkers becomes evident

with increasing pressure. For example, Yildirim and Hartman

performed a nice neutron diffraction study of MOF-5 under D2

increasing pressure. Their results (confirmed by simulation)

show first that the amount of adsorbed D2 can reach 10 wt.% at

high pressure at 4 K (which corresponds to 46 D2 per Zn4

cluster), moreover, they identified five types of sites Fig. 19.

When the pressure is increased, the three first sites, progressively

occupy up to 26 D2 per Zn4 cluster; all are situated around the

clusters at distances in the range 3.1–3.6 Å of the oxygens of the

carboxylates. It is only above that interactions with the phenyl

rings begin to occur.

The H2 storage capacity of MOFs is definitively larger than

that of carbon nanotubes, which is much higher than zeolites.

Furthermore, diffusion of H2 in MOFs is an activated process,

similar to diffusion in zeolites. This domain is currently a great

challenge, combining targeted storage capacities, thermody-

namics and kinetics of exchange. It will become more and more

interdisciplinary, using chemistry, physics and engineering

science.

CO2 and CH4 adsorption and storage. These two gases are

also strategic, in connection with pollution and energy

problems. In particular, the current elimination of CO2 uses

Fig. 17 Adsorption isotherms of a) MOF-5 (%), b) HKUST-1 (#),

and MIL-53 (m) at 77 K (s adsorption; t desorption). Fig. 18 The effect of MOF introduction in a container for hydrogen

storage.

Fig. 19 The different adsorption sites for H2 in MOF-5 (data

from224).
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chilling, pressure, contact with amine solutions,247 chemisorp-

tion of on oxide surfaces or adsorption within zeolites,

carbons, or membranes,248 but MOFs present a valuable

alternative for this removal.

At variance with hydrogen, they are both adsorbed at room

temperature. However, studies on their adsorption are by far

less numerous than for hydrogen,222,249–256 even if it is with

CH4 that the story of gas adsorption began for MOFs.159 In a

general way, methane is less adsorbed than CO2. Even if it is

not yet clearly understood, it seems that the difference in

adsorption is due to the existence of large quadrupolar

moment for CO2 (21.4 6 10235 C m2)222 which does not

exist with CH4. This moment induces specific interactions with

adsorbents (molecular orientation, hydrogen bonding…)

which, depending on the host structure, will give different

behaviours for the adsorption isotherms.

From their adsorption isotherms, the currently best adsor-

bers are MOF-177255 (SSA: 4500 m2 g21, 11 6 17 Å pores)

and MIL-10136,257 (SSA: 5900 m2 g21, 29 and 34 Å diameters)

which correspond to the solids having the largest pores ever

evidenced (Fig. 20). They adsorb more than 30 mmol g21 (33.5

at 16 bar and 33.5 at 40 bar for MOF-177 and 16 at 16 bar and

40 at 70 bar for MIL-101), which means ca. ten times the

amount of pure CO2 in a container at the same pressure.

Whereas MOF-177 presents a sigmoid shape, MIL-101 does

not. This particular shape, which also occurs for other MOFs

in the same study, was attributed by Millward to larger

effective pore sizes, which lead to a behavior closely related to

that of the bulk fluid.258 However, no structural information

can confirm this hypothesis.

A possible explanation can be provided by the only two

structural studies on CO2 adsorption, due to the groups of

Takamizawa223 and Férey.259 Both show that flexibility might

have an influence. The rhodium(II) benzoate pyrazine evi-

denced by Takamizawa223 did not exhibit large pores (9 6 4 6
3 Å) but evidenced a small breathing effect that Takamizawa

explained from single crystal studies by a phase transition,

implying the host–guest interactions which produced a cell

contraction by 3%. The enthalpy of adsorption was close to

35 kJ mol21. Anhydrous MIL-53 presented a much pro-

nounced behaviour, related to its already mentioned large

breathing effect (ca. 40%). Whereas the isotherm is classical

with CH4, the CO2 one presents a two-step behaviour

(Fig. 21a). After a first increase of CO2 uptake, it marks a

clear plateau at 3 mmol g21 up to 5 bar before a second

increase up to 9 mmol g21 at 20 bar.222 The enthalpy of

adsorption is found once more close to 35 kJ mol21. In situ

diffraction studies provide the explanation.259 When dehy-

drated under vacuum before CO2 adsorption, MIL-53 adopts

its expanded structure, but at low pressures of CO2 it structure

re-adopts the shrunken form up to 5–6 bar. At higher pressure,

the structure reopens to give the expanded form.

A complete structural study at 1 bar shows that the CO2

molecules lie at the center of the tunnels, as did water

molecules,38 but the interactions are different, even if the OH

groups shared between the octahedra of the skeleton are

concerned in both cases. Whereas with H2O, the interactions

occurred between the OH groups and the oxygens of the water

molecules of the tunnels, with CO2 it is the carbon and not the

oxygen of CO2 which interacts with OH. This induces a strong

but continuous modification of the IR spectrum, which was

followed by in situ measurements,259,260 and correlatively, a

clear bending of the CO2 molecule by 6u.
This tends to demonstrate an influence of the polar

character of the adsorbed molecules on the host–guest

interactions and on the shape of the isotherms. This could

have applications in selective adsorption of polar molecules. It

is the reason why our group recently studied the adsorption of

CO2 and CH4 by the hydrated form of MIL-53256 in order to

see the behaviour of a non-polar and polar probe in the

presence of a second polar molecule (here water). The

isotherms are drastically changed (Fig. 21b). Whereas CH4 is

almost not adsorbed up to 20 bar (0.2 mmol g21), there is a

very little uptake of CO2 up to 10 bar and a sudden increase

(8 mmol g21) after. XRPD patterns show that, up to 10 bar,

the shrunken form of MIL-53 prevails and in situ IR

spectroscopy indicates a progressive displacement of the water.

Fig. 20 CO2 and CH4 adsorption isotherms of MIL-101 and MOF-

177 at 300 K. Comparison with pure CO2

Fig. 21 CO2 and CH4 adsorption isotherms of anhydrous (a) and

hydrated (b) MIL-53 and location of CO2 molecules within the

tunnels.
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This could find applications in the recovery of CO2 in mixed

gas streams, particularly natural gas.

Adsorption and storage of other gases and liquids. Beside N2,

which is systematically tested for obtaining the isotherms of

adsorption, many gases have been tested for adsorption. Most

of the papers just mention the corresponding amount vs. P/P0

curves and aliment databases, but do not go further. This a

crucial deficiency for knowledge because progress in under-

standing of adsorption comes, as already noted, through

structural information on the host–guest interactions. Two

outstanding exceptions exists, coming from the Kitagawa

group261–270 and J. Howard et al.271 The first have system-

atically performed in situ synchrotron radiation studies on the

adsorption of many gases by some of their solids and the

determination of adsorption sites. In particular, concerning

ethylene C2H2, they have proved that adsorption results in this

case in an unprecedented acidobasic reaction between the

oxygens of the framework and the hydrogens of C2H2, with the

formation of a weak O–H bond during the phase transi-

tions268,270 which occur during adsorption. This provides one

more example that adsorption is favoured by flexibility of the

framework (breathing, gate effects) a behaviour which was

nicely reviewed by Rosseinsky.272–274 The second concerns the

location of argon and dinitrogen in MOF-5. The first

adsorption sites are also close to the inorganic cluster.

The tunability of the pore size in MOFs presents also a big

advantage for the separation of alcanes. This application, well

known for zeolites,22 is just emerging for MOFs. A recent

structural paper by J. Li et al.275 proves that the pore size of

one of their coordination polymers is sufficiently large for

trapping methane, ethane, propane, while butane is not

inserted. Moreover, in the petroleum industry, the separation

of alkane isomers is a very important process. Narrow pore

zeolites sieve linear from branched alkanes, to boost octane

ratings in gasoline.22 Recently, a solid described simulta-

neously by different groups,276–278 exhibits a similar behaviour

and is used for gas-chromatographic separation of linear and

branched alkanes.278 Whereas the first example described real

trapping of small alkanes, the second one, owing to the

small dimensions of the cage (4 6 4 Å), concerns only the size

of the windows allowing an accessibility to the interior of the

pores. They can accommodate only the linear part of the

branched isomer and the retention of alkanes on the column

mainly depends on the length of the linear part of the alkane,

and its van der Waals interactions with the microporous MOF

walls.

The immense possibilities of adsorption of MOFs begin also

to apply to liquids. Recently, Jacobson et al.279 introduced

aniline, thiophene and acetone in crystals of MIL-47 (V4+) by

impregnation and localized the species within the tunnels. The

intercalated aniline molecules show substantial ring–ring p–p

interactions between them and with the BDC ligand through

short distances. The p–p interactions are complemented by

weak C–H…p and N–H…p interactions between the aniline

molecules and the BDC ligands. The packing of thiophene

molecules is similar to that of aniline. A clear C–H…p

interaction between the thiophene molecules and the frame-

work BDC seems to play a major role in determining the

thiophene orientation. The acetone molecules are stacked with

an antiparallel packing pattern with weak dipolar carbonyl–

carbonyl interactions. The packing density calculated for the

guest molecule is 122.2 Å3 per acetone molecule which is

almost identical to that of liquid acetone. In contrast, the guest

packing densities calculated for aniline and thiophene are both

ca. 21% lower than the corresponding liquid densities of the

guest molecules, probably because the oriented interactions

between the guest molecules and the framework BDC ligands

determine the packing.

As already observed with this topology, breathing occurs

during insertion, but with a lowering of the space group

symmetry from centrosymmetric Pnma to non-centrosym-

metric P212121. This was confirmed by second harmonic

generation (SHG) measurements. The SHG efficiency of

intercalated solids is comparable to that of quartz. This shows

the importance of non-covalent orientated weak interactions in

the packing of organic molecules within nanopores of MOFs.

As mentioned by Jacobson, such interactions, although

relatively weak, may readily cause remarkable deformation

and symmetry change of the framework, which point to

effective ways of manipulating known materials or designing

new materials with targeted properties through intercalation

chemistry. As recently shown by De Vos et al.,280 the same

solid MIL-47 exhibits also remarkable properties of separation

between the different isomers of xylene. These features open

new opportunities of application for MOFs.

Adsorption/storage of molecular species, catalysis and drug

delivery. These molecular species can be either organic or

inorganic, but the variety of inserted moieties will this time be

strongly dependent on the size of the pores and justify the

current search for very large pores limited by crystalline walls.

Compared to inorganic porous solids with their pores limited

to 24-membered rings, MOFs indeed represent a gap in this

domain. With larger pores, the trapping of larger molecules or

polyions becomes possible. For instance, by impregnation,

crystals of MOF-177176 incorporate in their cages (accessible

diameter: 11 Å) bromobenzene, 1-bromonaphthalane, 2-bro-

monaphthalene and 9-bromoanthracene, C60, dyes like

Astrazon Orange R (16 dye molecules per cell), Nile Red

(2 molecules per cell), and Reichardt’s dye (1 dye molecule per

cell), showing the potential of MOFs for a size selectivity

inaccessible with classical microporous materials.

A decisive gap has been reached with the discovery of the

mesoporous MOFs MIL-10034 and -101.36 Their augmented

MTN zeolite topology exhibits two types of cages with 20 and

28 vertices, the first with exclusively pentagonal windows and

the other with pentagonal and hexagonal ones, with large

aperture (up to 16 Å). These windows allow the introduction

of large molecular species, particularly drugs. The analgesic

Iboprofen was used as a probe for validation.281

MIL-100 and MIL-101 show remarkable Ibuprofen uptake

(Fig. 22) compared to what was known before, but they adsorb

drastically different amounts of drug (0.35 and 1.4 g g21of

dehydrated MILs, respectively) as a result of their different

pore sizes (25 and 29 Å for MIL-100; 25 and 29 Å for MIL-

101). These findings are very important as only very small

amounts of material are required for the administration of
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high dosages. Structural reasons may explain this discrepancy,

particularly the free apertures of the windows of the cages

[4.8 Å (MIL-100) and 12 Å (MIL-101) for the pentagonal;

8.6 Å (MIL-100) and 16 Å (MIL-101) for the hexagonal]

compared to those of Ibuprofen (6 6 10.3 Å). Therefore,

ibuprofen fills only the large cages in MIL-100, and all of them

in MIL-101. According to the weight increase, each small and

large cage of MIL-101 hosts approximately 56 and 92

Ibuprofen molecules which represent four times the capacities

of MCM-41 toward Ibuprofen282 Moreover, the release of the

drug at physiological pH occurs in 3 days with MIL-100 and

six days with MIL-101, in two steps. The faster release involves

the molecules which fill the cages. Afterwards it involves the

molecules in noticeable interaction with the framework.

This unprecedented behavior illustrates three facts: (i) the

ever-growing need for very large pores,136 (ii) when tunable, the

hierarchy of mesopores can act as an internal molecular sieve for

a given guest of important dimensions with a selective

occupation of the cages, the empty cages remain able to host a

different species; and (iii) such matrices may provide tools for the

study of nanoassemblies of organic compounds and help the

development of nano-organic chemistry. Moreover, it adds a

new route for drug storage and release. Two routes have been

previously set up: the ‘‘organic route’’, which uses either

biocompatible dendritic macromolecules or polymers283,284 and

the ‘‘inorganic route’’, in which the hosts are inorganic porous

solids, such as zeolites285,286 or mesoporous silicate materials.287

In the first case, a wide range of drugs can be encapsulated but a

controlled release is difficult to achieve in the absence of a well-

defined porosity.283,284 In the second case, this release is

performed by grafting organic molecules on the pore walls but

implies a decrease in the drug-loading capacity.288 Crystallized

mesoporous MIL-100 and -101 introduce a third way: the

‘‘hybrid’’ route. Indeed, the combination of a high and regular

porosity with the presence of organic groups within the

framework may cumulate the advantages to achieve both a high

drug loading and a controlled release.

These mesopores allow also the introduction of large

molecular inorganic species within the cages. For instance,

MIL-101 incorporates36 the Keggin polyanion PW11O40
72.

Owing to the large dimension of this anion (ca. 13 Å), only the

large cages can host it. From XRPD, TGA, specific surfaces

and solid state NMR measurements, it was proved that each

cage can accept five Keggin ions, representing 50% of the

volume of the cage. This successful incorporation of large

amounts of Keggin anions strongly suggests that MIL-101 is

an ideal candidate for the introduction of other nano-objects

with chemical, physical, biological or medicinal properties.

In a general way, a fit must exist, mainly between the size of

the guest and the dimensions of the windows. A recent

example289 illustrates this point. Fischer looked at the

absorption of volatile or very soluble metal organic CVD

precursors [(g5-C5H5)Pd(g3C3H5), [(g5-C5H5)Cu(PMe3),

(CH3)Au(PMe3) and Cu(OR)2 (R = CH(CH3)CH2NMe2)].

Only the latter does not incorporate the structure because its

dimensions exceed those of the pore window of MOF-5 (8 Å).

Reduction of the intercalated compounds by H2 leads to the

formation of metallic nanoparticles. In the case of Pd, the

framework of MOF-5 is strongly affected by the treatment

whereas, with Cu and Au, it remains intact. However, the

range of observed particle sizes (13–15 Å for Pd, 30–40 Å for

Cu, 50–200 Å for Au) are far above the dimensions of the cage,

indicating a biphasic metal–MOF mixture instead of incor-

poration at the nanometric scale at variance to what is

observed with MCM.290 However, the corresponding solids

exhibit some catalytic properties.

Except in one case,323 inclusion of metallic nanoparticles in

MOFs remains a challenge. Suh et al.291 recently tried to

generate in situ nanoparticles of Ag and Au within a flexible

two-dimensional MOF [NiII(cyclam)2][BPTC] through the

reduction of noble metals by the Ni2+ of the cyclam complex.

Reduction effectively occurs but a thorough study including

many types of characterization proves that, the MOF network

remaining intact, the nanoparticles (40 Å for Ag, 20 Å for Au)

are not incorporated between the layers but form a metal–

MOF composite. The authors suggest that Ag(I) metal ions are

introduced between the host layers and react with the Ni(II)

species incorporated in the host to form Ag(0) atoms, which

diffuse to the surface of the solid to grow into nanoparticles.

Since the Ag nanoparticles grow on the surface of the solid, the

host structure can be maintained even after the nanoparticles

of ca. 4 nm are formed. Such an explanation seems valid also

for the above metalocenes.

MOFs as nanoreactors and nanomoulds for nanosciences and

applied physics

The work of Suh was an elegant but unsuccessful trial to use

MOFs as reactors within which nanospecies could be synthesized

in situ and confined in the pores. The high reactivity and diffusion

of metallic aggregates was probably responsible for the failure.

However, as soon as such a strategy becomes applicable, a

myriad of new possibilities will arise, in relation to the physical

properties which are usually encountered in dense solids

(magnetism, conductivity, optical properties…), but this time at

the nanoscale. The unique advantage of MOFs is to provide

large, tunable, and well defined crystallized pores. Beside their

now classical role of storage and sieving, they can act as

nanoreactors and perform chemical reactions and the formation

of known (or unknown) products within the cages, with the

possibility to see the effect of confinement on the structure of the

Fig. 22 Compared adsorptions of ibuprofen by MCM-41, MIL-100

and MIL-101.
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included species. Once this nanoreactor role is realized, the cages

would act as nanomoulds for the synthesized species because the

size of the latter is fixed by the dimensions of the cage, thereby

leading to calibrated monodisperse nanoparticles, a feature

which is scarcely reached by the usual methods of obtaining

nano-objects. This opens the way to a new step in the knowledge

of nanophysics with the study of strictly monodisperse assem-

blies, their size being tunable as a function of the size of the cage.

The first example of such a strategy is provided by MIL-

101.36 Once desolvated and impregnated in a Zn2+ solution, it

provides nanoparticles of the semiconductor ZnS when the

carefully washed Zn-impregnated solid is treated by an H2S

stream at 300 K. High resolution electron microscopy with

associated chemical nanoanalysis on small crystals unambigu-

ously proves that the semiconductor particles reside only

within the pores and not on the surface. Both types of cages

are partially occupied with 4 ZnS per trimer, which means 80

and 40 ZnS assemblies within each type of cage, corresponding

to a 50% occupancy of the volume of the pores. From

preliminary studies, it seems that the sphalerite form of ZnS

predominates in the aggregates, whereas, for 60 ZnS, computer

simulation of the nucleation and growth of ZnS nanoparticles

predicted the existence of bubbles close to a sodalite

arrangement.292 The evolution of the semiconducting proper-

ties is currently in progress. Such a result opens large

perspectives for nanosciences: it becomes therefore possible

to imagine the introduction of known dense materials in

mesoporous MOFs, such as semiconductors (or a mixture of

them), photocatalysts (TiO2), oxide conductors (YBaCuO),

ferro- and ferrimagnets (CrO2, spinels…) as soon as the

dedicated chemistry is discovered for such a purpose. For that,

the accumulated knowledge on the preparation of these

nanophases, but in a non-confined form, will be useful.

Conductivity of porous MOFS seemed impossible for a long

time because conductivity implies either mobility of species

(ionic conductivity) or delocalization (electronic conductivity,

isotropic or anisotropic). For MOFs, if ionic conduction is

theoretically possible when dedicated inserted species are

chosen, electronic conduction seems to be almost inaccessible

for at least two reasons: (i) there is no clear mention of MOFs

containing mixed-valence species, a necessary condition for

eventual electronic delocalization and (ii) most of the MOFs

are coordination polymers (0D for the inorganic framework),

whereas, except in a few cases,293,294 at least a one dimensional

inorganic subnetwork is required.

A recent breakthrough circumvents these limitations in

terms of mixed-valence and at least ionic conductivity.295 The

problem was solved by the electrochemical insertion of lithium

in MIL-53(Fe3+) or [Fe(OH)0.8F0.2(BDC)] which presents one

dimensional chains of corner-linked octahedra connected by

terephthalate ions, and is known to present large breathing

effects. The progressive introduction of Li within the tunnels

induces the onset of Fe2+ within the chains. Structural,

Mössbauer, and electrochemical studies and DFT calculations

unambiguously establish the mixed valence of the electro-

chemically synthesized phase [LixFeII
xFeIII

12x(OH)0.8F0.2-

[O2C–C6H4–CO2] (x ¡ 0.6). Used as an electrode in Li-half

cell, this material shows a reversible redox process around 3.0 V

vs. Li+/Liu exchanging 0.6 Li per formula unit with excellent

capacity retention and rate capability, even if the induced

electronic conductivity is rather low. Moreover, the introduc-

tion of mixed-valence for Fe changes the magnetic properties

from antiferromagnetic for MIL-53(Fe3+) to ferrimagnetic for

Li-MIL-53(Fe3+). It reveals also an interesting property of

MOFs with large galleries, related to the breathing effect: the

uptake of electrolyte molecules within their channels facilitat-

ing ionic transport in MOFs. Mixed valence in MOFs opens a

wealth of opportunities towards the elaboration of materials

with tuneable properties for various applications.

Magnetic properties of MOFs are an emerging field.5,21 As

for inorganic porous solids, the results are rather scarce.27

Despite their academic interest, it seems that they will not give

rise to applications, owing to their current very low magnetic

ordering temperatures. Anyhow, magnetic MOFs present

interesting features, some of them being specific to the hybrid

nature of the related structures, for instance the use of ligands

with phenyl rings which, through their delocalized p electrons,

can transmit the magnetic information between several

inorganic moieties and create long-range interactions even

for 0D coordination polymers.

Depending on the dimensionality of the inorganic subnet-

work, transition metal-containing MOFs (d and f) satisfy the

rules of molecular magnetism for 0D coordination polymers

and, for one- to three-dimensional subnetworks, exhibit long-

range magnetic interactions governed, as for dense solids, by

the Kanamori–Goodenough laws.296–298 The sign and the

strength of the magnetic superexchange interactions depend on

both the nature of the magnetic carriers (which can give either

isotropic (Mn2+, Fe3+) or anisotropic (Co2+) couplings) and on

geometrical criteria conerning the M–X–M superexchange

angles. Depending on these angles, the coupling can change

from antiferromagnetic to ferromagnetic, and the strength

from strong (when M–X–M angle is close to 180u) to weak

(when M–X–M angle is close to 90u). For 2D solids, dipolar

magnetic interactions must also be taken into account for the

long range interactions. This means that all the magnetic

behaviours encountered in dense solids are also encountered in

MOFs, including frustration problems when odd cycles of

cations in antiferromagnetic interactions are involved in the

structure.299,300 An increasing number of papers refer to this

new trend. The current state-of-the-art was recently reviewed

by Veciana et al.301 for coordination polymers.

The same authors302–305 recently introduced a new strategy for

enhancing the magnetic properties of MOFs. They used the

purely organic radical (polychlorinated triphenylmethyl tricar-

boxylate or PTMTC) as ‘spacer’ paramagnetic ligands which

interact magnetically with the transition metal. The so-called

MOROFs series exhibit interesting properties. The layered Cu-

MOROF-1 is a ferrimagnet below 2 K and exhibits a spectacular

reversible breathing behaviour upon solvent uptake and release

with a change by 30% of the volume, the desolvated phase

exhibiting turbostratic disorder. In the 3D Co-MOROF-3, ferro-

and antiferromagnetic interactions coexist.

Spin crossover (SCO) phenomena, which relate to changes

under stimuli of the electronic configuration of some 3d ions

between high- and low spin forms, also occur in MOFs. The

spin crossover is there guest dependent. For example,

FeII
2(azpy)4–(NCS)4.EtOH306 exhibits a SCO below 150 K in
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which only a fraction of Fe(II) ions is concerned in the solvated

solid whereas the desolvated solid remains high spin. Other

examples exist with imidazolates.307,308

The guest dependence is also nicely illustrated by the porous

manganese(II) formate309 [Mn3(HCOO)6]MeOH.H2O with a

diamond-type framework built up from MnMn4 supertetrahe-

dra, and which exhibits a guest-modulated ferrimagnetic

behaviour, owing to the steric effects of the guest which induce

subtle changes in the framework. The Curie temperature,

originally measured as 8 K can vary from 5 to 10 K according

to the nature of the guests re-inserted in the porous framework.

Such effects could also explain the complex 4f–3d interactions in

the trimetallic Cu–Gd–Fe coordination polymer.310

Finally, one could expect an increase of the critical magnetic

temperatures for higher dimensionalities but, they currently do

not exceed 100 K, even if a remnant magnetization has been

mentioned at room temperature for [Cu2(py)2(BDC)2.311 Up to

now, only Ni2+ carboxylates exhibit 3D inorganic subnet-

works. Higher Tc values could therefore be expected but,

despite interesting ferri- and ferromagnetic properties, they

occur only at T , 10 K312–314 because the polyhedra in these

structures are only linked by edges and faces, a characteristic

which is not favourable for high critical temperatures.

The optical properties of MOFs mainly concern lumines-

cence. Here also, the possibility for MOFs to accept many

metals, including rare-earths, the tunability of the chromo-

phors as ligands offer great opportunities for new phosphors

and probes. A number of lanthanide carboxylates have been

isolated76–101 and some of them were submitted to spectro-

scopic investigations, but most of these are qualitative and

restricted to the presentation of the emission spectra. This

quasi-absence of deep interest is motivated by the fact that, in

Ln–MOFs, the rare-earth polyhedra have water ligands which

are well known to quench fluorescence due to the loss of

excited-state energy to vibrational energy of an OH oscillator

of close proximity, although it has been shown that the

evolution of the Eu3+ lifetimes can serve as an indicator of the

degree of hydration of some Ln-glutarates.315

However, a characteristic of lanthanide fluorescence is low

absorbance coefficients, and a coordinated ligand with p

delocalized system can stimulate energy transfer to the metal

center via an intramolecular pathway. This effect, named the

‘antenna effect’316,317 can realize efficient UV light conversion

devices. This goal incites research in many fields and new

concepts have emerged.318–319 MOFs could be good candidates

for such a purpose but serious and quantitative studies are

currently extremely rare.320,321 For example, the rare earth

trimesate Ln[(C6H3)(COO)3]321 has demonstrated such an

‘antenna effect’. The ligand triplet state is located 200 cm21

higher than the 5D0 (Eu3+) emitting level, and the migration of

the excitation occurs along the chains of rare-earth polyhedra

with an activation energy quite similar to the energy separation

between the triplet state and the 5D0 (Eu3+) level.

8. Conclusion

There are few examples of topics which, in fifteen years, have

known such a tremendous development. Beside the current

explosion of new products, due to the quasi-infinity of possible

combinations between inorganic and organic moieties, and the

understanding of their formation, the current trends, mainly

evidenced and developed during the last three years, offer now

a myriad of potential applications. In my opinion, the only

limitation is the imagination of researchers. A good example is

that in a few years, hybrid solids passed from curiosities to

strategic materials. Not only do they amplify most of the

performances of the usual porous solids (sieving, adsorption,

storage…) but they reach domains usually reserved to other

disciplines: solid state chemistry and physics with the

introduction of physical properties, usually devoted to dense

phases; life sciences with their ability to store and deliver

drugs; the emerging field of nanoscience and the possibility to

provide monodisperse nanoparticles of many kinds of solids…

Even polymer science is now concerned322 with the polymer-

ization of the monomers influenced by the restricted space of

the pores which induces confinement effects. These solids

represent a new world. We just discover it. So, using the title of

one of my recent papers,8 the last sentence of this paper could

be: ‘Hybrid porous solids: are there limits to the possible?’
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210 | Chem. Soc. Rev., 2008, 37, 191–214 This journal is � The Royal Society of Chemistry 2008



25 M. I. Khan, L. M. Meyer, R. C. Haushalter, A. L. Schweitzer,
J. Zubieta and J. L. Dye, Chem. Mater., 1996, 8, 43.

26 M. Cavellec, D. Riou and G. Férey, J. Solid State Chem., 1994,
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A. K. Cheetham, Chem. Commun., 2004, 368.
44 P. M. Forster, N. Stock and A. K. Cheetham, Angew. Chem., Int.

Ed., 2005, 44, 7608–7611.
45 C. Serre, F. Millange, S. Surblé and G. Férey, Angew. Chem., Int.
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77 F. Serpaggi and G. Férey, Inorg. Chem., 1999, 38, 4741.
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81 C. Serre and G. Férey, J. Mater. Chem., 2002, 12, 3053.
82 F. Millange, C. Serre, J. Marrot, N. Gardant, F. Pelé and
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G. Férey, Chem. Mater., 2004, 16, 1177.
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136 G. Férey and A. K. Cheetham, Science, 1999, 283, 1125.
137 S. Hansen, Nature (London), 1990, 346, 799.
138 M. O’Keeffe, Z. Kristallogr., 1991, 196, 21–37.
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Chem. Soc., 2005, 127, 16273.
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O. Hinrichsen, O. P. Tkachenko, K. V. Klementiev, W. Grünert,
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