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The rise of organic-inorganic hybrid materials in both Academia and Industry results from a
convergence of diverse expertises and communities and driven by the curiosity of openminded scientists. This review article describes our historical perception on the evolution of
hybrid materials science. We illustrate the major periods associated with the genesis of hybrid
materials: prebiotic hybrid chemistry, hybrid materials made through know-how, the rise of
silicates and silicon chemistry, modern hybrids a mushrooming multidisciplinary field of
research, current applications of hybrid materials fully integrated in the society. Finally, the
review presents an outlook that summarizes some future prospects related to hybrid materials.
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1. Introduction
For more than thirty years, the processing of organic-inorganic hybrid materials has
attracted a great deal of interest in both the academic and industrial worlds.[1-3, 4-6] The applied
synthetic methods involve, in the broad sense, "polymerization" or "insertion" processes of
molecular, polymeric precursors or nanobjects (alkoxides or metal salts, polymers, functional
nanoparticles, nanoslabs ...). These reactions can take place at relatively low temperatures (20 °
C to 300 ° C) under normal or autogenous pressure in aqueous or organic solvents.[5, 6] These
relatively mild conditions are exactly those in which many reactions of organic and
organometallic chemistry, supramolecular chemistry, intercalation chemistry or polymer
chemistry are performed. It is therefore possible by this type of strategy to simultaneously
generate organic or biological components and mineral components to process original organicinorganic hybrid materials which are often composites at the molecular or at the nanoscale level.
Indeed, combining at the molecular level in one material the properties of certain organic or
biological molecules and those of inorganic compounds has become an achievable goal.[7-9] The
interest in these multifunctional hybrid materials is not only associated with their physical and
chemical properties, but also with the numerous possibilities offered by the coupling of the
colloidal state with the physico-chemical properties of biological systems and those of complex
fluids. This coupling between soft chemistry and the numerous engineering methodologies used
to shape soft matter (dip-coating, spin coating, extrusion, electrospinning, microemulsions
templating, aerosols processing, ink-jet printing, 3D/4D printing) allow the easy processing of
many hybrid materials. Indeed hybrids can be processed not only as thin films or thick coatings
and fibers, but also as powders, foams, monoliths and complex architectures. These approaches
where molecularly engineered chemistry and ingeniously designed processing are synergistically
coupled, allow chemists to develop complex systems of varied forms with perfect mastery at
2

different scales of size, composition functionality, and morphology. The realization of complex
hybrid hierarchical architectures implies a perfect integration of the chemistry and the process
and illustrates very well the central role of "Integrative Chemistry" in the field of advanced
materials[10, 11]. It is in this context that today, the field of research related to hybrid materials
develops, at the crossroads of "chemistry in all these states" of physics, biology and the science
of materials. Organic-inorganic hybrid materials can be defined as multicomponent compounds
having at least one of their organic (biological) and inorganic components in the submicronic and
more usually in the nanometric size domain.[12] The properties of hybrid materials do not simply
result from the sum of the individual contributions of their components, but also from the strong
synergy created by the presence of a very large hybrid interface.[2,

13]

Indeed, the organic-

inorganic interface (nature of the interactions, energy and linkability) plays a preponderant role
in modulating of a number of properties (optical, mechanical, separation, catalysis, stability to
chemical and thermal stresses). This is the reason why the different hybrid materials were
classified into two main families depending on the nature of the interface between the organic (or
biological) and mineral components (Figure 1).

Figure 1: Classification of the hybrid organic-inorganic hybrid materials[2]
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Class I includes hybrid systems in which the organic and inorganic components interact
via weak bonds: Van der Waals, hydrogen bonds or electrostatic bonds. Class II corresponds to
hybrid materials in which the organic and inorganic components are linked by covalent or ionocovalent chemical bonds. Of course, many hybrid materials possess both strongly and weakly
bonded organo-mineral interfaces, but considering the impact of the presence of strong chemical
bonds on the properties of the final hybrid material, this type of hybrid will also be classified as
Class II.
When developing biological materials, Nature did not wait for man suggestions to use the
concept of organo-mineral hybridization. Indeed, in a general sense, hybridization, crossbreeding
are the basis of evolution. In fact, from the most elementary to the most complex organisms,
nature conceives and realizes a multitude of architectures, materials, systems and functions. Thus,
for example, millions of years ago, biomineralization processes produced highly efficient hybrid
materials using multi-scale structures.[14] The main biominerals encountered in coccoliths,
shellfish shells, shells, ivory, bones and teeth of bone-skeletal animals, diatoms, radiolaria,
Chrysophyceae, magnetotactic bacteria, ferritin, teeth of certain molluscs (chitons and limpets),
etc .... (Figure 2) are hybrid nanocomposites where biopolymers (chitin, collagen, other sugars
and proteins) are smartly associated with a wide variety of inorganic compounds such as calcium
carbonate, calcium phosphates, calcium oxalates, silica, iron oxides, or composites ….[15]
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Figure 2: Natural biohybrids: (a) Venus sponge (Euplectella aspergillum), (b) Crustacean cuticle
(c) Radiolaria, (d) Vertebrate teeths, (e) diatom (Cylindrotheca Fusiformis), (f) Brain coral, (g)
Coccolith, (h) Teeths of Chitons, (i) Kidney stone (Whewellite), (j) Abalone shell, (k)
Magnetotactic bacteria (Magnetospirillum Gryphiswaldense),

(l) Teeths of the Purple Sea

Urchin

In fact, these natural hybrid materials are often highly integrated intelligent systems that know
how to compromise between different functions: mechanical behavior (flexibility vs. rigidity),
density, controlled permeability, color, hydrophobicity. Integration has two aspects:
miniaturization, which aims to accommodate an ever-increasing number of elementary functions
in a small volume, and hybridization, in particular between mineral and organic components,
which enriches the whole system by combining functions selected in the best of both worlds. An
essential feature of biological materials that work efficiently is their topological and structural
organization at all scales, nanometric or supramolecular, micrometric and often millimetric. The
mechanical strength and reliability of these hierarchical systems appear to be due to their ability
5

to respond to chemical and / or physical phenomena resulting from stresses exerted at different
scales. The high performances obtained by the hybrid materials of the living world are linked to
the notion of time, evolution having selected the right material for the good function. In its
selection, Nature has often optimized its choice following a principle of hierarchical organization
on a limited number of materials.
Man had very early in his history shaped matter and his first achievements of organomineral hybrid materials, are often associated with frescoes or objects developed by chance, no
doubt, but also thanks to the creativity of artists and artisans. The science of hybrid materials
begins much later and for the most part between the seventeenth

century and today. A

chronological summary of the history of the hybrid materials is shown in Figure 3, where four
main periods can be distinguished.

Figure 3: Timeline of the development and multidisciplinary evolution of the organic-inorganic
hybrid materials

Figure 3 shows a marked acceleration in the production of hybrid materials in both
quantity and quality since the mid-twentieth century. The earliest period, from the prehistory
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(20,000 years ago) to the tenth century AD, can be illustrated with the frescoes found in the
prehistoric caves (Altamira, Chauvet, Lascaux ...), the clay based bleaching agents used in the
days of Cyprus or ancient Rome, the hybrid clays used for the shaping and ceramization of
Chinese porcelain called "eggshell" and the pigments called Maya blue or Prussian Blue.
During a second period which extends from 1600 to 1940, the development of the
chemistry of silicates, silicon and its alkoxides, organic compounds of silicon (organosilanes),
gave rise to the industrial development of silicones. The latter are hybrid glues and sealants or
glass-polymer coupling agents that will acquire their ”letter of nobility” thanks to the necessity to
create efficient new materials during the Second World War. The third period from the 1940s to
the end of the 1970s is characterized by the development of mixed organic-inorganic materials
by different weakly- or non-interacting scientific communities. Those of clays, zeolites,
polymers were indeed mixing their ”basic compounds” with complementary components of a
different nature (organic with inorganic or inorganic with organic) to create new architectures,
and/or to modulate the resulting physical properties. For example, in the chemistry of polymers,
inorganic nanofillers where added or in-situ generated by sol-gel chemistry, the clays were
hybridized by intercalation of organic components (molecules, monomers, oligomers, polymers,
etc.), the synthesis strategies of new zeolites were based on the use organic cationic templates.
The fourth period, from the beginning of the 1980s to the present day, saw the development of
soft chemistry (Chimie Douce)[16] and most of bottom-up approaches for the production of
colloids, gels, glasses and ceramics. These approaches allowed coupling the organic or biological
worlds with the mineral matter, in a broad sense.
A true multidisciplinary “school of thinking” begins to be born and chemists belonging to
very diverse communities (solid state, surface, molecular, coordination and polymer chemistry;
physicochemistry, spectroscopies, etc.), engineers, ceramists, glassmakers and physicists met all
together for the first time in national and international schools and symposia.[17] Nowadays, the
most important meeting that unified the broad hybrid materials scientific community is the
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“Multifunctional, Hybrid and Nanomaterials” conference held every two years since 2009 (Tours,
Strasbourg, Sorrento, Sitges, Lisbon).[18]
The end of the last century was marked by a strong awareness of the Earth environmental
challenges. In materials science there was also a return to ways of thinking that used Mother
Nature as a model. Indeed, an eclectic, safe and economic approach to the design and
development of advanced hybrid materials necessarily embraces biology because one of the
outstanding features of biological systems is their ability to integrate molecular synthesis at very
high levels of organization, structure and of dynamics.[19] This biomimetic or bioinspired
approaches are undoubtedly giving rise to one of the most promising areas of scientific and
technological development of this twenty-first century. The processing of bio-inspired materials
and systems (adaptive materials, self-repairs, new or better performing nanomaterials, materials
with hierarchical structures and controlled dimensionality, three-dimensional composites,
materials compatible with ecological or biocompatible constraints, recyclables etc.) gave rise to
advances in the broad sense that are already very visible[20]. The expansion of these strategies
seems inevitable, considering the technical, economic or ecological limitations to which the
existing solutions always collide.
This review article will describe our historical perception of hybrid materials science. It
will be divided into six main parts that will allow us to illustrate the major periods associated
with the genesis of hybrid materials: prebiotic hybrid chemistry, hybrid materials made through
know-how, the rise of silicates and silicon chemistry, modern hybrids a mushrooming
multidiciplinary field of research, current applications of hybrid materials. We will finish this
review with a short outlook that will summarize some future prospects related to hybrid materials.

2. Prebiotic hybrid chemistry
Historically, the first produced organic-inorganic materials were clay-based hybrids. Presumably,
clay-organic materials were spontaneously formed in Nature, being widely assumed the crucial
8

role of clay minerals in the hypothetical abiogenesis process of the origin of life[21, 22] usually put
at 3.8 Ga[23]. In this way, it is well established that particles of colloidal clays integrating
swelling phyllosilicates drive to interlayer adsorption and accommodation of organic species
giving rise to organoclay complexes of variable stability.[24] The intercalation processes result
from organic-inorganic interactions involving mechanisms such as van der Waals forces,
hydrogen bonding and water bridges, electrostatic bonds, ion-dipole and coordination, proton
and electron transfers, etc. [25]

Figure 4: Ideal representation of hybrids based on clay minerals as intermediates in the
abiogenesis origin of life

In this context, a striking point of interest is that clays exhibit surface characteristics able to
spontaneously intercalate and catalyze the transformation of diverse molecular species in a
repetitive way, showing a replication ability inherent to living bodies. In fact, adsorption
capacity, large surface area, interlayer acidity, charge density, nature of interlayer cations, are
features allowing cyclic processes of adsorption-transformation-desorption, and therefore they
can be considered as templates showing capacity as "molecular replicators". This amazing
property, together with the ability to selectively adsorb and concentrate prebiotic organic
components from the hypothetic primordial soup, has been proposed as an alternative way
intending to explain the formation of complex systems ideally provided of self-replication
9

properties in the early Earth. There is noteworthy the high specificity including chiral
stereoselectivity in the selective molecular adsorption of certain clay minerals.[22] Therefore,
highly selective formed clay-organic intercalates, can be considered as hybrid compounds
playing an essential role for the development of life, according to Cairns-Smith models proposed
several decades ago[26]. Supporting these theories, called as “clay hypothesis”, diverse
experimental features confirmed, for instance, the polymerization of aminoacids leading to
polypeptides and proteins, the basic units of the enzymatic systems. Vermiculite intercalates and
selectively catalyzes the dimerization of the L-ornithine aminoacid[27], whereas the D-ornithine
stereoisomer is not intercalated by the clay. Other examples[22] show that kaolinite catalyzed the
stereoselective polymerization of L-aspartic acid eight times faster than its D-enantiomer and this
clay mineral preferentially adsorbed L- rather than D-phenylalanine. Smectite clay minerals
catalyze the formation of RNA long-chain nucleic acids in aqueous media by joining nucleotide
bases[28]. In fact, interlayer complexes of nucleosides in montmorillonite were reported by
Lailach and co-workers[29]. Later on, it was more strikingly illustrated that the simultaneous
adsorption of purines and pyrimidines, such as thymine and uracil, on montmorillonite, enhances
their uptake if solutions also contain adenine, which is co-adsorbed in the interlayer space
acquiring a special distribution similar to the one formed in nucleic acids.[24, 30] Clays show great
affinity towards nucleic acids. Interestingly, clays such as montmorillonite and sepiolite can form
very stable organic-inorganic hybrids with RNA and DNA, providing effective protection for the
adsorbed nucleic acids against degradation by irradiation, heat, and even by enzymatic action
(nucleases), which can be considered of crucial importance in the first steps of the life
evolution[31-33]
In addition, it is nowadays clearly stablished, by in vivo experiments using montmorillonite– and
sepiolite clays-plasmid DNA biohybrids, the effectiveness of these organic-inorganic materials
for applications as non-viral vectors for gene-delivery[33, 34] as reported by Choy and co-workers
with layered double hydroxides (LDH)-DNA hybrids [35]
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Clay-based hybrids have not been invoked only for the prebiotic generation of life, in an
integrative bottom-up approach. They also played a key role as catalysts in the genesis of
petroleum from organic matter generated from living organisms, this time following a top-down
process. As above indicated, clay minerals help concentrate organic matter by adsorption leading
to organo-clay complexes that subsequently may play a catalytic activity, in this case to generate
oil and gas.[36] The direct involvement of clays in the interaction and further transformation of
dispersed organic matter promoting the formation of liquid and gaseous hydrocarbons at
moderate temperatures. [37]

3. Hybrid materials: when serendipity becomes know-how
3.1 Prehistoric uses
Silicates, mainly clays, as well as other minerals of diverse composition, such as metal-oxides
(e.g. iron-oxides) and carbonates (calcite, aragonite,..), were the first inorganic “precursors”
employed to produce man-made hybrid materials. They met several fundamental criteria: (i) they
were abundant and accessible;

(ii) easy to shape and (iii) mixed to organics allowed

development of objects/compounds with new properties.
The first examples of application of hybrid materials date back to the prehistory with the hybrid
nanocomposites paints that were found in the frescos of the Lascaux’s cave (13,000 BC), Figure
5. Here, each component played a specific role: rust powder (Fe2O3) was pigment to modulate
the orange-brownish shade; the painting medium (green paste) was constituted by aluminosilicate clays with tunable rheological properties to allow finger painting; the inorganic
components were then combined with organic binders (marrow, fat, urine, saliva, blood) that
were simply mixed or intercalated into the clays.
Other clay-organics have been applied worldwide since the prehistory in cosmetics and
medicine.[38] Rhassoul clay and French Green clay (an illite and a stevensite respectively), are
representative examples of natural silicates involved in famous cosmetic preparations and in
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medicinal applications.[39] Recent works by Williams and co-workers confirmed the clinical
efficiency of French Green clay, and iron-rich smectite, in the adsorption of toxins useful to heal
skin infections (e.g. Buruli ulcer) and killing a broad spectrum of human pathogens of great
importance for low-cost treatment in areas with limited hospitals and medical resources. [40]

3.2. Chinese Rice-Lime Mortars
As reported by B. Zhang and co-workers, the first organic–inorganic mortars in the world were
probably developed in ancient China around 1,500 years ago[41] Among diverse compositions,
one of the most impressive mortar in term of mechanical properties was developed by mixing
sticky rice soup with lime and other standard mortar ingredients.[42] The organic component was
amylopectin afforded by the sticky rice, which assembled inorganic components such as clay
minerals, calcium carbonate and sand (silica). The combination gave rise to mechanically
performing biocomposites used in important buildings such as tombs, urban constructions and
even city walls. It reported that these types of hybrid mortars were employed for the construction
of sections of the Great Wall during the Ming dynasty about 600 years ago.[41] Nowadays, these
type of rice lime mortars are used for the restoration of important old historic buildings such as
the Guoansi pagoda in Zhejiang Province of China.[43]

3.3 Maya Blue
Inorganic solids such as clay minerals were used in antiquity as host matrices for sequestering
molecular organic species to preserve their characteristics for longtime. In this way, several
centuries ago, during the late pre-Spanish period, Mayan people prepared an ancient
nanostructured organic-inorganic material by encapsulation of the indigo natural dye into
palygorskite, a natural fibrous and microporous clay also known as attapulgite.[44] The resulting
hybrid material is an amazing pigment extraordinarily stable as it resists solar and UV irradiation,
thermal treatments at temperatures higher than 200°C. They also show good chemical stability
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towards concentrated acids and alkalis, as well as the extraction with organic solvents.[45] In fact,
the vivid blue color of the Maya Blue pigment used in pottery or temple murals was preserved
over centuries even after exposure to the warm and humid atmosphere of Central America. .
Remarkably, the original color has been also preserved in this situation from the expected
biodegradation produced by ambient microorganisms. Maya Blue was initially developed in
Yucatan, central Mexico and Guatemala probably around the 6th century AD[46]

[47]

. The

preparation technique of Maya Blue was further continued during the 16th and 17th centuries in
Spain, perhaps profiting from this pioneer technology from America, which was later-on applied
during the 19th century into colonial times of Cuba giving rise to pigments, called in this case as
Havana Blue.[48]
Nowadays, Maya Blue is well characterized as an organic-inorganic nanohybrid material where
indigotine dye molecules remain encapsulated within the structural tunnels of palygorskite,
which is an open-channel natural aluminosilicate.

[45, 49]

. Similar situation takes place using

sepiolite instead palygorskite, where molecular species can accede to the interior of the
microcrystals.[50] Recent studies by the archaeologist Arnold and co-workers showed the
presence of traces of a resin incense called copal in these organo-inorganic pigments. So, it has
been proposed that their preparation involved the heating of a mixture of raw indigo, copal and
palygorskite, where the resin acts as a carrier of the dye.[51] Currently the procedures to produce
alike hybrid pigments can be carried out by adsorption from dilute aqueous solutions or by direct
heating of mixtures of clay and the organic dye. The Maya approach was employed more
recently to ensure the color durability of pigments in polymer–clay nanocomposites and also in
inorganic polymers (geopolymers). [52].

3.4 Kaolin-urea for old porcelain
The main component of kaolin is the kaolinite clay mineral, used since centuries in papermaking and ceramics being especially applied in the manufacturing of porcelain by heating at
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temperatures higher than 1200ºC. According to Armin Weiss,[53] the secret of old Chinese
ceramics forming extremely thin-walled porcelains, such as the delicate South Ting ware,
consists in the intercalation of kaolinite with urea. These hybrid materials were formed by
treating and aging kaolin with urine, leading to stable urea-kaolin hybrids, where the guest
molecule remains located in the silicate intracrystalline region through hydrogen bonding with
aluminol groups. Supporting this hypothesis, Weiss reported in 1961 the occurrence of pure
kaolinite-urea compounds spontaneously formed in farms by the action during decades of
produced liquid manure on subjacent kaolin deposits.[54] Thus, the secret of ancient porcelain
preparation is related with the formation of clay-urea hybrids able to enormously improve the
plasticity of kaolin, which is the key for the development of this unique ceramics.
Similarly in ancient Rome decaying urine combined with clays from soil received practical uses,
in this case in laundry and bleaching of clothes. Although it was not proved experimentally, it is
likely that these compounds were based on clay-urea intermediates as proposed for old Chinese
ceramics.. It seems that Romans have commercialized this type of hybrid products : a smart way
to exploit public urinals.[39, 55, 56]
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Figure 5 Ancient hybrid materials for arts: Maya Blue, Prehistoric paintings, Chinese porcelain
and Chinese organo-mineral binders.

3.5 Prussian Blue
As in the case of clays, painting was first applicative domain of coordination solids; while
these organic-inorganic compounds can’t be properly considered “hybrid materials”, the
understanding of their chemistry and structure was essential for the evolution of the
coordination polymer-based hybrid materials (few centuries later). In the early 18th century,
Prussian Blue (ferrichexacyanoferrate(II)), the first purely synthetic coordination compound,
was discovered.[57] More precisely, the discovery is attributed to Diesbach and Dippel
between 1704 and 1707 and in a laboratory in Berlin (hence the name « Prussian »). As
reported by Stahl,[58] the synthesis came out by chance. Diesbach was attempting to produce
Florentine lake, a red pigment based on cochineal red. His experimental protocol consisted in
precipitating an extract of cochineal with alum (KAl(SO4)2 12H2O), iron sulfate and potash.
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However, having no potash, he borrowed some from Dippel. Since Dippel’s potash was
contaminated with hexacyanoferrate, the reaction resulted in a blue precipitate, the Prussian
Blue, instead of the expected red product. At the time, this new blue pigment was less
expensive and more easy to produce as compared to other blue pigments used as a blue color
in paintings in the 18th century.[59] The earliest known proof to date of the use of this pigment
in a painting date to 1709.[57] As shown In Figure 6 Prussian blue could be identified in the
sky, and in Mary’s veil of the painting "Entombment of Christ" (Picture Gallery, Potsdam) by
Pieter van der Werff.

Figure 6 Utilization of Prussian Blue pigment in the sky and Mary’s veil in the paint
Entombment of Christ by Pieter Van Der Werff, 1709 (Bilder Galerie, Sanssouci, Postdam).

Due to the commercial impact of this new pigment, the preparation protocol remained secret for
almost 20 years until being revealed by Woodward in 1724.[60] In the same year, Brown[61]
performed the precipitation with other metallic hexacyanoferrates such as silver, mercury, copper,
bismuth and lead instead of iron. While these experiments did not result in the beautiful blue
pigment, Brown performed the first documented research on the so-called « Prussian Blue
analogs ».[59] For more than two centuries, many eminent scientists (such as Priestley, Scheele,
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Berthollet, Gay-Lussac, and Berzelius) investigated the composition and structure of Prussian
Blue.[62] The emergence of X-ray diffraction tools allowed Keggin and Miles proposing the first
hyphotesis of the Prussian Blue’s structure.[63] The scientific problem was solved only in 1977,
when the detailed structure and composition of Prussian Blue was finally published

[64]

: as

shown in Figure 6 , Prussian Blue (of formula Fe4[Fe(CN)6]3·xH2O (x = 14-16)) is a mixed
valency compound, characterized by a cubic structure in which mineral octaedra of alternating
Fe(II) and Fe(III) are connected via organic cyanide ligands, with carbon and nitrogen linked to
Fe (II) and Fe(III) respectively.
The synthesis of hybrid organic-inorganic compounds/materials was not only limited to dyes
fabrication but also for the development of « outperfoming » paint medium (binder). For
example, the famous 19th century painter J.W.M. Turner was able to paint the « The Dawn of
Christianity » in only a few days by using an innovative paint matrix called "Gumtion". It was
recently revealed that this medium is a hybrid gel containing lead acetate mixed into linseed
oil and mastic resin. While the exact chemical nature of this gel is still under investigation,
hybridization by addition of Pb into the organic matrix resulted in a great modification of the
viscoelastic properties allowing subsequent paint layers to be added much sooner than ever
before in oil paintings.[65]

4. The rise of silicates and silicon chemistry
The 17th century marked the beginning of the silicon-era, a fundamental pillar in the
development of modern hybrid materials. While a “glass technology” existed since 3,000
BCE, this new silicon chemistry is developed in mild conditions, essential requirement to get
along well with the organic counterpart. The domain can be divided in two main branches: the
silicate and the organosilicon chemistries that are scientifically entangled but chronologically
shifted.
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Figure 7 Milestones on the history of the “silicon” chemistry

Due to the natural abundance in term of precursors, the silicate chemistry came first. The first
contribution dates back to 1640 with the Flemish chemist, physiologist and physician J.B. van
Helmont. Dissolving sand in basic medium, he first formed a solution of alkali-silicate called
“water glass” that could recover back to sand (silica) by lowering the pH in acidic medium.
Through this simple experiment (and supported only by a balance), van Helmont revealed that
a silica chemistry could be envisioned in liquid medium, at room temperature just by playing
with the pH. The same experiment was implemented and better controlled more than a
century later by the Swedish chemist T. Berman in 1779. Importantly he described the
formation of the first silica “gel” obtained by controlling the acidification process of the
alkali-silicate solution. Despite their major importance, these pioneering experiments based
on sand-derived silicate remained however rare and anecdotal.
The game-changer in the modern silicon-chemistry consisted in the implementation of new
synthetic routes towards new molecular silicon and organosilicon precursors. This innovation
can be first attributed to one of the founders of the modern chemistry, the Swedish chemist J.
J. Berzelius. While he is mainly known for other important contributions (atomic weight,
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chemical notation, discovery of new elements…), in 1824 Berzelius developed two marking
reactions that would propel the development of the field. The first reaction came out by
chance as described in his textbook of chemistry[66] in 1843: by heating potassium in an
earthenware vessel he observed that elemental silicon could be isolated through the reaction
between potassium fluorosilicate and metallic potassium. Starting from isolated silicon, he
then established the synthesis of silicon halides, especially SiCl4, an important precursor for
the coming-on inorganic polymerization.
Starting from Berzelius’s discoveries, the first syntheses of silicon alkoxides appeared
successively. In 1844, the French mining engineer J. J. Ebelman described that adding
absolute alcohol to silicon tetrachloride resulted in the formation of silicic ethers as indicated
by distillation experiments and suggested by the “penetrating ethereal odor and strong
peppery taste”.[67] In 1846, he reported that in presence of moisture, the silicic ethers readily
reacted forming a silica gel, whose volume contracted over time until formation of a
transparent product with glass-like appearance and mechanical break;

[68]

he also envisioned

possible optical applications of these materials. For the discovery of these first inorganic
hydrolysis and polycondensation mechanisms, completely unknown at the time, J. J. Ebelman
is considered the “grandfather” of sol-gel chemistry.
In 1857, the German chemist, Friedrich Wöhler, discovered silicon tetrahydride (SiH4); by
discussing its chemical analogy with methane (CH4), he revived the hypothesis of the
existence of an alternative organic chemistry based on silicon rather carbon. A further
confirmation and a logical step toward organic-inorganic hybridization was the formation of
compounds characterized by a carbon-silicon bond that was accomplished by two renowned
chemists, the French C. Friedel and the American J.M. Crafts (most known for their FriedelCrafts reaction in organic synthesis); in 1863 they implemented the synthesis of the first
organosilicon compound, the tetraethylsilane, by reaction between silicon tetrachloride and
diethyl zinc.[69] This research was pursued by the German chemist A. Ladenburg who a few
19

years later, in 1971, investigated the hydrolysis of Et3SiOEt (Et = C2H5) to form the
triethylsilanol (Et3SiOH), the first “silanol” described as a “oil” stable at high temperature, a
silicone compound in embryo.[70] The “true” silicone chemistry was founded in the beginning
of the 20th century by the English chemist F. S. Kipping[71] who pioneered the use of the
newly discovered Grignard’s reagents to synthetize a wide range of new organo- and chlorosilanes starting from SiCl4. The hydrolysis of these silanes was followed by the formation of
silicones that were initially described by Kipping as “sticky messes of no particular use” and
concluding that “the prospect of any immediate and important advance in this section of
chemistry does not seem very hopeful”. Later on in the 1940s, J. F. Hyde at Corning Glass
Works realized that what Kipping thought were useless compounds could have significant
impact as coupling agents in glass industry. These hybridization strategies were developed by
glass manufactures to better face the strong competition coming from the rise of polymer
chemistry. In particular, Hydes demonstrated that silicones possess appealing properties such
as high thermal resistance and electrical resistivity. The massive production of silicones was
achieved in 1940 thanks to R. Muller (Germany) and E.G. Rochow (USA) who developed, in
parallel and independently, an efficient industrial process to fabricate diverse chlorosilanes.
The birth of Dow Corning in 1943 marked the industrialization of the silicones that was
mainly driven by the needs of new materials for military products (joints, insulators, gloves,
masks) during World War II. The commercialization of silicones started after World War II,
with the advent of new industrial actors (Dupont de Nemours, 3M, BASF, Rhône-Poulenc)
and the appearance of first non-silicon based hybrids (made from titanium alkoxide for
instance) for textile, flame retardant and paper products.

5. Modern hybrids: a mushrooming multidisciplinary field of research
5.1 Clay-based hybrids
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The first modern preparations of organic-inorganic hybrids were probably developed using
layered clay minerals such as smectites (montmorillonite and related phyllosilicates) by
exchanging their interlayer inorganic cations by organic cations, as initially reported by
Gieseking[72] and Hendricks[73] in the early 1940s. Later on, Bradley[74] and MacEwan[75]
demonstrated the formation of organic-inorganic hybrids by intercalation of organic neutral
molecules in this same type of clay minerals. In this manner, organic compounds with diverse
functionality, from amines to carbonyl compounds, have been largely used as guest species
able to intercalate host layered solids such as smectite clays and other phyllosilicates like
kaolinite and halloysite, as well as fibrous clays such as sepiolite and palygorskite as above
discussed. In a pioneering work, carried out in UK and Spain, Douglas M.C. MacEwan (19172000) (Fig. 4) dedicated his initial efforts to study complexes of clay minerals with organic
liquids[76]. His later work at the Universities of Granada, Complutense de Madrid and CSIC
(Spain) extended this methodology to prepare other novel organic-inorganic hybrids by
intercalation in related 2D solids, such as layered hydroxides and hydroxysalts[77] as well as
graphitic acids[78]. This goal represented a key advance in the chemistry of hybrid compounds,
as for instance these last materials that were prepared by oxidation of graphite have been
rediscovered within the graphene blooming, being nowadays known with the name of
graphite oxide (GO). It is shocking that the extraordinary pioneering work of D.M.C
MacEwan, published in Nature, crucial in the graphite oxide field, has received only 10
citations from 1955 to now, i.e. for more than 60 years, whereas in the last 10 years recent GO
publications related with hybrid materials (ca. 5,000 articles) have been cited more than
160,000 times.
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Figure 8 Two outstanding scientists in modern clay-based hybrids: Douglas M.C. MacEwan
pioneer in the intercalation of polar molecules and Yoshiaki Fukushima one of the inventors
of polymer-clay nanocomposites.

Importantly, the mechanism of formation of organic-clay hybrids by intercalation, can be
considered like a model applicable to diverse 2D solids, opening the way for new significant
developments of organic-inorganic hybrid materials.[79] For instance, layered double
hydroxides (LDH),[80] alkaline layered silicates (e.g. magadiite) and derived layered silicic
acids, transition-metal chalcogenides, hydrated vanadium pentoxide ( V2O5 xerogel), titanates,
niobates, and molybdates, lamellar phosphates and phosphonates,

[81, 82]

have been used as

host instead of clays to prepare numerous hybrid materials.[8, 32] Clay-organic hybrids showed
very early extraordinary importance in view to their industrial applications. In fact, they have
been extensively used as additives and fillers in polymers (e.g. polymer-clay nanocomposites),
rheological agents, specific sorbents, etc, and more recently in certain technological
applications as advanced materials[24, 55, 83] As above signaled, seminal works from Gieseking,
Hendricks, Bradley and MacEwan developed in the 1940s were the basis for the current
manufacture of the so-called organoclays particularly produced in the two last decades.[84]
This type of hybrids is within the most extensively used around the world. Ten of thousands
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of tons of organoclays are produced each year for essential market segments in large-scale
applications, for instance as adsorbent of pollutants, oil spill remediation, rheological agents
for paints, greases, asphalts, support of pesticides, enzymes and other bioactive materials, and
fillers for polymers.
An amazing advancement for the application of the organoclays takes place with the
development of polymer-clay nanocomposites (PCN). In 1961 Blumstein reported, for the
first time, the intercalation of polymers in layered clays by homopolymerization of
intercalated monomers leading to well defined polymer-clay hybrid materials,[85] and in 1979,
Theng edited the first monograph devoted entirely to the disclosure of the state-of-the-art on
polymer-clay interactions.[86] However, only after several decades this topic can start to
receive enormous attention after the pioneering works by Fukushima and co-workers[87]
[88]

(Figure 8) leading to the PCN invention by Toyota Central R&D Labs in 1985, whose

patent was registered in 1998 in USA.[89] This patent reports on the preparation of novel
composite materials based on the intercalation of polyamides (e.g. Nylon™) with high
mechanical strength and excellent high-temperature properties. As a larger concept PCN refer
to nanoarchitectures ranging from well-ordered and stacked clay layers to completely
delaminated materials[90]

and only PCN showing fully delaminated clays have been

recognized by some researchers as true nanocomposites.[91]
The discovery by the Toyota’s researchers, introducing for the first time the concept of clay
delamination generating a very high dispersion in polymers, represents a scientific and
technological revolution not only for the use of clays as reinforcing charges of polymers but
also to introduce functionality in the resulting hybrid materials[12]. Initially, the main interest
in PCN concerned mechanical and rheological properties, although later on PCN showing
additional properties such as electrical conductivity received attention as functional
nanocomposites. Intercalative polymerization of aniline and pyrrole in smectites exchanged
by transition metals (e.g. Cu2+) gives rise to organic-inorganic hybrids as first reported by
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Yariv et al.[92] and later on by Cloos et al.[93] In this context, Kanatzidis initially proved that in
situ intercalative polymerizations into 2D solids take place using host acting as oxidants, such
as FeOCl and V2O5 xerogel, as well as clays exchanged with transition-metal cations, the
resulting hybrid materials showing electronic conductivity[94]. Aranda and Ruiz-Hitzky
reported the ability of poly(ethylene oxide), (PEO), to intercalate smectite clays and other 2D
solids leading to the first hybrid organic-inorganic provided of anisotropic ionicconductivity[95, 96] and showing a full contribution of cations in the electrical transport (i.e., t+
= 1), as the counter-ion is the negatively charged silicate network[97]. Crown-ethers and
cryptands, gave rise to very stable intracrystalline complexes in montmorillonite, vermiculite
and other 2:1 charged phyllosilicates;[98] similarly to PEO, the ionic conductivity in layered
clays can be controlled by these compounds. While the formation of organic-inorganic of
these hybrids was not widely studied from a thermodynamic point of view, the last type of
materials represents an exception. In this way, the enthalpy of the intercalation process of
clay-oxyethylene hybrids was interestingly correlated with their ionic conductivity.[99] These
studies were the basis for the development of membranes and sensors based on hybrid
materials for cations discrimination.[100] As already indicated clay minerals can be considered
as model of diverse 2D solids following similar intercalation processes. In the same way, PEO
and crown-ethers were further intercalated in vanadium pentoxide xerogel, lamellar
dichalcogenides and other 2D host solids.[82, 101]
The first organic derivatives of silicates, formed through covalent bonds of organic groups
and the silicate network, were prepared by Deuel in 1952 by reaction between diazomethane
and the silanol groups of montmorillonite clay mineral[102]. However, these results raised
many doubts to the scientific community because this silicate has a very low content of Si-OH
groups.[103] The most stable organic-inorganic hybrids were obtained by reaction of clays and
other silicates with organosilanes in acidic medium. In this way, Lentz reported in 1964 for
the first time the preparation of organic derivatives of silicates based on the simultaneous
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hydrolysis of the silicate (e.g. olivine) and the organosilane (e.g. hexamethyldisiloxane).

[104]

This one-pot co-hydrolysis process was subsequently applied in the preparation of organic
derivatives of chrysotile, vermiculite and sepiolite.[105,

106]

Cations located in octahedral

environment (e.g. Mg2+) are extracted from the silicate by acids (e.g. HCl) generating fresh
silanol groups (eq. 1) able to react with organosilanes containing

Si-X groups (X= OR, Cl)

present in the reaction media. (eq. 2).

≡Si-O-Mg-O-Si≡ + H+

à

[surface]≡Si-OH + Mg2+

Eq. 1

[surface]≡Si-OH + X-Si[R3] à [surface]≡Si-O-Si[R3] + HX

Eq. 2

Later on the preparation of organic derivatives from layered alkaline silicates such as
magadiite and kenyaite, was successfully achieved in a two-step process. In this case, the
silicates were previously submitted to acid treatment to produce the corresponding layered
silicic acid and in a second step these last solids were functionalized by intracrystalline
grafting reactions with organosilanes. Ruiz-Hitzky and Rojo

[100]

reported a method to

facilitate the access of the reagent (e.g. chlorosilanes) to the interlayer region of the 2D solid
by previous intercalation of polar molecules such as DMSO and N-methylformamide, which
provoke the expansion of the basal spacing, i.e. the separation between the silica layers

[107]

.

Following this strategy, the final materials are organosilica materials of similar composition
of silicones but showing in this case a planar structural arrangement. Further works by M.
Ogawa et al.

[108]

and other authors[109] used as intermediates alkylammonium exchanged

silicates avoiding the use of acid treatments to prepare the intermediate silicic acids.
Organic reagents containing epoxides or isocyanate groups were also used to replace chloroand alkoxi-silanes in the grafting reactions of silicates.[12, 110]
Conducting hybrid materials based on carbon-clay nanocomposites were prepared either by in
situ generation of graphene-like compounds or by the direct assembly of carbonaceous
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materials such as MWCNTs, graphenes or graphite nanoplatelets with sepiolite and other clay
minerals[111,

112]

These carbon-clay hybrids exhibit interesting physicochemical properties

provided by each component of interest for advanced applications including their
incorporation in polymers. So, it has been recently reported that low-cost graphite
nanoplatelets–clay hybrids doped with small amounts of MWCNTs can be used as nanofillers
in polymer composites leading to significant electrical conductivity, simultaneously
enhancing mechanical properties of great interest for diverse applications[112]. In fact, the idea
to combine graphite and clays comes from the pencil invention in 1795 by the French military
N.J. Conté who showed that the combination of clay minerals and graphite powder leads to
carbon-clay composites which can be processed as sticks representing the basis for the
fabrication of conventional pencil cores.
Biohybrids are obtained by assembling compounds of biological origin and inorganic
substrates, including carbonates, phosphates, silica and silicates. These last materials result
from clay minerals, layered clays such as montmorillonite and microfibrous clays such as
sepiolite, being synthesized from building blocks approaches[32,

113]

A recent example is

related with the above mentioned role of phospholipids (e.g. phosphatydilcholine, PC) in the
structure of natural membranes. PC-clay biohybrids prepared from alcohol PC solutions
allow the surface adsorption of discrete PC molecules on silicates, being intercalated in
smectites by ion-exchange mechanisms or adsorbed on the external surface of fibrous silicates
such as sepiolite[114, 115]. The arrangement of PC on clay surfaces closely resembles to what
observed in cellular membranes, that can be used as biomimetic support for enzyme
immobilization or in applications for mycotoxin sequestration. However, the most interesting
feature related to these clay-based biohybrids is probably related to their amazing bioactivity.
They can be used as carriers of viral particles for the development of thermally stable
vaccines (e.g. Influenza A)[116] closely related to the discovery of new vaccines based on
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organically modified sepiolite that shows a much higher efficacy than the commercial
vaccines against Influenza. [120].

Table 1 Milestones in organic-inorganic hybrids based on clay minerals
Date

Milestones

8th century AD
1939-41

Clay-dyes hybrid compounds
palygorskite/indigo mixtures (Maya Blue)
Intercalation of organic cations in montmorillonite/aliphatic and aromatic ammonium
smectites
cations
Intercalation of neutral species in montmorillonite/glycerol
clays

Maya people[45]
Gieseking[72]&
Hendricks[73]
MacEwan[117]

Intercalation of salts in kaolinite
Intercalation of neutral molecules in
kaolinite
Intercalation of aminoacids
Polymer-clay
intercalation
compounds
Organic derivatives of clays through
covalent bonds (grafting)
Intracrystalline π-bonds in clayaromatic compounds
Intracrystalline sorption of organic
compounds in sepiolite
Organic pillared-clays

kaolinite/K-acetate
kaolinite/ urea

Wada[118]
Weiss[53]

montmorillonite and vermiculite complexes
montmorillonite/polyacrylonitrile

Garret & Walker[119]
Blumstein[85]

vinyl-derivative of chrysotile

Fripiat & Mendelovici

Cu-montmorillonite/benzene

Doner & Mortland[120]

sepiolite/hexane

Serna & Fernandez Alvarez[121]
Mortland
&
Berkheiser[122]
Casal & Ruiz-Hitzky[98]

1944

1961
1961
1961
1961
1968
1969
1974
1976
1978
1987
1990
1991
1993
1993
2003
2009
2010
2016

Examples

montmorillonite/diprotonated-triethylenediamine

Crown-ethers
and
cryptands crown-ethers/montmorillonite
Macrocyclic
compounds
intercalations
Polymer-clay nanocomposites
montmorillonite/Nylon®
Intercalation
of
Ion-conducting
polymers
Intercalation
of
electronically
conducting polymers
Polymer melt intercalations in
organoclays
Grafting of organic groups in the
interlayer space of kaolinite
Bionanocomposites by intercalation
of biopolymers in smectites
Virus-clay nanocomposites
Biomimetic
membranes
by
intercalation
of
organized
phospholipids
DNA-clay nanocomposites

References

[105]

montmorillonite/PANI

Fukushima
&
Inagaki[123]
Ruiz-Hitzky
&
Aranda[96]
Mehrota, Giannelis[124]

montmorillonite/polystyrene

Vaia et al.[125]

methoxy derivatives of kaolinite
montmorillonite/chitosan

Tunney & Detellier[126]
Darder et al.[127]

sepiolite/influenza viruses
montmorillonite/phosphatidylcholine

Ruiz-Hitzky et al.[128]
Wicklein et al.[114]

sepiolite/DNA and montmorillonite/DNA

Castro-Smirrnov
et
al.[129] & Zabihi et al.[130]

montmorillonite/PEO

5.2 Zeolite-based hybrids
As in the case of clays, zeolite community started hybridization and incorporating organic
groups in the 1950-60s but from a completely different point of view.
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Zeolites are hydrated aluminosilicates of the alkali and alkaline earths made from interlinked
tetrahedra of alumina and silica that, through controlled condensation, form three-dimensional
crystalline structures with well-defined microporosity. Due to the regular openings and sizes
of microcavities, they can sort molecules; consequently zeolites have been also called
“molecular sieves” and they found application for separation, purification, catalysis, ion
exchange, and detergents.
From the historical point of view, while natural zeolites were used in the Roman aqueducts to
purify the water, this family of minerals was first recognized in 1756 by the Swedish
mineralogist A.F. Cronstedt (also known to discover nickel). He coined the name “ zeolite”
from two Greek words, “zeo” and “lithos” meaning “ to boil” and “ a stone”[131] and he
described the distinctive properties of this “unknown kind of rock”.[132] The discovery of
synthetic zeolites, and thus, the beginning of zeolite science and technology, can be attributed
to the contributions of two scientists R.M. Barrer (England) and R.M. Milton (USA) and two
industrial actors (Union Carbide and Mobil Oil).[133] In the mid-1930s to 1940s, R.M. Barrer
began his pioneering research in synthesis of zeolite, including the synthetic analog of the
zeolite mineral mordenite[134] and a novel synthetic zeolite[135] (later identified as the KFI
framework)[133]. Barrer’s work in the mid- to late 1940s inspired Robert M. Milton of the
Linde Division of Union Carbide Corporation; between 1949 and 1954, Milton and coworkers discovered a number of significant zeolites[136] (types A, X and Y) and gave critical
insights on the sorption properties of zeolites. In 1954, the promising outcomes of these first
syntheses drove the commercialization of synthetic zeolites for separation and purification by
Union Carbide. Later-on, due to their acidic-basic properties generated by the cavity’s
specific angular and distance values, zeolites were applied for the catalysis for isomerization
(1959, Union Carbide) and hydrocarbon cracking (1962, Mobil Oil).[137] However, at the time,
purely inorganic zeolites presented limited structural diversity and the cavity’s sizes were too
small for a number of catalytic applications. These limitations were overcome by
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hybridization through the utilization of organic molecules as “templating additive” during the
aluminosilicate

condensation

instead

of

conventional

inorganic

cations

(Na+,

K+,Mg2+,Ca2+…).[138]

Figure 9: (a) Photographs of two pionners in zeolite’s science : R.M.Milton and R.M.Barrer ;
(b) representation of the ZSM-18 and template located parallel to the plane of the sheet,
adapted with permission from [139] Copyright 2011 American Chemical Society

The first example of zeolites hybridization was reported by Barrer who described the
synthesis of “metal cation -free”, crystalline aluminosilicates by adding alkylammonium.[140]
The utilization of larger organic cations was responsible for the structure-directing effect,
expanding the structural range and the pore size of zeolites. In this contribution, Barrer
proposed that “it may be surmised that these zeolites tend to be silica-rich relative to their
analogues containing only simple inorganic cations, although no proof of this can be
offered ». In 1966, G.T. Kerr reported the synthesis of a new, highly stable molecular sieve,
called ZK-5, obtained in presence of quaternary ammonium ions, exhibiting excellent
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hydrocarbons separation performance.[141] In addition to their template and charge-balancing
roles, the organic guest cations impose a restriction on the zeolite framework charge density,
resulting in materials with increased Si/Al ratio allowing control of the acidity of zeolites.
Confirming Barrer’s hypothesis, high-silica zeolites (with Si/Al >10) such as the ZSM-5
family, were developed in the 1970s by Mobil Oil, exhibiting shape selective catalytic
properties and high thermal stability.[142] The remarkable example of the materials named
ZSM-18 is shown in Figure 9(b).[139] The synthesis of ZSM-18 was conducted in the presence
of the trispyrrolidinium cation acting as a templating agent causing the crystallization of three
ring aluminosilicate frameworks with Si/Al ration ranging from 10 to 30.[143] Notably pure
SiO2 –based moleular sieve called « Silicalite » were synthetized by similar strategies.[144]
This organic-inorganic synthetic strategy was applied later to other families of molecular
sieves (AlPO4-n series for instance)[145] and represented a breakthrough for the fabrication of
zeolites for catalytic applications that propelled the academic research in the following
decades.[146] In particular, a new family of very efficient zeolites called ITQ-n (Instituto de
Tecnología Química, Valencia, Spain) were synthetized by A. Corma and co-workers.[147]

5.3 Sol-gel derived glasses and ceramics
The emergence of the “sol-gel” science was at first very progressive and, curiously, it was
driven by needs of practical, if not technical, nature; in the very beginning the sol-gel
technology came before the sol-gel science[148] Some pioneering works on sol-gel coatings
were reported in the 1930s by Geffcken and Berger, (Schott Glaswerke Company).[149] The
period between the mid 1950s to the 1970s marked the clustering of the “sol-gel” domain.
From the ceramic field, it started in 1952-56 with the works of Rustum Roy, an Indian-born
physicist who carried out its research on ceramic materials at the Pennsylvania State
University.
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While investigating the phase equilibrium of mixed oxides systems, he proposed several “solgel” methods to obtain novel ceramic oxide compositions, involving Al, Si, Ti, Zr, etc., (that
could not be made using traditional ceramic powder methods) by coprecipitation of salts or
hydrolysis and condensation in presence of ethyl orthosilicate (TEOS).[150] In the glass
community, a great advancement toward real application can be attributed to H. Dislich (at
Glasswek Schott, Germany, 1969)[151] who developed sol-gel routes to manufacture optical
coatings of glassy, crystalline or glassy-crystalline multi-component systems without recourse
to melting.[152]
The « structuration » of sol-gel community started in the early 1980s, thanks to the initiative
of scientists such as D. Ulrich, J.D.Mackenzie, D. Ulman and C.J. Brinker, the first scientific
meetings were organized gathering together researchers working on ceramics and glasses but
also in other fields such as silicones,[153] mechanical engineering and optics.[154] In the 1980s,
a great input came from researchers of the metallorganic and silicones chemistry such as H.
Schmidt (Germany), K Andrianov (Russia) who proposed the first syntheses of organically
modified molecular precursors (organoalkoxysilanes).[155] Due to the stability of Si-C bond,
hydrolysis and condensation enabled incorporation of organic functions into inorganic
networks to form the so-called ORMOSIL (organically modified silicates)[156] The utilization
of an organic counterpart was also envisioned to tune the gelification kinetics and better
control the shaping process. Also known for the discovery of Bioglass[157] and to be the
founder of the first “sol-gel” company (GelTech), L. Hench at the University of Florida
pioneered the development of a low temperature sol-gel process for the rapid fabrication of
large complex shape monoliths.[158] Importantly, he demonstrated that adding organic
molecules (called DCCA such as formamide, glycerol, oxalic acid) to alkoxide sols allowed
controlling the rate of hydrolysis and condensation, pore size distribution, pore liquor vapor
pressure and drying stress, critical aspects to fabricate monolithic pieces (Figure 10 a).[159, 160]
While the sol-gel process had been extensively studied and fairly well understood in the case
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of silica, the synthesis of other transition-metal oxides came in the late 1980s from the
contribution of several scientists such as J. Livage and co-workers (France): in 1988, they
established the general rules to describe the condensation of many transition metal oxides
correlating the system reactivity to the mean electronegativities.[5] As mentioned above,
conventional sol−gel methods (based on the hydrolysis−condensation of molecular
precursors), one problem is to control the reaction rates resulting in limited control over the
final oxide material, especially for multimetallic oxides. Sanchez and co-workers used organic
additives which act as chelating ligands (carboxylic acids, β-diketones, etc.) and modify the
reactivity of the precursors.[161] One alternative approach was the nonhydrolytic sol−gel
process, in which the transformation of the precursor takes place in an organic solvent under
exclusion of water. While this chemistry was explored very early,[162] only in the middle of
the 1980s, and more intense around the beginning of the 1990s, research on nonhydrolytic
routes to metal oxides became popular to a larger scientific community[163, 164] In 1992, Vioux
and co-workers reported the fabrication of silica, alumina, titania and multimetallic gels.[165]
Simultaneously, Buhro et al. showed that acetone could be used as condensation agent for the
the synthesis of zinc oxide gels starting from zinc alkoxides as precursors.[166]
The publication of the book “Sol-Gel Science” in 1990,[6] authored by C. J. Brinker and G.
Scherer (USA) marked the beginning of specific branch of chemistry and physics related to
the sol-gel process. This progress was made possible thanks to a better understanding of the
gels formation and evolution during polymerization and drying (especially their mechanical
properties) by exploiting characterization techniques unfamiliar to ceramists (such as NMR
and SAXS) and better suited to this new family of materials. In the 1990s, the knowledge of
sol-gel silica materials reached such a level that the materials features could be tailored by
selecting appropriate conditions during processing. SiO2 materials with controlled porosity
and morphology are prepared by the adapted shaping processes as monoliths,[160] powders
with definite shape,[167] fibers[168] or films.[169]
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Figure 10 (a) and (b) Examples of the first sol-gel derived silica monoliths; cover of the
book ”Sol-Gel Science”. Adapted with permission from [160, 170] Copyright 1990 Elsevier

5.4 Polymer based sol-gel nanocomposites
Due their extreme versatility and processability in mild conditions, starting from the end of
the 1970s, sol-gel materials were readily combined with organic components/polymers to
make organic-inorganic, class I or II hybrids.[2] Various different synthetic strategies were
extensively developed either by inorganic sol-gel or polymer chemists.[171]
In the 1980s, the mechanical reinforcement of plastics was the main motivation of polymer
chemists to couple organic polymerization with the sol-gel process.[172] In 1985, J. Mark
(Cincinnati University) and G. Wilkes (Virginia Tech) simultaneously developed a new kind
of composite material, called Ceramers, by sol-gel process incorporating polymers with metal
oxo polymers made. These class II hybrids were made by condensation of silanol or
alkoxysilyl-terminated polymers (such as PDMS) with TEOS.

[173]

Another example comes

from Chujo and Saegusa (Japan) that developed an original synthetic protocol to obtain silica33

polyoxazoline composite by the ring-opening polymerization of 2-methyl-2-oxazoline
followed by termination with 3-aminopropyltriethoxysilane.[174] Several multi-step strategies
were proposed to introduce transition-metal oxides such as TiO2 and ZrO2 inside hybrid
materials consisting of ethoxysilyl-termineted PDMS-TEOS.[2, 175, 176]
A similar approach was based in the in-situ generation of inorganic fillers into a polymeric
matrix. Several monolithic nanocomposites such as PDMS-silica,[177] PMMA-silica,[178]
PBMA-TiO2[179] were prepared by hydrolyzing the metal alkoxide in presence of the organic
polymer and an appropriate solvent. Yet by this strategy, the inorganic/organic ratio remained
low. The formation of interpenetrated organic-inorganic networks by simultaneous organic
and inorganic polymerization was attempted (and realized) by Novak in the early 1990.[180]
Silica/polymers composites were made by coupling hydrolysis and condensation with ringopening metathesis or radical polymerization.

[181]

A great advancement in hybridization was

accomplished in 1999 by K. Matyjaszewski (Carnegie Melon University, USA) who
developed a method based on Atom Transfer Radical Polymerization (ATRP) to grow
homopolymers and block bopolymers from Si-based surfaces;[182] this methodology allowed
the synthesis of many organic-inorganic hybrid materials through the generation of polymers
from the surface of (porous) inorganic materials .[183]
Another example of polymer/oxide nanocomposite was realized by impregnation of the
interconnected porous network of the sol-gel derived oxide gel. Back in 1989, Pope and
Mackenzie fabricated large transparent pieces of PMMA/silica composite by infiltration the
porosity of the silica gel by the MMA monomer followed by UV or thermal activated
polymerizion.[184] Similarly, organic or bio-molecules (enzyme, dye..)/silica composites were
fabricated by impregnation.[185] Incorporation of organic molecules, such as dyes and
polymers, into silica matrices was also achieved in a “one-pot” strategy, by adding them
during hydrolysis and condensation of the metal alkoxide.

[186]

For example conjugated

polymers such as polyaniline were incorporated in silica gel[187] or ORMOSIL.[188]
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Importantly, D. Avnir (Hebrew University of Jerusalem, Israel) revealed that the fluorescent
properties (spectral changes, photostability) of trapped Rhodamine 6G depended on nature of
the silica cages. The interplay between structural and optical properties in organic-inorganic
hybrids, highlighted in this contribution, launched the development of sol-gel hybrids for
advanced optical applications.[175, 189]

5.5 Lego-like sol-gel chemistry from well defined nanobuilding blocks
The late 1980s marked the development of the so-called “Lego-like” strategies to fabricate
hybrid organic-inorganic materials.[190] The approach consisted in using well-calibrated
preformed objects called nanobuilding blocks (NBBs) instead of inorganic molecular
precursors. These NNBs were polysilsesquioxanes, organotins, polyoxometallates, metal-oxo
clusters or particles. In order to form interconnected hybrid networks, the NBBs were either
functionalized by polymerizable functions or connected by organic ligands. For the synthesis
of these well-calibrated NNBs, a fundamental input in the field came from some
organometallic chemists who have interest in the field of material science.[191] As for sol-gel
hybrid materials, and following the pioneering works of H. Schmidt, silicon was likely the
first studied element because of the large variety of organic functionalization allowed by the
stability of the Si-C bond.[192] The synthesis of several silsesquioxanes (used later as NBBs)
by hydrolytic condensation of cyclohexyltrichlorosilane was described by F. Feher (UC
Irvine) in 1989.[193] The first hybrid material based on the NBBs strategy was reported by
Agaskar and consisting in assemblying vinyl-[(Me)2SiOSiO1.5]10 decamers by hydrosilylation
with [H(Me)2SiOC6H4]2O. The final material was transparent, and exibited high mechanical
and thermal resistance.[194] In 1990, D. Hoebbel demonstrated that several silicon oxo clusters
(such as functionalized polysiloxane) could be bonded through organic networks to welldefined hybrids.[195] A few years later, K. Shea (UC, Irvine) and R. Corriu (University of
Montpellier) have simultaneously developed several molecular-level hybrids by hydrolysis
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and condensation of new polyfunctional alkoxysilanes containing groups acting as aryl or
acyclic, rigid or flexible spacers.[196] The final polysilsesquioxane-based materials had tunable
microporous networks, with high specific surface area suitable for catalysis, chromatography
or for trapping nanoparticles.[197] Similar chemical strategies could be employed for tin based
NBBs hybrids because of the relative stability of the Sn-C bond; this last property allowed the
chemical linking of organic moieties to tin oxo/polymer/oligomers that after hydrolysis
resulted to cage-like tin oxo-hydroxo clusters. A further polymerization (through butenyl
groups) conducted to Tin cluster-based hybrids.[198] However, the chemical strategies
developed for compounds containing Si-C or Sn-C bonds couldn’t be applied to other
transition metals (M) because the ionic M-C bonds were attacked by nucleaophilic agents
such as water during hydrolysis. One alternative strategy was proposed in 1991 by P.
Judeinstein (Univerité Paris Sud, France) consisted in linking the M-based NBBs (tungsten
polyoxometallate in his example) to the polymeric back-bone through a M-O-Si-C bond.[199]
The syntheses of many high valence metal (Ti, Zr, Cr, Nb) or even heterometallic oxo-clusters
have been described in the early 1990s by several groups including Schubert’s and Sanchez’s
ones.[200-202] In order to form an extended transition-metal NBBs/polymeric network, it was
proposed to functionalize the clusters with polymerizable groups. The clusters were obtained
(i) from controlled hydrolysis of the metal alkoxides (Ti, Nb, Zr) in presence of complexing
agents[201] or (ii) by post-functionalizing the pre-formed oxo-clusters. In both cases, the
clusters presented polymerizable groups located at the periphery that could be used to extend
the cluster network to form hybrid polymers of assembled NBBs. For instance, Schubert and
co-workers developed organic-inorganic hybrids produced by radical polymerization of
methacrylic acid with acrylate-substituted oxozirconium or oxotitanium clusters.[200]
Nevertheless, these clusters (especially titanium oxo-clusters) presented a strong lability and
reactivity with the residual nucleophile species (water for example) in the synthetic medium.
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Nonhydrolytic sol-gel routes were developed to avoid stability issues arising from local
overconcentration of water. [164]
Transition-metal oxide based colloids have been used as NBBs.[203] As in the case of oxoclusters, a surface–capping chemistry was developed to integrate polymerizable groups. The
first example was reported by C. Caris et al. who described a method to polymerize MMA at
the surface of titania nanoparticles. A titanate alkoxo-carboxylate coupling agent was grafted
at the surface allowing stabilization of the particle in a micelles-like solution in which the
MMA emulsion polymerization was carried out.[204] Numerous other examples have been
developed since the end of the 20th century. Notably nanoparticles assembly strategies
mediated by organic molecules were employed to fabricate highly ordered superstructures
called “mesocrystals”. [205]

5.6 Sol-gel bio-hybrids
In the same period, many scientists working on “sol-gel” started interfacing the sol-gel
process with biology by encapsulating biomolecules into silica matrices towards bioactive
hybrids. A pioneering work from D. Avnir was published in 1990 in which enzyme (alkaline
phosphatase, ALP) was trapped in a silica gel (from tetramethoxysilane).[206] The immobilized
ALP exhibited a high activity yield and an improved stability to thermal deactivation
compared to a solution. Later-on, several important contributions were published almost
simultaneously. B. Dunn, J. Zink and co-workers at UCLA, (USA) encapsulated several
biomolecules (including copper-zinc superoxide dismutase, cytochrome c, and myoglobin) in
porous silica glass that allowed transport, reaction and monitoring of small molecules into and
out of the bioactive glasses (Figure 11a).[207] The concept was further implemented in 1993 by
Audebert and Sanchez (France) who developed the first electrochemical bio-sensor composed
of glucose oxydase trapped in silica gels.[208] Beyond biomolecules, a great advancement in
the field consisted in entrapping living cells; in several works starting from 1989, G. Carturan
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and co-workers (University of Trento, Italy) demonstrated the immobilization of living
microorganisms, such as yeast (Saccharomyces cerevisiae), in silica coatings with high
viability and biocatalytic performances.[209,

210]

Similarly, J. Livage and co-workers,

immobilized parasitic protozoa (Leishmania donovani infantum) into silica matrices and
performed specific antigen/antibody reactions via enzyme-linked immunosorbet assay
(ELISA) used for the diagnosic of visceral leishmaniasis.[211] Ten years later, the same group
demonstrated that the viability could be highly enhanced in S. marcescens bacteria
encapsulated in silica gel in the presence of intercellular signals i.e. “quorum sensing”
molecules.[212] Darder et al. (CSIC, Spain) reported the strategy to produce sol–gel/lichen and
microalgal cells by entrapment of Pseudocyphellaria hirsuta and Chlorella vulgaris,
respectively, in a silica/3-(trimethoxysilyl)propyl methacrylate matrix. These materials
opened the way to develop new electrochemical sensing devices for the efficient detection of
heavy metal ions (e.g., Cd2+, Cu2+, Pb2+) in water, taking advantage of the useful functionality
of these biological materials used as sensing agents.[213] Nowadays sol-gel materials
(especially silica based) are primary actors in the construction of biomaterials for several
relevant biomedical application such as drug-delivery or bioscaffolds.[214]
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Figure 11: (a) Cytochrome c, copper-zinc superoxide dismutase, and myoglobin in
transparent and porous silica gels (the inner circle consists of xerogels, and the outer circle
contains the corresponding aged gels). Adapted with permission from [207], Copyright 1992
AAAS (b) silica coatings containing immobilized living yeast (Saccharomyces cerevisiae).
Adapted with permission from [209], Copyright 1993 Elsevier

Back in the 1990s, the concepts of bioinspiration and biomimicking emerged. Coining the
term “molecular tectonics”, S. Mann (University of Bath, at the time UK), proposed that the
interplay between soft organic and hard inorganic matter (and between weak and strong
interactions), observed in many biomineralization processes, could be the key for the design
of artificial complex structures.[215] Chemical strategies based on the combination between
soft-matter and sol-gel chemistry, such as templating approaches, were described by S. Mann
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and G.A. Ozin to explain the morphogenesis of complex biological structures and largely
inspired scientists to design advanced hierarchical and nanoporous materials.[216].

5.7 Organic templating: mesoporous materials
The genesis of mesoporous materials emerged as natural convergence between sol-gel
chemistry and organic templating approaches already employed for clays and zeolites
hybrids.[217]
The synthesis of SiO2 mesoporous materials was first described by K. Kuroda (Waseda
University, Japan) and co-workers in 1990.[218] Starting from kanemite, a layered polysilicate
having formula NaHSi2O5 3H2O, the method was based on ion exchange reaction of interlayer
Na+ ions with alkyltrimethylammonium ions to form kanemite/organic complexes; during
organic intercalation the SiO2 layers in the complex were condensed to form three
dimensional SiO2 networks. After calcination, silica mesoporous materials were obtained with
tunable pore size (from 2 to 4 nm) depending on the alkyl chain length.[219] The “liquid-crystal
templating” approach was proposed in 1992 by Mobil-Oil researchers. In the article published
in 1992, C.T. Kresge reported the synthesis of mesoporous solids possessing ordered porous
networks formed by the condensation of silicate material between self-assembled ionic
surfactant micelles. In particular, the most celebrated member of this family of materials,
named MCM-41, exhibited hexagonal arrangement of uniform mesopores with tunable pore
dimensions.[220] From the historical point of view, this materials was probably obtained well
before Kresge’s work; DiRenzo et. al. reported that a procedure for the preparation of lowdensity silica patented in 1969

[221]

leads to the formation of solids having all the properties,

and likely the structure, of MCM-41.[222]

40

Figure 12: The first mesoporous materials: (a) organic-templated kanemite, adapted from Ref.
[219]

with permission from The Royal Society of Chemistry ; and (b) liquid-crystal templating

of silica, adapted from [220] with permission from Nature Publishing Group.

Kresge’s work on liquid-crystal templating approach opened the race towards more advanced
mesoporous materials especially with variable composition[223] and larger pore size. In 1994,
G. Stucky, F. Schuth and co-workers (UC Santa Barbara), reported an approach to the
synthesis of periodic mesostructured composites of several metal oxides (other than silica)
and cationic or anionic surfactants.[224] However, electrostatic templates led to porous network
with poor stability. In 1995, T.J. Pinnavaia (Michigan State University) described a neutral
templating route to synthesize mesoporous materials based on hydrogen-bonding interactions
and self-assembly between neutral primary amine micelles and neutral inorganic
precursors.[225] This strategy allowed synthesis of larger framework wall thicknesses, small
crystallite domain sizes, and complementary textural mesoporosities toward other oxide
mesostructures (such as aluminas). In 1997-98, several groups reported the synthesis of large
pore silica materials. M. Antonietti (Max Planck Institut, Teltow and Golm, Germany)
employed amphiphilic block-copolymers as templating agents.[226] Simultaneously, G. Stucky
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and co-workers (UC Santa Barbara) reported the synthesis of mesoporous silica with large
pores (5 to 30 nm) by using poly(akylene oxide) triblock copolymer as micellar structuring
agent. This material was named Santa Barbara Amorphous type material, or SBA-15.[227]
Later-on, using the same family of block-coplymers, large-pore mesoporous metal oxides
(including TiO2, ZrO2, Al2O3, Nb2O5, Ta2O5, WO3, HfO2, SnO2, and mixed oxides SiAlO3.5,
SiTiO4, ZrTiO4, Al2TiO5 and ZrW2O8) with semicrystalline frameworks could be
synthesized.[228]
The first example of covalently linked, ordered, hybrid inorganic–organic mesoporous
materials was reported in 1996 by S. Mann ; organically functionalized mesoporous silicas
were prepared at room temperature by the co-condensation of tetraethoxysilane and
organosiloxanes in the presence of surfactant templates.[229] Using a topochemical molecular
engineering approach, the Ruiz-Hitzky’s group reported the asymmetric functionalization by
grafting reactions in mesoporous silicas achieving hybrid sieves for molecular separation of
species in solution according to its characteristics such as shape and size.[230] Periodic
mesoporous organosilicas (PMOs), which are composed of bridge-bonded silsesquioxanes
organized into a mesoporous architecture were reported by G.A. Ozin (University of Toronto,
Canada) : a periodic mesoporous organosilica containing bridge-bonded ethene groups
directly integrated into the silica walls could be synthesized by surfactant-mediated coconsendation of bis(triethoxysilyl)ethene (BTE) and tetraethylorthosilicate (TEOS).101
Importantly, S. Inagaki (Toyota Central R&D Laboratories, Japan) fabricated an
hierarchically ordered porous material, displaying both meso- and molecular-scale
periodicity (Figure 13); starting from a benzene-bridged organosilane monomer an ordered
benzene–silica hybrid material could be synthesized presenting crystalline-like walls due to
the alternating hydrophilic and hydrophobic layers, composed of silica and benzene,
respectively.[231]
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Figure 13: Periodic mesoporous benzene–silica with crystalline-like walls adapted from

[231]

with permission from Nature Publishing Group.

In a sort of loop, R. Ryoo (KAIST, Korea) proposed the « nanocasting » method by using
mesoporous inorganic materials as « hard template » in turn to form mesoporous carbons
(denoted

CMK-1).[232] As already reported by Knox et al. more than ten years before[233], the

silica mesoporous template could be impregnated with polymer precursors that can be
polymerized to form a continuous network surrounding the silica network. The carbonization
of the polymer and the subsequent dissolution of the silica gel template rendered a
mesoporous carbon with a rigid structure.[234] The « nanocasting » route was not limited to
synthesis of carbon materials ; it was successfully used for the preparation of nanostructured
materials that are more difficult to synthesize by conventional processes such as crystalline
nonsiliceous metal oxides, metals or other inorganic materials.[235]
The organic template strategy was not limited to sol-gel derived inorganic materials. N. Nassif
and H. Colfen (Max Planck Institute of Colloids and Interfaces, Germany) successed in
generating mesoporosity in ionic crystals using a direct polymer templating approach.[236] A
mesoporous crystalline calcite structures could be generated by precipitation from aqueous
solution containing a zwitterionic PEO-(RGD)5 block copolymers. In particular, zwitterionic
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peptide sequence served as the “binding block” of a double- hydrophilic block copolymer,
facilitating templating, nucleation inhibition, and stabilization of amorphous precursor
particles.[236]

5.9 Hierarchically structured and multi-scale materials
The rise of the templating approaches opened the way to the development of multi-scale,
hierarchically structured materials realized by the integrative strategies consisting in the smart
coupling between sol-gel chemistry, multiple templating and advanced processing.[11,

237]

Versatile processing methods[238] were developed to shape mesoporous materials as films,[239]
particles,[240] fibers,[241, 242] patterns[243] especially thanks to the emergence of the so-called
Evaporation Induced Self Assembly strategies, reported by S. Baskaran and C.J Brinker in the
end of the 1990s.[241, 244] The developement of this approach for films[245] and powders[246]
was especially driven by the utilization of in-situ techniques during processing to control the
self-assembly[247] and thermal treatment steps to fabricate mesoporous having nanocrystalline
walls[248] (ultimately for the formation of mesoporous epitaxial quartz).[249]
In 1998, M. Antonietti proposed a multiple templating route for the fabrication of hierarchical
porous silica with bimodal pore size distribution (in the range 20 to 400 nm) by combining
polymer latex particles and micelles.[250] The end of the 1990s marks also the first attempts of
multi-scale shaping of hybrid and inorganic materials by combining Soft-Chemistry
approaches (organic templating) and Soft-Lithography methods developed in the same period
by G.M. Whitesides (Harvard University).[251] Among the first examples,[251] [252] a relevant
one is shown in Figure 14 displaying a hierarchically structured porous silica with threedimensional structures patterned over multiple length scales (ranging from 10 nanometers to
several micrometers). This complex structure was prepared by combining micromolding,
polystyrene sphere templating, and cooperative assembly of inorganic sol-gel precurors with
amphiphilic triblock copolymers.[253]
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In the same period, “physico-chemical” approaches based on soft-matter or liquid shaping
were also developed to fabricate monolithic materials featuring hierarchically structured
porosity (macro and meso). For instance, K. Nakanishi demonstrated that macroporosity
could be tailoired by controlling the phase separation induced by the hydrolysis and
polycondensation of alkoxysilane and subsequent freezing of the structure by the sol-gel
transition. In addition, mesoporosity could be obtained and tuned by adding poly(ethylene
oxide) and nonionic surfactants in the initial solution. [254] Later on, R. Backov implemented a
similar strategy to prepare hierarchical inorganic porous monoliths in which the phaseseparation (concentrated microemulsion) was induced before sol-gel condensation and
micellar templating.[255]

Figure 14: Electron microscopy view of a hierarchially structured porous silica obtained by
combining Soft-Lithography, Soft-Chemistry and templating approaches.Adapted from

[253]

with permission from AAAS.

Many other processing/shaping techniques were developed in the following years and now
this chemistry have reach a high degree of technological maturity.[9] Consequently, due to
their key properties (wide range of compositions + high surface), mesoporous and hierarchical
materials could be applied in a myriad of relevant domains including optics, catalysis, energy,
biology, medicine, electronics, nanofluidics.[256]
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5.8 Coordination polymers
Hybrid coordination polymers composed by metal ions (or clusters) connected by organic
linkers have a long history (since Prussian Blue) but they have attracted enormous attention in
the mid 1990s with the discovery of the so called « Metal-Organic Framerworks ».[257] While
the chemical foundation of these materials dated back to the end of the 19th century (with
Werner complexes and Hofmann clathrates) the term « coordination polymer » was first
proposed by J. Bailar in 1963 to describe Beryllium bis-(β-diketone) complexes.[258] The
development of metal-containing coordination polymers was first supported in the 19401960s by the USA government aiming at producing materials with improved thermal
stabilities than conventional polymers for space program. At the time, it was observed that
certain organometallic coordination complexes were thermally stable in the 200°400°C range; unfortunately these efforts were not successful since the polymeric analogues
did not exhibit greater thermal stability.[259] A first example of crystalline coordination
polymers dated back to 1959, when Y. Saito (Central Research Laboratories Toyo Rayon Co.,
Japan) crystallized bis(adiponitrilo)copper(I) structures composed of tetrahedral Cu(–CN)4
units connected through organic moieties with different length, including the first three
dimensional, four connected network.[260]
In the 1970s, several works by C. E. Carraher Jr (Florida Atlantic University) were based on
the formation of metal-organic oligomers and polymers.[261] Having a look at the literature of
the time it seems that the main motivations of this research were (i) the development of new
synthetic routes and (ii) the investigation of the effect of the surrounding ligands on the
physical properties of metallic centers. For example the interaction between magnetic ions
when coupled with organic ligand was reported in the case of a bimetallic (Mn II, Cu II)
coordination oligomers.[262] Consequently, while these coordination compounds were
extensively characterized by spectroscopic techniques, structural and crystallographic data
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were still lacking. In the late 1980s, a great advancement came from the works of R. Robson
(University of Melbourne), a coordination chemist with a deep knowledge in crystallography
and XRD characterization. He investigated the topological and structural aspects of the
frameworks composed of several multivalency metallic centers and multifunctional ligands.
This effort of molecular engineering provided the tools for the deliberate design and synthesis
of extended 3D networks with controlled structure.[263] In 1989, Hoskins and Robson reported
an infinite, non-interpenetrated, cationic framework of formula [Cu(TCTPM)]+ (Figure
15(b)).[264] This framework was characterized by adamantine cavities containing the charge
balancing counteranions and neutral nitrobenzene as guests. These compounds attracted an
increasing interest of scientists from other fields (solid state chemistry or zeolites) that
realized that new properties and functionalities could be achieved by freeing these
cavities;[265] in other words, the coordination polymers became porous coordination polymers
(PCPs). However, the preservation of the structure after removal of solvent “guest” from the
cavities was a challenge at the time. In this regard, a chronological and functional
classification of porous coordination polymers was proposed in 1998[266] by S. Kitagawa
(Kyoto University, Japan) as schematized in Figure 15 (a) : the first-generation materials
(such as Robson’s ones) were crystalline but collapsed on guest removal (prior 1995). The
second-generation materials have robust and rigid frameworks, and retained their crystallinity
when the guests were not present in the pores. The third-generation materials were crystalline,
and « flexible » and reversibly responded to external stimuli, not only chemical but also
physical. [267]
The second generation of porous coordination polymers started in 1995 when the term metal–
organic frameworks, abbreviated to MOFs, was first coined initially referring to a material
with formula Cu(4,4'-bpy)1.5 NO3(H2O)1.25 showing an open diamond-like framework.[268]
While thousands of MOFs, have appeared in the literature, three researchers were pioneer in
the emergence of these materials in the late 1990s : O. M. Yaghi (Arizona State University, at
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the time), S. Kitagawa (Kyoto University, Japan) and G. Ferey (Institut Lavoisier de
Versailles, France). O. M. Yaghi, who coined the term MOFs, developed materials mainly
based on divalent cations (such as Zn) and carboxylate ligands with tailored isoreticular
structure, porosity and high surface area for storage applications.[269] The discovery and the
full characterization of the microposity (surface area and pore volume determination) of a
MOF was achieved on a

material, named MOF‐2, with formula Zn(BDC)(H2O)

(BDC=1,4‐benzenedicarboxylate).[270] Because of its versatile preparation and high porosity,
the most popular material of the Yaghi’s family was certainly the MOF-5 (in reminiscence of
the famous zeolite ZSM‐5).[271] As shown in Figure 15(c) this material is based on linking of
octahedral zinc acetate building units, Zn4O(–COO)6. In 2002, it was shown that several
isoreticular « MOF‐5 » frameworks could be obtained by changing the length and
functionality of the linkers.[272] Later-on metal–organic frameworks called zeolitic imidazolate
frameworks (ZIFs) were constructed by using bridging imidazolate ligands characterized by a
« zeolitic » angular connection.[273] These zeolitic topologies led to materials characterized by
very high thermal and chemical stabilities.[274]
S. Kitagawa contributed in the synthesis and crystal structure of porous coordination polymers
based on divalent cations (Co, Cu, Ni, Zn) and several ligands (amine, bipyridne, carboxylate)
with channeling cavities for the adsorption of small molecules.[275] Notably, the material
named CPL-1 of composition [Cu2 (pzdc)2 (L)]n (pzdc= pyrazine‐2, 3‐dicarboxylate; L= a
Pillar Ligand) presented pillared-layer structures with porosity maintained in the absence of
the guest molecules ;[276] in addition channel sizes, shapes, and chemical environments could
be tailoired by tuning the pillar ligands.[277] These unique features allowed later the first
examples of hybridization into the MOF channels to form interconnected polymer/MOF
composite materials.[278]
G. Ferey’s group introduced the compounds MIL-n (for Materials of Institut Lavoisier);[279] in
the late 1990s, he expanded the choice of cations to other elements of the periodic table
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including trivalent (V, Ga, Ti, Cr, Al)[280] and rare-earth elements.[281] The synthesis of these
materials with a large variety of cations/clusters and linkers was achieved thanks to the
investigation of the crystallization mechanism through in-situ techniques (such as NMR)[282]
and computational methods[283] under hydrothermal conditions. For example, the
chromium(III) dicarboxylate named MIL-53 is a solids exhibiting original features such as
magnetic properties and high thermal stability, and sorption capacities. As shown in Figure
15(d), a reversible, large breathing effect was observed for MIL-53 in absence/presence of
water vapor. [284, 285] This flexibility and reversible responsiveness is one of the first and more
remarkable examples of the third generation of porous coordination polymers widely studied
starting from the beginning of the 2000s.[286] Today the MOF community is huge and many
other porous coordination polymers have received their “lettre de noblesse”.[287] A “new age”
of these hybrid porous materials has started,[288] corresponding to the development of shaping
and processing techniques to accompany the transition toward real applications in many fields
including catalysis, storage, gas separation, nanomedicine, electronics, photonics and
sensing.[289]
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Figure 15: (a) Chronological and functional classification of porous coordination polymers as
proposed by S. Kitagawa, adapted from [267] with permission from Nature Publishing Group.;
(b) cationic framework [Cu(TCTPM)]+ , adapted with permission from
American Chemical Society ; (c) MOF-5; adapted from

[271]

and (d) breathing MIL-53, adapted with permission from

[264]

Copyright 1989

from Nature Publishing Group.;
[284]

Copyright 2002 American

Chemical Society.

6. Current applications: hybrid materials meet society
Nowadays, hybrid nanomaterials have reached various markets and excellent reviews have
already been published recently on this topic[1, 4, 290]. Indeed, the number of applications that
concern hybrid nanomaterials has continuously increased during the last 20 years and the
domain is still expanding. 353-355 Few selected examples of commercial applications of hybrid
nanomaterials have been gathered in Figure 16.
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Figure 16 Examples of commercial applications of hybrid materials

Indeed, numerous domains such as micro-optics, micro-electronics and photonics (printed
circuits Pentium® , curved lenses, micro-lenses, waveguides based on hybrids coated on rigid
substrates or on flexible foil, printed electro-optic circuits, mirror for laser cavity);
protective/smart coatings (decorative, anti-dust, anti-scratch, self-cleaning, anti-reflective,
anti-corrosion, anti-dust, antifogging, anti-rain); energy (photovoltaic cells, fuel cells,
batteries, hybrid membranes for PEM fuel cells, protective layers in photovoltaic solar cells,
solid state dye-sensitized hybrid cell, ultra-thin flexibles batteries…) ; environment (catalysis,
photocatalysis, biocatalysisc sensors, biosensors, membranes, adsorbers …); human care,
medical and cosmetics domains (implants, imaging, prostheses, therapeutic carriers, sensors,
biosensors, dental cements, bioprotective coatings, hair and skin repair… ); sport, car, textile
and packaging industries (green tyres, weight lightening, polymers reinforcement, flame
retardancy, smart textiles, nanocomposites-based packaging….); construction (organoclays
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paints), sealant, and wood

[1, 4, 291, 292]

have been strongly impacted by the great versatility of

hybrid materials science that allows to combine bottom strategies and modern processing
methodologies such as thin films deposition (dip, spin, doctor blade), lithographic methods
(nanoimprinting lithography, two-photon absorption, dip-pen…), electrospinning, ink-jet
printing, spark plasma sintering, spray and electrospray, reactive-ion etching, 3D or 4D
printing, reactive extrusion, etc.
But what are the reasons of this successful story? Although the starting point of commercial
hybrid materials could come from academic works, the published proofs of concept which are
usually claimed in scientific papers are necessary but far from sufficient to permit their
marketing. Indeed, the commercial development of hybrid materials could be achieved if a
number of general economic, technical, practical and regulation requirements are fulfilled.
We have to keep in mind that hybrid materials are always in competition with other materials
or technical solutions and then have to demonstrate a real added value. The path to the market
could be long and perilous involving numerous economic actors with their own development
strategy (SMEs, medium-sized firms and large companies) and various competencies
(research and development, sales, legal and contract departments / quality, health, safety, and
environment managers / purchasing division / production…). [292]
The development of modern hybrid materials is subjected to the same general rules than the
first ones and implies the same kind of compromise: “cost” versus efficiency. If we consider
the earliest examples of hybrids (discussed in section 3), they involved the use of raw
materials (such as clays or silicates) easily available in a given environment, leading to robust
and smart hybrid materials through well-suited or well-known "manufacturing" processes.
Modern hybrid materials are also elaborated from quite inexpensive precursors greatly
available at the industrial scale. Furthermore, the way of hybrid materials processing is
usually highly compatible with proven industrial processes, and final materials often display
added value compared to previous materials. Finally, they fulfil most of the time safety and
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regulation requirements. In other words, hybrid materials are integrated in an overall process
and their economic viability depends on outside factors (availability and cost of chemical
precursors, law of supply and demand, competition with other strategies and materials,
regulatory constraints such as REACH and RoHS directive) and internal factors (knowledge
of the chemistry involved in the elaboration of new materials, capacity to process new
materials with efficient, proven and inexpensive processing, compliance with technical
specifications and safety rules, corporate strategy ...).
Nowadays, regulatory constraints which could favour the development of new approaches by
prohibiting the current ones are becoming a determining factor for the marketing of hybrid
materials. For example, the ban on chromates and Ni-based phosphate conversion coatings
has allowed to develop and commercialize new hybrid coatings in both aeronautics and
automotive domains.[4] Besides compliance with regulations, such coatings also fulfill several
technical and economical requirements (water-based products or low VOCs content for
example). They present a satisfying adhesion to metallic alloys due to their inorganic part,
enhancing thus passive corrosion resistance, and favour high adhesion for the organic-based
resins constituting primers and/or topcoats due to their organic counterpart.

[1, 293]

Another

advantage of hybrid conversion layers concerns the versatility of the deposition step. Indeed,
coating and curing processes of hybrid conversion layers are highly compatible with existing
automotive pretreatment and coating lines, limiting thus the extra-cost of this new technology.
Alternatively, these hybrid coatings can be also deposited by spraying, process more adapted
to the coating of large aircrafts components.
Besides regulatory constraints, economic demand and technological maturity are also two
important parameters which could lead to their success or failure in the marketplace. An
example of the importance of these two parameters is well-illustrated by the development of
aerogels.

[294, 295]

years later.

Aerogels were first described by Kistler in 1931-32

[297, 298]

[296]

and patented a few

The first silica aerogels were obtained by acidification of a water glass
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(Na2SiO3) solution with HCl and involved several (long) steps such as washing, solvent
exchange (replacement of water by ethanol) and supercritical drying. A short time later, he
completed a license agreement with the Monsanto Chemical Corporation for the production of
silica aerogel. Monsanto produced thus silica aerogel in a plant in Everett (Massachusetts)
under the trade names “Santocel”, “Santocel-C”, “Santocel-54” and “Santocel-Z”.

[298, 299]

These products were sold during almost 30 years (1940-70) mainly as flatting agent in paints
and varnishes, as thermal insulation or as reinforcing filler for silicone rubber.

[300]

However,

the high manufacturing costs and the competition from new type of inexpensive silica
(“fumed” silica) and thermal insulations stopped their commercial production in the late
1960s. As the commercial production stopped in USA, a technical progress occurred in
Europe in the same time. The French government, seeking an efficient way for storing liquid
fuels in porous media, has entrusted Teichner (Université Claude Bernard, Lyon, France) with
the development of such porous materials. In order to shortening the Kistler’s procedure, they
used silicon alkoxides (tetramethoxysilane) as silica precursor instead of water glass. [301] The
sol-gel method eliminated thus the washing step aiming for removing NaCl (salt produced by
the reaction of Na2SiO3 with HCl) and the solvent exchange step necessary for the
supercritical drying. This point is somehow interesting since the price of starting materials is
not always the determining factor and we should take into account the overall process; water
glass being much cheaper than silicon alkoxides but involving additional long and expensive
steps. The use of alkoxides instead of salts has also opened the way to the development of
numerous functional aerogels due to the commercial availability of transition-metal alkoxides
and alkoxysilanes bearing hydrolytically stable organic functions.

[294, 302]

In the beginning of

the 1980s, another technical improvement has been made to increase the safety conditions
related to the supercritical drying step. Indeed, supercritical drying with alcohols could be
quite dangerous since supercritical conditions imply high temperature (above 230°C much
more than their flash point). It was observed that alcohol could be replaced by liquid CO2 in
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the gel before supercritical drying lowering thus the temperature of supercritical conditions
(31°C) and implying a nonflammable solvent.

[303]

At the same period which corresponds to

the international oil crisis, industrial researches on aerogels were undertaken by BASF.
305]

[304,

It should be noted that BASF had previously worked on hydrogels / aerogels in the

1950’s. [306] Interestingly, their process involved water glass and mineral acid as in the pioneer
work. However the mixing of the two compounds were performed in a mixing jet apparatus
and sprayed. Thus spherical hydrogel particles were collected in a receiver flask and next
underwent the classical treatment (washing with water, solvent exchange and CO2
supercritical drying).

[305, 307]

The production of aerogel pellets under the trade name

BASOGEL® ended in 1996. Finally, in the 1990’s, a new drying procedure was developed in
ambient conditions (ambient pressure and 50°C) thanks to a prior aerogel hydrophobization.
[308]

Today, supercritical and ambient drying are used for the commercial production of

various aerogel-based materials: for example, supercritical drying has been selected by Aspen
Aerogels® for producing composite materials while the ambient-pressure drying is currently
used by several companies for producing translucent hydrophobic silica-based aerogels
granules (for example Cabot Corporation under the tradename Nanogel™ or Dow Corning
under the product name VM 2270 Aerogel Fine Particles).

[4]

Technical improvements,

economic crisis, ecological awareness, regulation constraints have permitted to aerogel
materials to reach numerous markets (Figure 17) being competitive 85 years after their
discovery and after several unsuccessful market trials.
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Figure 17. Some commercial applications of hybrid aerogels.

The example of aerogels highlights the complexity of market access for materials since their
first discovery. It provides also some clues about potential causes that could hinder
commercialization of other hybrid materials. If we take the case of mesoporous materials
(section 5.7), they were conceived by researchers of Mobil Oil Corporation to overcome pore
size limitations of zeolites used in catalytic cracking process. However, their weak acidity and
their relatively low chemical stability did not allow them to replace zeolites. Many progresses
were reported in the following years. For instance, mesoporous aluminosilicates with large
pores and acidity close to those of zeolithes were developed by combining, sol-gel chemistry,
aerosol processing and multiple templating.[309], [246] These mesoporous materials fully met the
market requirements in terms of catalytic performances but they still need further
improvements (ageing, mechanical properties;..) before real applications. Despite this relative
failure, mesoporous materials have paved the way to a wide and fruitful research field since
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1992. Explanation of their current non-presence in the market of catalysis is not a
straightforward issue. As an hypothesis, we can bet that the mesoporous silicas that were
design for the field of catalysis could in the future find real applications in the fields of
sensors and adsorbent of pollutants,[245] smart coatings,[310] cosmetics and multifunctional
therapeutic carriers.[311] In order to facilitate access to markets, several additional tools have
been developed. Assessment tools, such as Technology Readiness Levels (TRL), allow for
technology maturity of projects to be estimated.[312] Another tool has been recently proposed
to evaluate the market demands, Demand Readiness Levels (DRL) which could be combined
with the TRL system.[313] In the field of materials, there is usually a long lead up time from
discovery until industrial production. Numerous factors have to be taken into account in
addition to scientific aspects as previously described, and finally current “failures” could be
tomorrow’s successes.

7. Outlook and future prospect of hybrid materials.
The analysis of the literature data from both a patent and a publications point of view shows
that the field of investigation concerning hybrid materials in the broad sense is still expanding
(Figure 18).
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Figure 18 Evolution of the publication and patents related to hybrid materials

Figure 19 illustrates the synthetic strategies reported in the literature to combine at the
nanoscale or at the molecular scale mineral and organic components. Organic-inorganic
hybrid compounds can be built following different stategies : i) Insertion of organic
components in an already formed inorganic host (insertion in porous or lamellar hosts through
simple intercalation via molecular or ionic exchange followed in some cases by chemical
grafting (clays, LDH, mesoporous oxides…)), ii) dispersion or in-situ generation of inorganic
components in a polymeric network, (typically nanofillers in a polymer), iii) processing of the
inorganic component around the organic host, iv) processing of the organic component from
the inorganic core or coupling it to the inorganic core, v) simultaneous growth of both organic
and inorganic networks (kinetics can be tuned with playing with two catalysts). Among the
chemical strategies used for the synthesis of hybrid materials, four major chemical routes can
be distinguished. The latter are associated with the growth mode chosen for the inorganic
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phase. When the mineral component is a metal oxide or a metal oxopolymer (including silica
or silicates), it can be obtained via hydrolytic (hydrolysis-condensation) or non-hydrolytic
polycondensation processes (M-O-M bonds obtained by removing ether, ester, RCl, etc.). The
hybridization can be carried out by organic functionalization of the mineral entity via covalent
or ionocovalent bonding. The organic group in question may be an organic complexing ligand,
an organosilane, bearing a simple function (optical, hydrophobic, …) or a polymerizable
group. The complexing ligand, if it has a functionality equal to or greater than two, can lead to
the formation of coordination polymers by associating the metal centers or the oxo-metallic
clusters, the latter being able to be formed by hydrolytic or non-hydrolytic processes.
Similarly, other inorganic compounds, nano-metals, nanophosphides, etc. can be hybridized
by functionalization of their surfaces with ligands having a good affinity (eg thiol on gold,
phosphate or carboxylate on metal oxide).
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Figure 19 Synthetic strategies to combine inorganic and organic components at the nanoscale
or at molecular level
All these strategies are well known today and they can be tuned by most of materials
scientists and engineers. Moreover these chemistries can be coupled with numerous
processing methods, to design an hybrid materials with a given targeted set of properties.
Today most of the financed research is focused on societal topics like energy, health,
environment, etc… and most of written proposals should in some way ”save the world from a
big catastrophy” ! Today scientists, who are of course intelligent beings, learned to write this
kind of text regardless of the coloring requested by the financing counters. To illustrate this
point, we will allow ourself to use a metaphor: by always lighting the same streetlights, we
leave large unexplored shadows and it is very often in these areas of shadow that the ruptures,
and

large

scientific

advances,

can

emerge.

If we go back to hybrid materials and their chemistry, hybrid silicas and alumino-silicates,
MOFs are the most classically known materials and quite “easy” to develop and characterize
structurally because they are very often crystalline (see the number of publications). This is
due to several factors: an earlier knowledge of these systems, an easily controllable reactivity,
separation

tools,

more

developed

analytical

and

characterization

methods.

For example, there is a very large difference between the chemistry of silicon oxo hybrids and
the chemistry of transition-metal oxide hybrids.
A shadow zone that needs to be explored is precisely this chemistry of hybrids based for
example on non-silicates, in particular based on the methodology operando, in situ resolved in
time (synchrotron (XANES, EXAFS, SAXS, XPS, ...). ), Environmental 3D TEM, STEM,
other Spectroscopies) coupled with structural analysis (diffraction, PDF) and modeling. An
important aspect will consist in exploring and better analyze “not-ideal” systems such as softmatter, colloids, nano-amorphs, nanoheterogeneities, defects, cracks,...
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New properties and structural optimization can rise from engineering defect, heterogeneities
or disorder in hybrid materials. From a historical point of view, in many cases, the mineral
component of the hybrid material was preponderant for final properties over the organic ones
that usually acted simply as sacrifical templating or directing agents.

The tremendous

emergence of carbon based materials (fullerene, graphene, C-dot, Carbon nanotubes…) with
extraordinary properties will require hybridization through inorganic molecules/particles to
further improve their efficiency or to integrate them in multifunctional devices.
A even greater shadow zone consist in fabricating materials with more sophisticated features
and functionalities, learning from Mother Nature.[314] While the concepts of biomimicking and
bioinspiration have been widely explored, we are still quite far from the kind of complexity
characterizing living systems. As a conceptual roadmap, the performances of a
material/system can be described in a three-dimensional space as displayed in Figure 20: the
axes correspond to three characteristic features found in living systems: intelligence,
integration and autonomy (where each criterion is marked on the 0 to 1 scale).[314] The living
materials are at the summit of the cube with 111 coordinates: it is represented here by the blue
sphere that indicates the “ideal” efficiency degree of living systems. The green zone indicates
the state-of-the-art in term of performances of man-made artificial (nano)materials.

Figure 20 Functionality of the materials in a three-dimensional space
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We now have a whole range of « intelligent » materials, also called « stimuli-responsive»
capable of reacting to optical, electric, thermal, mechanical, chemical or magnetic stimuli,
leading to a change in properties. Further improvements in terms of material’s composition
and structure can be envisioned to fabricate even more intelligent and performing
materials with giant, multiple, non-linear or selective responsiveness.
A certain degree of « integration » of these properties in single « multifunctional »
nanodevices is now available, notably thanks to hybridization strategies. « Multifunctionality»
can be obtained by assembling/combining nanobuilding blocks of different natures/properties
(hybrid, nanocomposite materials) and/or structuring matter at different scales (hierarchical
materials). In this context, combination between top-down and bottom-up approaches needs to
be further implemented. An ultimate hybridization strategy could consist, for instance, in
developing a new generation 3D-printing processes (combined with 3D lithography for
instance) able to arrange single functional heterogeneity in the space with sub-50 nanometer
resolution. All these functions should be performed with minimal cost in terms of energy and
primary materials.
As illustrated in Figure 20, the larger gap between artificial and living systems in terms of
performances concerns the « autonomy ». Differently from living systems, man-made
nanomaterials and devices age, their properties degrade with time, some oxidize and others
decompose or disintegrate. An ideal « automonous » material would be homeostatic, able to
adapt dynamically to its environment without need of external stimuli;[315] pushing the
concept even further, our autonomous material would be able to self-diagnostic, selfmaintenance, self-repare, self-degrade or

self-replicate and correct defects/mistakes by

internal learning and regulation. Artificial systems featuring these properties can be made by
including living matter/organisms in the synthetic material. In addition, strengthening the
investigation of unbalanced systems, the controlled use of dissipative structures in materials
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chemistry to construct original and autonomous inorganic, organic or hybrid buildings is a
large shadow area that must be explored.
In the end, one future evolution will concern the “hybridization of thought”. Having a look at
typical portrait of the scientists that marked the history of hybrid materials, one of the
common feature is certainly their open-mindedness. The typical “hybrid scientist” is able to
get influenced by other ways of thinking, to share expertises and to make bridges between
different domains (mineralogy, biology, organic, inorganic chemistry, polymer science,
engineering, …) driven by academic curiosity or by practical/industrial needs. In this regard,
the field of hybrid materials is now powered by the same open-mindedness and is probably
under constant evolution, crossing new domains (computer sciences, statistics, sociology,
archeology, law, earth science…) and, at the education level is of paramount importance to
promote new multidisciplinary “hybrid” academic paths.
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