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Abstract: Empty spaces are abhorred by nature that immediately 

rushes in to fill the void. Humans have learnt pretty well how to 

make ordered empty nanocontainers, and to get useful products 

out of them. When such an order is imparted to molecules, new 

properties may appear, often yielding advanced applications. This 

review illustrates how the organized void space inherently present 

in various materials – zeolites, clathrates, mesoporous 

silica/organosilica, and metal organic frameworks (MOF), for 

example, can be exploited to create confined, organized, and 

self-assembled supramolecular structures of low-dimensionality. 

Features of the confining matrices relevant to organization are 

presented with special focus on molecular-level aspects. Selected 

examples of confined supramolecular assemblies- from small 

molecules to quantum dots or luminescent species- are aimed to 

show the complexity and potential of this approach. Natural 

confinement (minerals) and hyperconfinement (high pressure) 

provide further opportunities to understand and master the 

atomistic-level-interactions governing supramolecular 

organization under nanospace restrictions. 

1. Introduction 

Supramolecular organization is a central idea in chemistry 

and a driving force in technology.[1–3]  It refers to the formation of 

correlated domains of molecules or nanospecies exhibiting 

collective properties or new functionalities.[4–8]  Molecular 

machines[6,9–11] and photonic antennas[12] are classic examples of 

supramolecular structures. The assembly process may occur 

through ferroelectricity or ferromagnetism, by molecular 

recognition between specifically designed species, or with the 

help of an external agent: for example light, electric/magnetic 

fields or space confinement.[13]  In the latter case, matrices with 

regular porous networks are particularly effective, because their 

voids can be exploited as nanosized receptors for matter to 

create confined, supramolecular structures of low-

dimensionality.[14] Empty space architectures are a distinctive 

feature of various materials: zeolites, crystalline mesoporous 

silica, or metal organic frameworks, among others. Because of 

the regular distribution of nanosized empty space, such 

frameworks may be ideally considered as the negative image of 

highly structured nanomaterials, constituted by arrays of 

molecules, quantum dots, or molecular wires.[15] When confined in 

those matrices, guest species not only are subjected to the 

geometrical constraints of the cavities, but are also prone to be 

remotely and individually controlled.[16,17]   

Nanoscale confinement has long been used as a way to enhance 

or modify chemical reactivity, as documented in several reviews 

on catalysis,[18–22] photochemistry,[23–26] and charge-transfer 

processes.[27,28] Equally important are situations where no 

covalent bonds are broken or formed, and the porous matrix is 

used essentially as an organizing medium. In such host–guest or 

inclusion composites, the guest species are bound inside the 

cavities or channels of the host by non-covalent forces such as 

hydrogen bonding, halogen bonding, electrostatics and van der 

Waals interactions. This work aims to give an overview of host-

guest materials whose potential applications hold concrete 

promises in materials science. Composites of this kind for 

electronics, photonics or sensing, were first obtained by 

incorporating molecules and nanoparticles inside zeolites.[14,17,29] 

These represent a kind of archetype for other systems and are 

the main subject of this story; nonetheless, discussion is 

extended to other hosts that have widened the application range 

while presenting new challenges (Figure 1).[30,31] Focus is driven 

on the molecular-level features of the confined assemblies, 

whose knowledge is pivotal for progress in applications. In this 

sense, the relevance of natural porous matrices to probe 

fundamental aspects of host-guest interactions and confinement 

is acknowledged. Among viable strategies for the realization of 

composites of potential technological interest, particular attention 

is here devoted to the use of high pressures.  

The concepts of organization and order are not equivalent and 

need to be defined. Order is usually associated to the symmetry 

and periodicity of crystals (long-range order): for example, the 

deviation from strict periodicity in crystallography is often called 

disorder. In general, a confining crystalline matrix does not impart 

its symmetry and periodicity to the incorporated species. This 

happens because host-guest materials are non-stoichiometric 

compounds - hence, “it is not necessary for guest molecules to 

occupy every available gap in the host structure before a stable 

complex is formed”.[32] Very early this fact was recognized by 

Barrer, that classified host-guest complexes according to the 

distribution of guest species within the framework and observed 

that these compounds manifested appreciable departures from 

stoichiometry.[32] Practically, all materials herein presented fall in 

this category: because they are not “strictly periodic”, they are 

inherently dominated more by disorder rather than by order. Yet 

the arrangement of confined species is far from being random: 

confinement imposes spatial correlations to the guests, and the 

supramolecular patterns thus formed, depending on the observed 

length scales and adopted experimental conditions, often exhibit 

a certain regularity, designed as correlated disorder.[33] 

Organization stems from the space restrictions imposed by the 

confining matrix to the included species and often implies a 

change in their physico-chemical properties. For example, metal 

clusters confined in a regular, three-dimensional system of pores 

are organized in a three dimensional lattice, while chromophores 

incorporated inside non-intersecting nanochannels are organized 

into one-dimensional arrays. Such organized assemblies have 

electronic absorption, luminescence, and energy transfer 

properties different from those of a fluid solution or dispersion of 

the same species. The arrangement of dye molecules in linear 

arrays, for example, allows for a very efficient and unidirectional 

FRET (Förster Resonance Energy Transfer)[34] process – a 

distance-dependent, nonradiative energy transfer mechanism 

exploited in solar energy harvesting antenna systems (Figure 

1b,d,e).[35,36] Hence, nanoscale confinement is by itself an 

organizing agent, thus the arrangement of guests in the porous 

matrix will be defined as their organization – as common practice 

in the related literature (see e.g. Ref.[14,16,36–38]) 

Organization does not imply crystallographic order: besides non-

stoichiometry (non-uniform occupancy of the host pores), there 

are other sources of disorder for the guest species. At the 

molecular scale, the arrangement of the guests is determined by 

a complex mix of intermolecular and host-guest interactions, 

depending on temperature, pressure and concentration of the 

guests, among other factors. The confined species generally 

preserve a certain freedom of movement, like rotational or 

wobbling motions inside cavities, and longitudinal displacement 

[a] G. Tabacchi 

Department of Science and High Technology 

University of Insubria 

Via Valleggio, 9 I-22100 Como (Italy) 

E-mail:gloria.tabacchi@uninsubria.it  

 

 



ChemPhysChem 2018, 19, 1249-1297   DOI: 10.1002/cphc.201701090          

1251 

 

along nanochannels. This atomic-scale dynamics is responsible 

of the “dynamic disorder” in crystallography: the refined structure 

typically features a multiplicity of positions with fractional 

occupancy (as shown e.g. in Figure 1a), and provides only an 

average picture of the guests. Also, inclusion composites often 

show “static” disorder – which is related to the symmetry of the 

guests, their repartition inside the host, and inhomogeneity of the 

host. These situations are rather common and should be ideally 

tackled by multitechnique characterization strategies. 

Most of the herein discussed composites are functional in spite of 

disorder: for example, the electronic transition dipole moments of 

the dyes incorporated in zeolite L (Figure 1b) are approximately 

aligned, ensuring thus an extremely high speed for exciton 

transport.[39,40] Technically, this is good enough for use in solar 

energy concentrators, sensors or solar cells.[28] Of course, there is 

still room for improvement, which requires a thorough, atomistic-

level characterization of the material.  Indeed, in spite of great 

progresses in experimental techniques (sketched in Chapter 2), 

important details still remain very difficult to capture, especially 

when fine movements of molecules or groups of atoms are the 

main characters of the play. The key role of computational 

approaches in revealing these aspects is highlighted throughout 

this paper, which is structured as follows. 

Chapter 3: confining matrices are instrumental in the 

organization of the included species. This part provides an 

overview of common porous scaffolds - zeolites, clathrates, silica 

mesopores, and framework materials.  

Chapter 4: confined nanostructures (metal clusters, quantum 

dots, nanowires, etc.) played a key role in the development of 

nanoporous-based materials for advanced applications[14,41,42] and 

are now experiencing impressive progress.[43]  

Chapter 5: confined water and water-ion clusters  is a topic of 

both historic and fundamental value (see ref.[44,45] for a review) – 

here, the focus is on water-cation assemblies in natural zeolites.  

Chapter 6: confined halogen molecules in nanochannels form 

relatively simple composites, yet endowed with interesting  

properties,  such as semiconductor behavior.[46] 

Chapter 7:  organic chromophores encapsulated in nanosized 

containers show exceptional optical properties (Figure 1). 

Confinement greatly enhances their emission intensity by 

contrasting the formation of undesired aggregates.[47,48] These 

materials find application in solar energy harvesting,[49] 

photonics,[50,51] and nano-diagnostics technology.[52] Here, the 

focus is on the arrangement of dye molecules and the dynamic 

guest-guest/host-guest interactions governing the optical 

anisotropy of the materials. 

Chapter 8: hyperconfinement, i.e. the use of high pressure to 

drive molecular species inside nanoporous materials.[53] In this 

case, the self-assembly process is controlled by both the 

confining matrix and the imposed pressure.  Recently observed 

phenomena such as pressure-induced polymerization[54] or 

formation of complex supramolecular patterns[55] candidate 

hyperconfinement as an intriguing route to new materials. 

 

Figure 1. Confining matrices and light-harvesting applications. a) X-ray 

structure of perlialite[56–58] (K8Tl4[Al12Si24O72]·20H2O) - a mineral isostructural to 

zeolite L[59] (LTL framework type)[58,60]. Cationic and water sites have fractional 

occupancy. Color code: grey, framework (Si or Al); dark blue, K+ sites; purple, 

Tl+ sites; light-blue, water sites. [Illustration created with VMD, using X-ray 

positions from Refs[57,58]]  b) Zeolite L antenna system.[61]  A luminescent donor 

dye (green) inside zeolite L (grey) functionalized with acceptor dye (in red) at 

the crystal termination and interfaced with a semiconductor.  Upon light 

irradiation, the composite undergoes FRET[34,39] and energy is transferred to the 

semiconductor. [Reproduced by permission from Wiley-VCH].[61] c) Pyridinium 

hemicyanine dye (green balls) incorporated into a MOF give a material with 

non-linear optical behavior.[62] [Reprinted from ref.[62] with permission from 

Wiley-VCH]. d) A periodic mesoporous organosilica bears chromophores within 

its pore walls and adsorbs light. Energy is transferred to the acceptor dye in the 

channel (green dot), yielding 100% emission enhancement. [Reproduced by 

permission from Wiley-VCH].[63] e) This zeolitic metal-organic-framework 

(ZMOF) with included dyes (in green), has excellent light-harvesting properties. 

[Adapted from Ref.[64] with permission from The Royal Society of Chemistry] 

1.1. Short history 

The use of porous matrices to create new composites is not a 

new idea. The first of those materials was realized by the Maya 

(Figure 2).[65] By incorporating the indigo dye in the pores of a 

clay mineral palygorskite,[66] these ancient craftsmen obtained a 

pigment of exceptional resistance to harsh conditions, whose 

color could be finely tuned via a suitable choice of the process 

conditions.[66] Only much later it was recognized that the stability 

of the pigment was due to the inclusion of the dye inside the 

cavities of the clay:[67–69] In particular, the main stabilizing host-

guest interaction is the coordination of the carbonyl group of 

indigo to the Al3+ ions at the edge of the palygorskite cavities 

(Figure 2), while similar Mg2+−dye interactions can also be 

present.[67] Computational analyses also suggested that the 

thermal treatment employed in the pigment preparation eliminates 

some structural water molecules coordinated to the Al3+ ions in 

the clay, thus allowing for the binding of indigo.[70]  Maya-blue 

mimics based on clay minerals are now of relevance for the 

environmentally-friendly production of colorants, and a fertile soil 

for advanced materials and sustainable applications alike.[71–74] 

For example, cointercalation of water-soluble indigo/thioindigo 

derivatives in layered double hydroxides leads to fluorescence 

quenching, suggesting efficient energy transfer for the hybrid 

material.[74] Also, intercalation of a metal complex within clay 

nanoplatelets enables to control polarization of the emitted 

light.[72] Similar strategies can be applied also to hydrophobic 

dyes, producing hybrid materials with well-defined orientation of 

the included molecules, thus anisotropic optical properties.[73] 
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Figure 2. The Maya Blue pigment. a) The inorganic and organic components 

of Maya blue. The palygorskite clay: O atoms of structural water bound to Al are 

labeled in white, O atoms of zeolitic water are labeled in black. The indigo and 

dehydroindigo dyes. b) The Maya Blue pigment, a colorant extraordinarily 

resistant to humidity, heat, and chemical/photochemical attack, is formed by the 

intercalation of indigo in the palygorskite channels upon loss of water. [Adapted 

with permission from Ref.[67] Copyright 2009 American Chemical Society]  

Among the first supramolecular compounds, clathrate 

hydrates[75] occupy a leading position: they were first reported by 

Davy, Faraday and probably Priestley, over 200 years ago, and 

are likely the host-guest materials best characterized. They are 

crystalline solids formed by guest molecules trapped in cages of 

hydrogen bonded water molecules.[76] Gas hydrates are also 

found naturally (offshore, under permafrost and in glaciers),[77] 

and these ones are minerals, according to the American 

Geological Association. Due to the long history of the field, and to 

the high relevance of hydrates for industrial and environmental 

issues,[78] an impressive amount of structural and thermodynamic 

data has been gathered,[75] which also makes them a choice 

model for the study of host-guest interactions from a fundamental 

viewpoint. The field developed around the 1950’s, when single 

crystal structures of hydrates became available.[79]  Barrer made 

prominent contributions to this area,[32] as well as to the first 

zeolite syntheses[80] and metal incorporation experiments.[81] 

The idea of thoughtfully exploiting porous materials as ordering 

matrices for advanced optoelectronic functionalities was the 

thesis of a seminal work envisioning the technological potential of 

zeolites in electro-optical devices.[14]  Such roadmap was followed 

by other reports on zeolite use in sensing devices, and ionic 

conductivity,[16,17,82,83] and was paralleled by progress in zeolite 

syntheses.[84,85] Porous aluminophosphates,[86,87] oxides,[88] and 

chalcogenides[89–93] were realized and tested as nanocontainers 

of photoactive molecules, clusters, or quantum dots. The resulting 

materials exhibited non-linear optical behavior, such as second 

harmonic generation,[94] and were used in devices like zeolite-

based lasers[95] or sensors.[90] 

Periodic mesoporous silica[96,97] and organosilica[98] disclosed new 

opportunities, as their larger pore size could fit to macromolecules 

and nanoparticles. The rise of framework materials[99–101] brought 

further variety of shapes and composition, structural flexibility, 

and systems that could undergo reversible changes upon light 

irradiation or mechanical pressure.[102–104]    

 

Figure 3. Structures of natural zeolites from X-ray diffraction.  Top: 

Framework structures ((Si, Al = grey sticks; oxygen omitted for clarity) of the 

natural zeolites faujasite[105] (FAU) (blue solid lines indicate the unit cell) and 

mutinaite[106] (MFI), and of their synthetic counterparts (in parentheses). The 

colored balls are the water and cation sites (with fractional occupancy). 

[Illustration created with VMD, using the X-ray positions from Refs[105,106]. 

Framework structure (Si, Al = grey sticks) of natural zeolite paulingite [PAU][107]: 

the most complex mineral known to date.[108] The colored balls are the cation 

sites (with fractional occupancy): the size of the ball is proportional to the 

occupancy of the site. The shaded light-blue regions represent the distribution 

of the water sites. The blue  line represents the unit cell, containing 16 formula 

units (Ca2.57K2.28Ba1.39Na0.38)[Al11.55Si30.59O84]·27H2O, with minor amounts of Mg 

(<0.05), Sr (<0.13), Mn (<0.01), and Fe (<0.04).[107] [Illustration created with 

VMD, using the X-ray positions from Ref.[107]]. Framework structure (yellow = Si, 

green = Al) and extraframework content (blue= Ca, light blue = water oxygen) of 

goosecreekite [GOO], the only example of natural zeolite with a chiral 

framework [idealized formula: CaAl2Si6O16·5H2O]. [Illustration created with VMD, 

using the X-ray positions from Ref.[109]]. 

In the search of new frameworks, much effort was focused on 

mimicking functionalities of biological systems through biomimetic 

chemistry.[1] However, mineralomimetics - the counterpart of 

biomimetics - has been successful as well. According to Iwamoto, 

this term indicates the chemistry of building mineral-like structures 

using materials that never give stable minerals in nature.[110–112] 

For example, by recognizing the structural similarity between 

Cd(CN)4  and SiO4, the group realized clay-mimetic and zeolite-

mimetic cyanocadmate inclusion compounds through a crystal-

engineering strategy.[113]    
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The relationships between man-made and natural materials are 

profound. Structurally, zeolites can be viewed as composed by 

cation-templated “natural building units”.[114,115] Earlier syntheses 

of zeolites were inspired by minerals,[85] as in the case of the 

industrially relevant zeolites X and Y,[116]  isostructural with 

faujasite (Figure 3).[105] Conversely, natural counterparts of 

synthetic zeolites were discovered a posteriori; a striking example 

is mutinaite (Figure 3),[106] isostructural with ZSM-5, a catalytic 

landmark in petrochemistry.[84] This interplay holds for clathrates 

as well:  structure H hydrate was first created in laboratory,[117] 

and then found in nature.[118]  Rare silica minerals similar to 

zeolites and isostructural with gas hydrates, the clathrasils,[119] 

contain organic molecules - methane and other simple 

hydrocarbons[119] – which recall the templates of synthetic zeolites 

(Figure 4).[120] Some natural zeolites exhibit chirality[121] 

(goosecreekite) or extraordinary structural complexity,[108] like 

paulingite (Figure 3). A recently synthesized zeolite family[122] was 

modeled upon paulingite, and key for the synthesis was the 

recognition that Mg and Ca cations – found in related zeolite 

minerals – could be used as auxiliary templating agents for the 

more complex members of the family.[123]  

 

Figure 4. Methane naturally confined in a silica mineral. Structure of the all-

silica mineral melanophlogite, historically recognized as the first clathrasil.[124] 

The framework is illustrated using shaded grey tetrahedra superposed to a ball-

and-stick representation (O=red, Si=yellow). This mineral contains CH4: the big 

light-blue spheres represent the experimentally determined C sites.[Illustration 

created with VMD, using the X-ray positions from Ref.[125]].  

More fundamentally, insight on the interactions of simple species 

like methane, water, and zeolitic cations inside natural porous 

matrices is important to better understand the behavior of nano-

objects in confined spaces. For instance, natural zeolites contain 

structured water-ion networks[126,127]  which, under pressure, resist 

spectacularly or rearrange dynamically,[53] and also the response 

of the framework is crucially influenced by the water-cation 

assemblies inside the cavities.[128]  Fundamental knowledge on 

the behavior of such aggregates at high pressure could help 

increasing the stability range of technologically relevant host-

guest materials. For these reasons, care will be taken to compare 

artificially created composites with natural systems showing either 

relevant similarities or unexpected relationships. 

2. Characterization techniques 

Many powerful techniques are employed to study host-guest 

compounds. Among widespread methods, some are particularly 

useful to investigate guest species and their environment.  

Structural determination is typically based on Bragg diffraction, 

which probes long-range order in periodic solids. However, the 

presence of guests usually lowers the symmetry of the host, 

hindering structural characterization of the confined species with 

standard crystallographic methods.[129] In general, when deviation 

from periodicity (i.e., disorder) is present, only a configurational 

average over all possible disordered states is obtained. Such 

average structure appears to be more symmetrical that the actual 

material, because all disorder is reflected back into one unit cell, 

losing thus important structural insight. As the unit cell of a 

disordered material is actually the entire crystal, a proper 

structural description would require also short-range parameters 

like geometry of the local environment and next-nearest 

neighbors. Total scattering measurements do not rely on 

periodicity and give insight into short/medium range correlations 

(e.g hydrogen bonds) in disordered materials, which typically 

escape standard diffraction. The Fourier transform of the total 

scattering structure factor is the pair distribution function (PDF), a 

weighted sum of probabilities to find atoms of one type at a given 

separation from atoms of another type. Modern crystallographic 

techniques can integrate single crystal, powder, or neutron 

diffraction data with PDF analyses.[33,130,131] Such advances have 

fostered structural studies on disordered phases, (such as the 

recently reported liquid MOFs),[132] dye-zeolite materials,[133] or 

catalysts under industrial conditions, unveiling, for example, the 

interaction of water with SAPO-34 acidic sites and their 

environment at high temperature (700 °C).[134]  

Complex materials like inclusion compounds normally require 

multitechnique characterization approaches. Regarding structural 

analyses, the combination of diffraction and magic angle spinning 

(MAS) solid-state NMR spectroscopy (SS-NMR) is an excellent 

strategy, termed ‘‘NMR crystallography’’[135] (see CrystEngComm, 

2013, 15, 8589 for a themed issue). Bragg diffraction and SS-

NMR are complementary: whereas diffraction provides an 

average overview of the long-range structure, NMR does not rely 

on periodicity and captures detailed “short-range” information on 

the environment of specific nuclei, including their dynamics and 

local order/disorder. Because different local geometries imply, in 

general, differences in the chemical shift, NMR data are widely 

used in the structural characterization of porous materials. For 

zeolites, one prototypical case is 29Si, sensitive to bond distances, 

angles, and next-nearest-neighbor environment: its usefulness in 

probing the Si/Al ordering in zeolites has been long 

recognized.[136] Besides 29Si,[137] also 27Al plays a key role in 

topical issues, like characterization of zeolitic acid sites,[138] or 

nucleation and growth processes,[139] while 33P[140] is especially 

relevant for aluminophosphates. Many other nuclei (1H,2H,13C, 15N, 

etc.) are largely exploited as well, e.g. for the study of MOF’s 

ligands (see Ref.[135,141,142] for reviews and Ref.[143] for a recent 

multinuclear study of a formate MOF). Moreover, the Dynamic 

Nuclear Polarization approach allows to obtain high-quality 13C, 
1H, 15N SS-NMR spectra with natural isotopic abundance.[144] 

With NMR spectroscopy it is also possible to probe the uniformity 

and the connectivity of the pores. 129Xe chemical shift is a good 

probe of the inner pore surfaces, because it spans a wide range, 

and is very sensitive to the shape and size of the void.[145] 129Xe 

NMR has been applied to gas hydrates[146] and zeolites,[147] but 

also to MOF’s,[148] organic zeolite analogs[149] and mesoporous 

materials.[150]  In the latter case, for example, the 129Xe chemical 

shift can be correlated with the pore diameter.[151] With optical 

pumping techniques it is possible to produce hyperpolarized 

xenon which allows for a large increase in signal intensity. This 

high sensitivity has been exploited to study the distribution of the 

ibuprofen drug in functionalized mesoporous silicas.[152] 

Also the dynamic behavior of the guests can be probed by solid-

state NMR spectroscopy. In this respect, variable-temperature 2H 

NMR experiments are well-established tools: for instance, they 
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have recently allowed to characterize the dynamics of ethylene 

bound to Ag+ site in Ag/H-ZSM-5 zeolite, highlighting  two internal 

rotations of  the guest about its symmetry axes.[153] 

Also vibrational spectroscopies (principally, IR and Raman) are 

prime techniques for porous materials.[154]  In particular, IR 

spectroscopy of adsorbed probe molecules, like NH3
[155]  or 

CO,[156–158]  is very sensitive to the environment of the absorption 

site, hence a powerful method to study, e.g., Brønsted or Lewis 

acid centers in zeolitic frameworks. More exotic approaches, such 

as photoacoustic IR, enable a precise discrimination of linkers in 

MOF via the sound produced upon IR irradiation.[159]  Raman 

spectroscopy is widely used to study the orientation of guest 

species at various temperature/pressure conditions (see e.g. 

examples in chapters 6 and 8). Coherent anti-Stokes Raman 

scattering spectromicroscopy (CARS),[160] is particularly sensitive: 

for example, it revealed the formation of head-to-tail chains of 

adsorbate molecules inside the pores of ZSM-5 zeolite.[161]  

Most materials presented in this work are of interest for their 

optical properties. In this respect characterization is performed 

with UV-VIS-NIR and luminescence spectroscopies.[162]  The 

positions of the electronic bands are sensitive to the oxidation 

state and local coordination environment of the absorbing center. 

However, only the development of single-molecule techniques 

such as confocal fluorescence microscopy, has allowed 

gathering insight on the orientation of fluorescent molecules in 1-

D zeolite channels. The electronic transition dipole moment of 

these molecules is normally aligned with their long molecular 

axis.[29] The technique probes the orientation of the emission 

dipoles: for example, fluorescence detected upon irradiation with 

light polarized parallel to the crystal axis (which coincides with the 

zeolite channel axis) indicates that the molecules are aligned with 

the channel.[29,162] While this method assumes a homogeneous 

angular distribution of the guests, such limitation is overcome by 

polarimetric two-photon fluorescence microscopy, which can 

quantify disorder at high concentrations of included dyes.[163] 

In general single-molecule imaging/spectroscopy techniques 

have undergone an impressive advance in the latest years (see 

Refs.[164–167] and special issue of ChemPhysChem 2012, 13, 881–

1095). Not only they give insight on the orientation of guests, but 

they also allow to visualize fine details of pore accessibility and 

connectivity – like the recent demonstration of pore-blocking 

during catalytic isomerization in zeolite ferrierite.[168] 

EPR also provides valuable insight on local environment of 

paramagnetic species. Besides catalytically relevant transition 

metal centers, it has proved to be particularly effective in the 

study of zeolite-incorporated metal clusters (chapter 4). 

Particularly advantageous is also X-ray absorption spectroscopy 

(XAS),[169] which is not limited to paramagnetic species. XAS 

measurements are element-specific, can be used for structural 

studies of both crystalline and amorphous materials, and may be 

even applied under “operando” conditions.[169] A recent example 

is a XAS study on the oxidation state and active site geometry in 

Ce4+-MOFs demonstrating the redox activity of these materials, 

relevant for potential application in redox catalysis.[170] 

Destructive techniques, like thermogravimetric (TGA) and 

differential scanning calorimetric (DSC) analyses, as well as mass 

spectrometry, are widely employed for qualitative and quantitative 

elucidation of the guest content of inclusion compounds, and are 

particularly useful when combined with non-destructive analyses 

as the above-mentioned ones.   

Finally, the use of computational approaches such as quantum 

chemical and molecular dynamics calculations enables to capture 

structural and dynamical features otherwise difficult to gather from 

experiments. Details on the application of computational methods 

to porous materials can be found in a recent comprehensive 

review,[171] technical books[172] and MOF-specific accounts.[173–175] 

3. Empty space architectures 

Porous materials may be classified, according to IUPAC, in three 

groups: microporous (pore diameters below 2 nm), mesoporous 

(pore diameters between 2 and 50 nm), and macroporous (pore 

diameters over 50 nm). Beside those herein discussed, other 

classes of porous solids, like organic cages[176] polymers,[177] and 

all-inorganic polyoxometalates,[178] have further widened the 

possible functionalities making it hard to select the best material 

for a given application.[179] Although regular porous solids have 

ordered pore networks, the walls may be crystalline (zeolites), 

amorphous (mesoporous silica) or broadly periodic (organosilica). 

As discussed by various reports,[44,180–184] and a recent review,[185] 

the guest species undergo complex adsorption/diffusion 

processes before reaching an equilibrium arrangement inside the 

pores. Such organization of the guests can then be extended to 

the macroscale using assembly approaches in the case of 

colloidal particles/microcrystals.[186,187] Other strategies[188–190] 

imply the attachment of the microcrystal on a support. In this case, 

a key role is played by the terminations of the porous crystals, still 

little explored at atomistic detail.[191] A deep knowledge of these 

regions is fundamental for both the guest inclusion process and 

the final utilization of host-guest materials in functional devices.[36] 

3.1. Zeolites 

Zeolites are microporous crystalline materials  mainly made up by 

aluminum, silicon and oxygen.[58,192] While natural zeolites are 

important in earth science and mineralogy,[126] synthetic zeolites 

are ubiquitous in industry and technology.[83,188] Owing to their 

thermal stability and selectivity, zeolites have been adopted since 

early 1960s in a wealth of industrial processes involving catalysis, 

adsorption and ionic exchange, and are key components of 

detergents and desiccants.[193] Their potential as host matrices for 

nanosystems[41] or building blocks for energy harvesting devices 

has been recognized for long time.[14,29] The primary building units 

of zeolite frameworks are corner-sharing tetrahedra TO4 , where T 

indicates an atom – normally Si or Al - bonded to four oxygens. 

The frameworks define architectures of channels and cages of 

nanometer size, which host various extraframework species - 

molecules, ions, nanostructures or supramolecular aggregates – 

according to the shape and size of the pores.[126]  

3.1.1. Structural aspects 

To date, the database of the International Zeolite Association 

(IZA)[60] contains 235 zeolite structures (each identified by a 

three-letter code) which may be classified according to the size of 

the pore openings (i.e., the number of  T atoms), or  the number 

of dimensions defined by the pores.[58,194] Other structural 

descriptors provide information on the geometry of the pores,[195] 

the building blocks of the framework,[196]  or  the environment of a 

T atom,[197] as nicely documented by a themed review.[198]  

The high number of zeolite framework types (or “topologies”) 

implies a wide variety of cages and channels, with different 

geometry and size. The diameters of pore openings typically 

range between 0.3 to 0.8 nm, while those of the inner cavities are 

larger, namely from 0.5 to 1.3 nm.[58]   
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Figure 5. The framework structure of silicalite (MFI) with a 3-D channel 

system projected in the a) bc plane; b) ac plane. Yellow = Si, red = O, blue line 

= unit cell. [Illustrations created with VMD using X-ray data from Ref.[58,60]] 

Zeolitic channels form one-dimensional, two-dimensional, and 

three-dimensional arrays of void space. In one-dimensional (1-D) 

channel systems, the channels run parallel to one direction and 

do not intersect. Two-dimensional (2-D) channels cross each 

other: intersections, though beneficial in catalysis,[199] make the 

production of sequential arrangements of guests difficult to 

control.[36] The same holds for 3-D channels (an example is the 

industrially relevant MFI framework of silicalite, Figure 5). 

Zeolites can be also produced in a two-dimensional form,[200] – a 

feature which opens new routes to the surface confinement of 

nanosized species. They are synthesized as nanosheets or ultra-

thin films deposited on metal oxides[201] and metal surfaces.[202]  

Other intriguing variants, such as layered[203,204] or hierarchical 

macroporous zeolites[205–207], have been invented in the latest 

years. These advances have allowed to “escape from the 10Å 

prison” of zeolite nanospaces – as aptly termed by Ozin[208] –  

broadening thus the scopes of these materials as organizing 

scaffolds for diverse nanospecies.  

3.1.2. Chemical aspects 

All-silica zeolites, often referred to as Zeosils, are formed by Si 

tetrahedra only, and their framework is neutral. Traditional 

zeolites are aluminosilicates: each Al brings formally one negative 

charge to the framework. Such a charge is balanced by 

extraframework ions, mainly alkaline and alkaline-earth cations, 

hosted in the cavities.   

Although often regarded as perfect, symmetric crystals, zeolites 

do contain defects. The framework is occasionally interrupted by 

hydroxyl groups occupying tetrahedral apexes,[194] or by cracks, 

as recently revealed by confocal fluorescence microscopy on 

crystals of ZSM-5, BEA[209] and FER.[210] Also, homogeneous 

crystals are actually constituted by complex crystalline 

intergrowths.[211] In general, randomly distributed defects obstacle 

the fabrication of regular arrays of confined species. 

Another important issue is the so-called structural disorder, which 

is related to the repartition of the Al atoms over the T-sites of the 

framework,[194] and affects the positioning of charge-balancing 

cations. The distribution of Al atoms over the zeolite sites is 

difficult to determine by X-rays because Al and Si have very close 

scattering factors.[194,198] The different effects of SiO4 vs. AlO4 

neighbors on 29Si and 27Al resonances make SS-NMR the 

technique of choice for determining Si-Al site occupancies and 

structural disorder,[135,136] especially when combined with 

modeling. By 27Al SS-NMR spectroscopy and DFT calculations, 

for example, Sklenak et al demonstrated that the repartition of Al 

sites over crystallographic positions in differently synthesized 

ZSM-5 samples depends on the synthesis conditions.[212] In silico, 

the Si/Al problem is typically tackled by calculating the energy of 

model structures with different distribution of these atoms on the 

crystallographic sites[213–215] (same strategy holds also for the 

distribution of Si in silicoaluminophosphates[216,217] or heteroatoms 

like Ti in zeolite catalysts, e.g. TS-1[218–221].   

 

Figure 6. Organization of extraframework species a) The supramolecular 

network of calcium cations and water in natural zeolite gismondine (GIS, 3-D 

channel system). Colors: purple= Ca, green=Al, dark red=Si, red = O, white=H; 

blue dashed line=hydrogen bonds. b) Water molecules in single file in synthetic 

zeolite Li-ABW (ABW, 1-D channel system): hydrogen bonds with framework 

oxygens are very weak. Colors: purple= Li, green=Al, yellow=Si, red = O, 

white=H. [Created with VMD, using the X-ray positions from Refs.[222,223] 

Along with cations, the pores normally contain water molecules. 

The interactions of these species with framework oxygens form a 

complex network whose structure and connectivity depends on 

the size, geometry, and composition of the zeolite cavity, besides 

the nature and number of encaged species. For example, while in 

gismondine (3D-channels) water molecules are hydrogen-bonded 

both to the framework and with each other (Figure 6a), in the tight 

1D-channels of Li-ABW waters prefer to bind with themselves, 

forming linear chains along the channel axis (Figure 6b).  

Water plays a prominent part in governing supramolecular 

organization inside the pores. Zeolites undergo dehydration 

below 400°C and the process is normally reversible.[194] This 

ability of reversibly losing and gaining water via dehydration / 

rehydration cycles is useful for tuning the orientation of dye 

molecules in zeolite channels (see Chapter 7).   

Extraframework cations, being non-covalently bonded to the 

framework, can be exchanged by washing with a concentrated 

solution of a desired cation, thus making zeolites exceptional 

ionic sorbents or exchangers.[188] If the cations are protons (which 

form covalent bonds with framework oxygens), acid sites are 

created, whose special reactivity enables to catalyze reactions of 

substantial relevance for oil industry like cracking of hydrocarbons, 

or methanol to gasoline processes.[224] Ionic exchange is also 

used in ship-in-a-bottle syntheses of zeolite-hosted luminescent 

Ag clusters,[39] as well as for the incorporation of cationic dyes, an 

essential step in the production of artificial antenna systems and 

zeolite-based devices.[29,50] 

New framework types, as well as materials with composition 

different from natural zeolites, are continuously synthesized.[188]  

The possibility to replace Si and Al with different elements and to 

control the Si/Al ratio in the synthesis has produced zeolites with 

fine-tuned exchange, selectivity, and sorption properties exploited 

in industrial processes.[84,85] For instance, the Si/Al ratio governs 

the hydrophilicity of the framework. Zeolites with greater Al 

content host a higher number of cations, adsorb water, and are 

used as ionic exchangers, while zeolites with a high Si/Al ratio, 

being more hydrophobic, have greater affinity for hydrocarbons 

and are used in petrochemistry.[84] Besides industrial 

applications,[19,188] the water affinity of the framework plays a key 

role in the supramolecular organization of guest species.  
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Zeolites where atoms other than Si and Al occupy tetrahedral 

sites (zeotypes) are important for  catalysis:[58] for example, the 

acid strength of proton-containing zeolites[155,225–230] can be tuned 

by replacing Al with Ga[231–234] or B.[235] For instance, boron 

zeolites are less acidic than Al-ones due to the tendency of boron 

to be trigonal.[236–238] The change of B coordination from 

tetrahedral to trigonal leads to interruptions in the framework and 

is accompanied by a 10 ppm downfield shift of 11B 

NMR signal,[237,239] whereas tetrahedral boron geometry is 

recovered upon hydration.[240–242] Such weaker Brønsted acidity of 

B-sites guarantees a high selectivity for ethylene from 

methane[243] and is relevant for the environmentally friendly 

production of styrene.[244] Aluminophosphates (ALPO)[245,246] 

generally have neutral framework and large pore sizes, like in 

VPI-5.[86,87] Titanium, tin, or zirconium impart Lewis acidity to 

zeolites,[247,248] while Ge-containing frameworks exhibit higher 

flexibility, extra-large pores, and even chirality.[249–251] Indeed, a 

peculiar structural weakness of Ge-frameworks under hydrolytic 

conditions is exploited in ADOR (assembly–disassembly–

organization–reassembly), a powerful approach for the synthesis 

of new zeotypes.[252]  Other elements have been incorporated in 

zeolite frameworks,[253] yielding previously unseen zeolite types 

and fine-tuning of their chemical properties.[198,254] Also, the fusion 

of organic functions with a crystalline framework has produced 

organic–inorganic aluminosilicates with open porosity, also known 

as “hybrid zeolites”.[255,256] Such variety of shape and composition 

provides further scope to the confinement of guest species. 

3.1.3. Electronic aspects 

Zeolites are typically classified as insulators. The endeavor of 

imparting interesting electronic properties to their frameworks has 

a long history,[16] involving both theoretical,[257] and experimental 

efforts.[89,92] Nitridosilicate and nitridophosphate zeolites,[93,258] 

owing to their chemical stability, optical transparency, and 

electronic structure, can be suitable host matrices for Eu2+ doping, 

and have shown potential as high-performance white-light 

luminescence materials (Figure 7).[259]  The recent realization of 

open-shell transition-metal nitridosilicates[260] via post-synthetic 

cation exchange[261] may impart further appealing properties - 

such as magnetism - to this interesting class of zeotypes. 

Also the titanosilicate ETS-10[88] is a remarkable material, 

featuring a low-dimensionality nanosystem encaged into a zeolite 

framework. Symmetrically distributed TiO3
2−  wires occupy zeolite 

nanochannels, running along perpendicular directions (Figure 

8).[262,263] Significantly, the wires displayed neat quantum size 

effects - band gap dependency on the wire length - and very 

promising optical properties.[264,265] 

 

Figure 7. A host matrix for high-performance luminescence materials:  

a)  the nitridophosphate zeolite Ba3P5N10Br[259]  (Br=purple, Ba=gray, PN4 

tetrahedra=green, JOZ framework type[58,60]). It exhibits excellent white-light 

emitting properties upon Eu2+ doping. [Reproduced by permission from Wiley-

VCH.[259]] b) JOZ framework structure [Image realized with VMD using the X-ray 

positions from Ref.[58,60] ]  

 

Figure 8:  Confined TiO3
2− quantum wires. The titanosilicate zeotype ETS-10 

(a) hosts TiO3
2− quantum wires (b) in its channel system. The quantum wires 

have different length and are arranged into a symmetric pattern. [Reproduced 

by permission from Wiley-VCH].[263] 

The fabrication of semiconductive frameworks has focused on the 

family of chalcogenide zeolites[91,253] because of their promising 

behavior as electronic sensors.[90]  Formally, these materials are 

derived by replacing oxygen with chalcogen atom (S/Se/Te) and 

Si/Al with tetrahedrally coordinated ions such as In/Ga/Sn/Ge. 

Recently, Lin et al. fabricated an In–Se chalcogenide zeotype 

(CSZ-5-InSe) with n-type semiconductor properties, and an 

ordered distribution of interrupted sites. Such semiconducting 

zeolite behaved as an effective catalyst for the oxygen reduction 

reaction, with the In interrupted sites functioning as active centers. 

The material was then selectively doped with bismuth at the 

interruption sites, thus allowing for an atomically precise fine 

tuning of its electronic structure.[266] In spite of the synthetic 

challenges posed by the fabrication of chalcogenide frameworks, 

this route seems thus worth pursuing - not only because the 

incorporation of semiconductor property into zeolite materials has 

proved to be possible,[266] but also because the electronic 

properties of these materials are tunable from metal to insulator 

by chemical design, as predicted by a recent modeling study.[267]  

Furthermore, beside their intrinsic relevance as transparent 

nanoporous semiconductors,[267] these zeolite frameworks could 

also open totally new application prospects to the confinement of 

quantum dots,[267] and chromophores (Figure 9).[268] Specifically, 

Hu et al accomplished an energy transfer process with the 

participation of a chalcogenide-based zeolite (coded as RWY) 

acting as light-harvesting host. The acridine orange dye was 

encapsulated into the host, and contacted at the pore entrances 

with another dye (rhodamine B) too large to enter the pores. 

Upon UV light absorption by the host, energy was transferred to 

acridine orange, and then to rhodamine B yielding visible light 

emission.[268] The energy-funnel behavior of the RWY host was 

confirmed in a second experiment conducted with different dyes 

(proflavine and pyronine), which highlighted a significant increase 

of the energy transfer efficiency upon acidification and solvation 

of the guests.[269] These studies candidate chalcogenide-based 

semiconductor zeolites as very interesting host materials for 

energy transfer processes and photocatalysis.[270] 
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Figure 9.  Chalcogenide zeolites incorporate semiconductive properties 

directly in zeolite frameworks. RWY is a chalcogenide zeolite that can host 

luminescent molecules and can be directly involved in energy transduction 

processes: here, the framework absorbs UV-light and transfers the excitation 

energy to dyes absorbing in the visible range. [Adapted with permission from 

Ref.[268] Copyright 2015 American Chemical Society] 

3.2. Zero dimensional matrices: clathrasils and clathrates   

 

Some silicate minerals are structurally very close to zeolites. 

These polymorphs of SiO2, known as clathrasils,[271] have cavities 

of sub-nanometer size like zeosils (all-silica zeolites), but with 

such small openings to prevent diffusion in and out of the 

pores;[119,124] they might thus be pictured as inert hosts for 

nanomaterials of zero-dimensionality. Although melanophlogite 

(Figure 4)[125,272–274] contains only very small molecules, like CH4, 

CO2 or N2,[275,276] other hydrocarbons are found in clathrasils with 

larger cavities:[119,277] indeed, the recently discovered chibaite[278] 

hosts methane, ethane, propane and isobutane.[119,277,278]  

These minerals (Figure 10) are silica analogs of the well-known 

natural gas-storage media methane hydrates.[279,280] 

Melanophlogite, for example, is isostructural with „structure I“ (sI) 

hydrates (Figure 10a), which have two kinds of cages: two 

pentagonal dodecahedra [512] (with 12-sides) and six 

tetrakaidecahedra [51262] (with 14-sides) in the unit cell (figure 

11a). Yet the multifaceted richness of clathrate hydrates goes well 

beyond the simple methane hydrate MEP topology – indeed, they 

encompass at least six framework types.[75]   

 

Figure 10. Three types of natural clathrasils (all-silica minerals): a) 

melanophlogite (MEP); b) chibaite (MTN) and c) mineral of type DOH as yet 

unnamed. These clathrasils are isostructural with hydrates of  a) structure I; b 

structure II; c) structure H, respectively. [Reproduced by permission from 

Macmillan Publishers Ltd.]  

 

Figure 11. Clathrate hydrates a-c) Cages of the three main hydrate structures 

with encaged guests from single crystal X-ray diffraction (only a single position 

for the guest species is shown in each cage): a) Ethane in the [51262] (left) and 

[512] (right) cages of cubic structure I; b) cubic structure II, with benzene in the 

large [51264] cavity (left) and a Xe atom in the small [512] cavity (right);  c) 

Structure H, showing methylcyclohexane in the large [51268] cavity (left) and 

methane in the small [435663] cavity (right). [a-c) reprinted from Ref.[281] with 

permission from Elsevier] d) Leaching of Ne atoms (blue) from sII clathrate 

structure: the atoms move only between large cages (grey) by transiting  

through six-membered rings of water molecules (the red dashed lines indicate 

the trajectory of Ne atoms). [Adapted by permission from Macmillan Publishers 

Ltd.[282]] e) Simulation snapshot illustrating the incipient formation of methane 

hydrate from frozen water/methanol (dots/sticks) solutions  exposed to methane 

gas (cyan balls) at pressures of 30–125 bar and T= 253 K. [Adapted from Ref. 
[283] with permission from Wiley-VCH]. f) snapshot from MD simulations showing 

the conversion of a methane clathrate hydrate in contact with all-silica silicalite 

into methane-filled silicalite (red sticks=silicalite; blue sticks=water; green 

balls=methane) [Reproduced from Ref.[284] with permission from the PCCP 

Owner Societies]. 

In general, clathrate hydrates are classic supramolecular systems 

formed by a framework of water,[75,279,285] in which various ions or 

molecules are encaged (Figure 11a-c). Besides sI, there are two 

other important structures. One is a cubic symmetry phase, 

named (sII), of framework type MTN (Figure 10b): its unit cell 

contains sixteen 512 cages and eight large hexakaidecahedral 

[51264] cavities (Figure 11b).  The other phase, structure H (H is 

for „hexagonal“, framework type DOH, figure 11c) comprises 

layers of 512 cages alternated by layers with small 435663 cages 

and large barrel-shaped 51268 cages (Figure11c).[76] Dimethyl 

ether forms a more exotic hydrate structure, sT hydrate, exhibiting 

a trigonal crystal structure.[286] The remaining phases appear at 

elevated pressure – e.g. tetrahydrofuran hydrate, displaying 

space-filling 445466 cages, forms at 0.8 GPa.[287] Indeed, hydrates 

are often studied in this harsh regime, and for very good reasons: 

first of all, their pressure-induced stability increase. This allows 

hydrates to reach temperatures around 10 °C (higher than ice 

melting point) at pressures of 0.1 GPa.[288,289]  Some hydrates, 

however, do not need high pressure to survive - like hydrogen 

sulfide hydrate, which can exist  at ~ 1 atmosphere and 273K.[32] 

Most hydrates crystallize in sI or sII structures, and the structure 

type is determined mainly – but not exclusively - by the size of the 

guests. Whereas sI is often formed with small molecules (e.g., 

methane), sII can contain larger guests (Figure 11b).  Both large 

and small guests are needed for sH to form (Figure 11c). Small 

molecules like H2, however, form sII hydrates.[290,291] This 

happens because: i) sII has more small cages than sI; ii) the large 

51264 cages can accommodate multiple H2 molecules. 

Recall that clathrate hydrates are prototypical non-stoichiometric 

compounds: it is not necessary for all cages to be occupied. In 

the ethane hydrate of Figure 11a, the large cage is fully occupied 

while the small cage was found to be nearly empty (∼5% 

occupancy) giving a composition of C2H6*7.52(1)H2O.[281] The 

cage occupancies are thus very different from CH4 hydrate, 

where all cages are strongly occupied (large: 100%, small: 

90%),[76] and CO2 hydrate, where the 100(2)% and 71(3)% 

occupancies for large and small cages determined by single-

crystal X-rays yielded a hydration number of 6.20(15).[292] Hence, 

by single crystal X-ray (or neutron) diffraction it is possible to 

elucidate the composition of these phases and their structure, 

provided that a proper analysis of guest disorder is performed.[281] 

For example, the ethane hydrate of Figure 11a is disordered over 

8 symmetry equivalent positions: their analysis indicated that the 

guests are not in the center of the cages, rather they stay close to 

the walls.[281] The same holds for the benzene molecules in Figure 

11b. This happens because close guest-framework contacts allow 

to maximize the weak intermolecular forces underlying the 

stability of hydrates - which is traditionally ascribed to guest–host 

steric repulsion from hydrophobic species.[293] Nevertheless, 
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some hydrates can also display attractive interactions between 

water framework and guests – such as hydrogen- and halogen- 

bonding. In particular the latter ones, which were studied since 

the 1950s by the Hassel group,[294]  have witnessed a growing 

interest in the last 20 years in view of their usefulness in crystal 

engineering (see e.g. Refs[295–297] for reviews). A halogen bond is 

defined by IUPAC as “a net attractive interaction between an 

electrophilic region associated with a halogen atom in a molecular 

entity and a nucleophilic region in another, or the same, 

molecular entity”.[298] These interactions – arising from halogens’ 

affinity for the lone pairs of Lewis bases – are ubiquitous in 

supramolecular chemistry and may be also responsible of the 

unexpected structures found for dihalogen clathrates. Single 

crystal X-ray experiments[299] showed that while Cl2 forms a 

standard sI hydrate with a surprising 32.5% occupancy of the 

small cages, Br2 hydrate crystallizes into a tetragonal sIII phase, 

first proposed in 1963,[300] but extremely rare among hydrates. 

Also, the mixed Cl2-Br2 hydrate is of sI-type, but the larger 

Br2 molecules in the Cl2 hydrate lattice dramatically deform the 

cubic structure.[299] Based solely on van-der-Waals radii, these 

molecules would never fit into such hydrate cages, indicating thus 

the presence of attractive interactions stronger than pure 

dispersion forces. The short O···Cl and O···Br distances obtained 

from refinement were then ascribed to halogen bonding.[299] 

Actually, because the water oxygen lone pairs are already 

involved in the hydrogen bonds forming the clathrate lattice, the 

interactions of Cl2 and Br2  with water in hydrates should be 

somewhat different from classic halogen bonds – for instance, 

they lack the characteristic quasi-linearity. As evidenced by recent 

theoretical studies,[301–303] much effort is now being directed to 

capture the nature of such unconventional halogen interaction. 

Hydrates. In spite of innumerable studies, these curious forms of 

ice still remain amazingly surprising. It was thought that they must 

always contain molecules in order to avoid collapse. Yet such rule 

was broken by a spectacular experiment which accomplished the 

emptying of a neon hydrate, bringing thus to light the seventeenth 

phase of ice.[282] This achievement was believed to be impossible, 

because the stability of hydrates relies on the weak interactions 

between the water framework and its guests. Inspired by the 

discovery of empty Ge-clathrates,[304] and by previous work 

suggesting diffusion of H2
[305,306] or Ne[290] through the clathrate 

lattice, Falenty et al. subjected neon hydrate to continuous 

vacuum pumping. After 5 days, all guests were gone, and the 

empty hydrate was studied by neutron diffraction. The empty 

clathrate was found to resist up to temperatures of ∼145 K before 

decomposing and to undergo a considerable enlargement of its 

framework with respect to the guest-containing hydrate.[282]  The 

proposed emptying mechanism involves the passage of Ne 

between the large cages of the sII lattice (Figure 11d), while 

removal of Ne from the small cavities would require a  “hole in the 

cage”  - i.e. the presence of water vacancies.[307,308]  

Such experiment, and the discovery of intracage diffusion 

(detected also for methane),[309]  underlined the relevance of 

kinetic effects in clathrate hydrates. Similar conclusions were 

drawn by a recent study on the formation of CO hydrate, which 

also pinpointed the role of guest-guest interactions in stabilizing 

double-CO occupancy of the large cage in structure sII.[310] As 

already mentioned, the physico-chemical origin of hydrate 

structures is commonly ascribed to the solvation of hydrophobic 

guests, like those in Figure 11a-c. Many evidences show however 

that hydrate framework stability depends holistically on host-guest 

interactions: hence, on a balance of hydrophilic and hydrophobic 

components. In this respect, methanol is an archetypal case. To 

the gas companies, hydrates are a real nuisance: to prevent their 

formation in gas lines, they often add methanol, which acts as 

„inhibitor“: in fact, its hydroxyl group has a disrupting effect on the 

hydrogen bond network of the hydrate lattice. In spite of this, 

alcohols can form hydrates when in presence of a help gas, like 

CH4.
[311] Indeed, methane clathrate forms very rapidly by exposing 

frozen water–methanol mixtures to methane gas, using pressures 

from 125 bars at 253 K.[283] Simulation results suggested that the 

methanol hydroxyl group should be involved in a sort of 

unconventional „catalyst-role“ during the formation of hydrates 

with hydrophobic guests from ice (Figure 11e).[283,312] This could 

explain the experimentally observed increase in the rate of 

methane hydrate formation (by up to two orders of magnitude) in 

presence of methanol.[283]   

Also, methanol can be incorporated as a guest in clathrates 

having both water and ammonium fluoride in the lattice because 

the hydrogen bonding of methanol with F− or NH4
+ keeps the 

water network nearly unaltered.[313] In this way, methanol can be 

used as a helper to obtain NH4F-hydrate lattices co-hosting 

various hydrophilic guests of potential interest in gas storage.[314] 

Interestingly, like for dihalogens,[299] attractive interactions (in this 

case, hydrogen bonding with NH4F) allow the guests to occupy 

cages smaller than their van der Waals dimensions.[314] 

The discussed examples suggest the importance of deeply 

understanding formation and decomposition mechanisms of 

hydrates (see Ref.[315,316] for reviews). To this aim, computational 

approaches are especially useful. For instance, confinement of 

methane hydrate between two slabs of hydrophobic silicalite was 

simulated by molecular dynamics, showing that the clathrate 

structure was destabilized by the interaction with surface silanol 

groups.[284] At low temperature, the hydrate essentially maintains 

its structure, while increased thermal motion leads to destruction 

of the water cages, starting from the interface with the zeolite and 

proceeding layer-by-layer until complete hydrate decomposition 

(Figure 11f). Interestingly, the released methane is absorbed by 

the hydrophobic zeolite pores – an insight that might be useful in 

the quest of controlled methane extraction from natural hydrates. 

Among hydrates, the chemical variety of guest species is 

impressive. Also strong acids or bases can form clathrate-related 

structures, some of which endowed with sodalite topology (SOD). 

In this case, the guests are anions and the water lattice has a 

positive charge, because it incorporates the counter-ions. The 

clathrates formed by HPF6, HAsF6, and HSbF6 are especially 

representative. According by combined 19F NMR and powder X-

ray diffraction analyses,[317] and single-crystal X-ray data,[318] 

HPF6 has composition HPF6·HF·5H2O, with disordered PF6
- 

anions at the center of truncated cubo-octahedral cages, while 

the HF molecules randomly occupy one-sixth of the water 

positions in the SOD lattice. Interestingly, hydrates of 

tetramethylammonium hydroxide (and other strong bases)  form a 

related structure with a tetramethylammonium cation as guest 

and a negatively charged water framework of SOD type[319] Here, 

the analogy with natural zeolites is particularly striking, because 

also a sodalite-group mineral - tsaregorodtsevite,[320] contains (as 

the only one known) a tetramethylammonium cation in its cages. 

By considering now silica clathrates, recall that the Latin word 

clatratus means that guests are trapped, but also protected, “by 

the bars of a grating”. Indeed, clathrasils have an exceptional 

thermal stability at normal pressure. By this virtue, even highly 

reactive species - such as the methyl radical[321] and the S2  

molecule[322] - can be characterized spectroscopically.[323] For 

example, femtosecond pump-probe experiments captured the 

photodissociation and recombination reactions of iodine 

molecules inside the cages of decadodecasil-3R zeosil (DDR).[324] 

Such experimental analyses provide relevant insight on the 
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dynamics and reactivity of confined molecules - which might be 

also potentially useful in the realization of confined quantum dots. 

Silica clathrates can be synthesized in laboratory.[325]  Dodecasil-

3C (MTN type) was among the first ones to be produced. This is 

another case where the realization of the material[326] came long 

before the discovery of the mineral,[278] and the same happened 

to the corresponding hydrate (structure H)[117,118] 

Many framework compositions have been attained, leading to 

new materials for potential optoelectronic, thermoelectric[197] or 

electrochemical applications,[280,327,328] or catalytic use.[329]  

Synthetic clathrates can be anionic, cationic, or neutral according 

to the formal charge of the lattice; apart few exceptions,[304,330–332] 

they need to contain a guest in order to be stable.  

          

Figure 12. The peculiarity of inverse clathrates (a) is that guest species are 

negatively charged. This one is Si30.3(8)P15.7(8)Se7.930(3) (ordered formula: 

Si32P14Se7) (MEP framework type): the Se guests are shown as big purple balls. 

[reprinted from Ref. [333]with permission from Wiley-VCH] A MOF clathrate of 

MTN topology (b) with large cages (~2.5 nm3) The MOF 

[{Cd(H2O)3}34(N4C6H12)17] Cl68⋅46 H2O⋅68 DMF, DMF=N, N-dimethylformamide] 

is viewed along the [110] direction. The six-membered ring openings measure 

12.3×13.1 Å2  (between atom centers), while those of the five-membered rings 

are 10.4×10.4 Å2 . Color codes: Cd=red, N=blue, C=green (O and H atoms are 

not shown). Reprinted from Ref.[334] with permission from Wiley-VCH] 

While negatively charged frameworks (the most abundant ones) 

trap cations, the positively charged lattices of “inverse” clathrates 

are particularly interesting because, unlike most zeolites, they 

encapsulate anions – normally halides, but also tellurium[335] or 

selenium.[333] For instance, the silicon-phosphorus framework of 

Figure 12a traps Se in a partially covalent embrace, leading to a 

semiconductive material of potential thermoelectric use.[333] 

In principle, clathrates formed by silicon, germanium, and 

tin[327,336,337] should have neutral frameworks, like silica clathrates 

or clathrasils; however, charge transfer from the encaged species 

normally imparts them a formal negative charge.[338,339]  

Hypothetical guest-free carbon clathrates have been studied for 

long time.[340,341] In 1993, Nesper et al considered all zeolite and 

clathrate frameworks known at that time. They replaced each 

tetrahedral unit with a carbon atom and performed structural 

optimization and first-principles (Car-Parrinello)[342] molecular 

dynamics on those structures. Interestingly, calculations predicted 

that the modification derived from zeolite ZSM-39 (CMTN) and 

melanophlogite (CMEP) were the most stable hypothetical carbon 

allotropes after graphite and diamond.[340]  Recently, a similar 

search was performed on ≈600 000 networks,[341] yet no such 

material has been so far synthesized. Other theoretical 

investigations suggest that mixed carbon-boron clathrate 

frameworks filled with strontium might be stable.[343]  

In general, the confinement in clathrate cages allows for the guest 

species to be studied with multitechnique approaches aimed at a 

deeper understanding of their interactions with the framework. 

This feature is common to small-caged zeolites such as sodalite 

(SOD) or ZSM-39 (MTN).[271,344] Also many MOFs have clathrate 

topologies. For instance, both MIL-100[345] and the Cd-MOF in 

Figure 12b[334] are of MTN-type, featuring tetrahedral metal–

organic building blocks and very large cages.[334,345]   

Hence, clathrates bear very close links with other classes of 

porous materials, which are likely to be further enforced by the 

rising research area of confined hydrates.[346]  

 3.3. Mesoporous silica and organosilica hybrids 

Compared to zeolites, mesoporous materials offer the possibility 

of accommodating larger objects inside their cavities, and may be 

either crystalline (long-range order of the pores) - or amorphous.  

3.3.1. Mesoporous silica materials 

Regular mesoporous silicas[347,348] and metal oxides,[349] as well 

as their hybrid organic-inorganic variants,[350–353] occupy a leading 

place in applications (see e.g. Chem. Soc. Rev. 2013, Issue 9). 

3D-mesopore systems are suitable for catalysis because they are 

less plagued by pore-blocking, while 1D systems are often 

preferred for encapsulating biomolecules,[354–356] drugs,[357] and 

confined nanostructures, such 1D-metal nanowires.[349,358,359]  

 

Figure 13. Imparting functionality to mesoporous silica. In the co-

condensation (“direct synthesis”) approach, a trialkoxyorganosilane R-Si(OR’)3 

is added to the precursors. R = organic functionality incorporated during the 

synthesis. The grafting method (post-synthesis) involves the condensation of 

e.g. trialkoxyorganosilane R-Si(OR’)3 with silanol groups on the silica surface. 

[Adapted from Ref.[360] with permission from The Royal Society of Chemistry] 

MCM-41 and SBA-15 have non-intersecting one-dimensional 

channels with long-range hexagonal order and well-defined 

diameters (Figure 13). The channel diameter is determined 

essentially by the template, generally removed by calcination after 

polymerization.[347] By a judicious choice of template and 

synthesis conditions, it is possible to tune the size of the channel 

according to the size of specific pre-selected guests.[20,347]  Also, 

mesoporous silicas can incorporate additional functionalities into 

their matrix  via 1) “one-pot” synthesis, i.e. by co-condensation of 

a functional organosilane with the silica precursor, or 2) “post-

condensation”, which consists in the binding (“grafting”) of the 

functional organosilane to the walls of the mesoporous material, 

usually by impregnation or through the vapor phase (Figure 

13).[350,360–362]  The presence of a great number of surface silanols 

on the inner pore walls favors post-synthesis functionalization 

approaches. These are particularly convenient for optimizing the 

interaction with biomolecules,[363] or the positioning of 

encapsulated chromophores in artificial antenna system.[364–366]  

Post-synthesis strategies have also allowed to functionalize 

mesoporous silica nanospheres with molecular machines, 

creating intriguing devices for controlled release of drugs.[367–369]  
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For example, by attaching bistable rotaxane molecules to the 

pore entrances, Zing et al. realized molecular valves which could 

reversibly open or close the channel entrance commanded by 

redox inputs,[370] or sequentially load and release molecules of 

different size (Figure 14).[371]   

 

Figure 14. A sophisticated mesoporous silica-based drug delivery system. 

Pore entrances are -functionalized so as to release two drugs of different size 

(blue and red balls) one at a time upon the controlled action of different 

stimulations. The image illustrates schematically the two-step release process: 

the smaller molecule (blue balls) is released by lowering the pH, and the larger 

one by a chemical stimulation (in this case, by addition of a reducing agent). 

[Reprinted with permission from Wiley-VCH.][371] 

3.3.2. Mesoporous organosilica materials 

The invention of periodic organosilica[98,372–374] offered the exciting 

opportunity to do  “chemistry of the channel walls”[375] of 

mesoporous materials. Differently from the silica counterparts, the 

pore walls of mesoporous hybrid organic-inorganic systems are 

constituted by organosilanes, where silicon atoms are bridged by 

organic groups.[98,372,375] The organic functionality is, thus, “buried” 

in the walls as in co-condensed functional mesoporous silica, but 

in higher concentration and with a uniform distribution (Figure 

15).[350] An early example that vividly pictures the “chemistry of 

the channel walls” in action, is mesoporous methylene silica.[375] 

The methylene group of the framework could be converted upon 

chemical stimulation into methyl group grafted on the channel 

walls, demonstrating the potential of these systems to exhibit a 

responsive, stimuli-driven behavior[375]  

 

Figure 15. Schematic representation of the fabrication of PMOs starting 

from bis-silylated organic bridging units R. [Reproduced from Ref.[360] with 

permission from The Royal Society of Chemistry] 

 

Figure 16. Embedding chromophores in the pore walls: Energy transfer 

from the chromophores incorporated in the pore walls of a PMO to the dyes 

inside the mesochannels.  [Adapted with permission from Wiley-VCH.][63]  b) 

The three-chromophore systems with light-harvesting behavior of Ref.[376], for 

which a two-step-Förster resonance energy transfer process was detected.  

Energy is transferred from the biphenyl moieties embedded in the pore walls to 

mediators (indicated as (1)), and then to the acceptors (indicated as (3), (4), (5)). 

The emission wavelength can be varied from 477 to 630 nm by a proper 

selection of the acceptor dye. [Reprinted with permission from Wiley-VCH.][376] 

Both silica and organosilica porous materials offer control over 

pore size and morphology.[350,377] Yet the possibility to fine-tune 

the composition of the organosilica pore walls and the immense 

platform of functional precursors makes these hybrids very 

versatile materials, as nicely discussed in two reviews focused on 

their use in catalysis, sensing and optical applications.[353,378] In 

this regard, the incorporation of chromophores in the organosilica 

walls, along with a proper selection of photoactive guest species 

is an appealing option, which has already produced materials for 

light-harvesting devices.[50,63,356,376] For example, the Inagaki 

group devised an ingenious light-harvesting system by exploiting 

the biphenyl bridges in the PMO walls as the light absorbing 

donors, while the incorporated coumarin dye acted as acceptors 

(Figure 16a). By investigating the effect of the acceptor loading, it 

was found that the quantum yield of the material doubled by 

increasing the coumarin content by 0.8%. The system showed a 

FRET efficiency, close to 100%.[63] The idea to use the organic 

bridges of biphenyl-PMO as donors proved to be successful also 

when two types of dyes were encapsulated (Figure 16b). Grösch 

et. al observed two-step-FRET from the biphenyl moieties to a 

mediator dye, followed by energy transfer from the mediator to 

the acceptor dye, with efficiencies ranging from 70 to 80 %. 

Interestingly, the wavelength of the emission could be tuned from 

477 to 630 nm by a suitable choice of acceptor dye.[376] 
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3.3.3. The inner surfaces of mesoporous silica materials 

The experimentally determined values of the pore thickness in 

mesoporous materials range between 7 and 15 Å. Pores surfaces 

may have different degrees of hydrophilicity depending on the 

surface density of the exposed silanol groups (normally from 1.5 

to 7 SiOH/nm2) and are very difficult to characterize, due to their 

amorphous nature and high density of defects.[379] Modeling 

greatly helps to characterize the surface of these materials.[379,380]   

Models explicitly considering the quantum nature of chemical 

bonding would be highly desirable, yet this route implies higher 

computational costs. Earlier first principles studies[379] utilized flat 

surface models, or nanometer-thick slabs,[381–383] to simulate the 

walls of mesoporous materials providing insight into their defects. 

Combined with IR and UV-vis data, those calculations showed 

that strained surface defects such as two-membered rings are 

energetically disfavored over non-bridging oxygen defects.[381,382] 

Extended models were then used to study high-temperature 

molecule-surface interactions,[384,385] and to characterize Ti sites 

in Ti-grafted mesoporous silica jointly with IR/UV-vis spectra.[383] 

Slit-pore models provide information on adsorption processes 

dominated by local features of the surface,[379] and are widely 

used to study defects,[386] functionalization of pore surfaces,[387,388] 

interaction with drugs,[389] aminoacids,[390,391] or peptides,[392] and 

confinement effects on liquids,[393,394] often unveiling intriguing 

facts. For example, molecular dynamics simulations showed that, 

in the presence of Na+ and K+ cations, a negatively charged 

peptide (pepsin) solvated by a water droplet can be attracted by a 

negatively charged silica surface.[392] The peptide-silica interaction 

was rationalized thanks to a detailed study of the electrostatic 

potential of the peptide surface,[395] which exhibited both negative 

and positive regions.[396]  Such model allowed to explain why 

encapsulation of pepsin in SBA-15 occurs at pH-conditions where 

both protein and mesoporous silica are negatively charged.[397]   

Recently, computational studies with slit-pore models highlighted 

interesting organizational properties of confined fluids.[393,394,398,399] 

According to Guo et al, an ethanol–water mixture undergoes a 

partial demixing within the walls of an hydrophilic pore: while 

ethanol molecules tend to adsorb on surface silanols, water 

molecules preferentially interact among themselves, forming 

wires or clusters (Figure 17a).[393] By attaching to the hydrophilic 

walls, ethanol creates an hydrophobic coat, which could explain 

why water molecules prefer to stay away from the walls and to 

self-organize in clusters.[393] Partial separation of ethanol and 

water was also found in model slit pores of graphene and boron 

nitride. Specifically, Kommu et al. observed a higher tendency of 

ethanol to selectively adsorb on the pore walls of boron nitride, 

and showed that the ethanol/water partial demixing was relatively 

unaffected by the pore width (Figure 17b).[394] Similar microphase-

separated tubular structures seem to be a recurrent feature of 

binary liquid mixtures in mesopores, and are also supported by 

experimental evidences.[398–401] For example, neutron diffraction 

experiments on MCM-41 filled with a tert-butanol–toluene mixture 

evidenced inhomogeneous distribution of the components, 

suggesting that the pore surface is covered by tert-butanol 

molecules, while toluene preferentially locates in the central 

region of the pore.[400]    

 

Figure 17. Organization of water-ethanol mixtures confined in slit pores of 

a) hydrophilic silica; b) boron nitride. Partial demixing occurs in both cases. a) 

Color codes: Si=yellow, O=red, C= cyan, H=white. [Adapted with permission 

from ref.[393]. Copyright 2014 American Chemical Society] b) Spheres represent 

ethanol atoms (O = red, C=gray H= white). Cyan dots represent water 

molecules. Boron-nitride layers: B=pink, N= blue. Pore size: 13 Å. [Adapted with 

permission from ref.[394]. Copyright 2016 American Chemical Society] 

Theoretical models well illustrate the role of surface silanols in the 

arrangement of guest species. Ugliengo et al.[402] developed a 

periodic hybrid-DFT model of the hexagonal MCM-41 pores, 

(Figure 18), with pore diameter ∼30 Å, walls ∼10 Å thick, and 

silanol density ∼7 OH·nm−2. Such model was used to study the 

absorption of water,[403] drugs,[404] and dye molecules[405] in MCM-

41. Accurate treatment of hydrogen-bond interactions between 

surface Si–OH groups and the adsorbates,[402] and inclusion of 

dispersion[379] allowed for a realistic picture of the encapsulation 

of the ibuprofen drug.[406] As SS-NMR experiments indicated 

mobility of ibuprofen inside the mesopores,[152] to foresee the 

most favorable absorption sites the investigators classified the 

inner surface in six regions with different silanol density and 

electrostatic potential. In particular, the H atoms of the silanols 

are associated with positive values of the potential (blue color in 

Figure 18b), while O atoms with negative values (red color in 

Figure 18b).[406] Such electrostatic maps indicated that the six 

regions are hydrophilic and can thus adsorb hydrophilic moieties 

like the ibuprofen carboxyl group. Accordingly, the ibuprofen 

absorbed on all six regions, but with different arrangements 

depending on the local environment of the site. The calculated 

structure, containing seven molecules per pore, shows a roughly 

uniform repartition of the drug on the pore surface, but without 

short-range ordering of the molecules (Figure 18c), because of 

the amorphous nature of the pore walls. 

Experimental evidences has long supported the heterogeneity of 

the MCM-41 pore surface, which may be described as composed 

by hydrophilic (silanol-rich) and hydrophobic (silanol-poor) 

patches.[407,408] A similar picture (Figure 19a) was obtained by 

simulating by molecular dynamics the dehydration process of a 

cylindrical pore via condensation of adjacent silanols.[409] Despite 

the initially uniform silanol distribution, after dehydration the silica 

pore displayed a slightly elliptical shape, with patches of 

hydrophobic or hydrophilic character, respectively located in high- 

and low-curvature regions of the pore surface. 
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Figure 18. MCM-41 “in-silico”: Unit cell (blue lines) and packing of the MCM-

41 model adopted in Ref.[406] to study the adsorption of ibuprofen. Both views 

are along the c axis. The six internal regions of the pore are identified as S1–S6. 

b) The right panels show the structure on top of which (left strip) the 

electrostatic potential was mapped on the electron density isosurface (used 

isovalue: 0.0004 e). The color scale indicates the electrostatic potential values. 

c) MCM-41 with 7 ibuprofen molecules adsorbed in the pore. (Left) View 

along c axis. (Right) Lateral view showing the two halves of the pore. Color 

codes: Si=yellow, O=red, C=cyan, H=white. Adapted with permission from 

Ref.[406] Copyright 2014 American Chemical Society. 

According to these simulations, the silanol condensation process 

could be at the origin of the non-uniform Si–OH distribution on the 

surface.  Similar deformation was also found in the first-principles 

simulation of a silica pore with a larger diameter, initially exhibiting 

a perfect cylindrical shape (Figure 19b).[410]  

Various procedures allow to build pore models for computer 

simulations.[411] Nevertheless, the pore surface still remains very 

difficult to capture at atomistic detail.  Whereas the pores of 

MCM-41 are non-connected, SBA-15 materials are more 

complex: they have intra-wall disordered micro-porosities,[412]  or 

small transversal channels connecting the pores,  as indicated by 

the evolution of 129Xe NMR chemical shift with Xe partial 

pressure.[150] These defects are likely due to the penetration of the 

template chains in the SBA-15 silica framework.[413–415] 

 

Figure 19. Silica mesopores obtained by virtual syntheses using a) force-

field[409] and b) first principles[410] simulations. In both cases, the pore shows an 

elliptical shape, and silanols are more densely distributed in the flatter regions 

of the pore surface. Color codes: Si=yellow, O=red, H=white. In b), the pore 

also contains water molecules. [Reprinted with permission from Wiley-VCH.][410] 

The connectivity among mesochannels has been visualized by 

single-molecule fluorescence microscopy (see Ref.[416] for a 

review). In these experiments, luminescent probe molecules were 

incorporated in as-synthesized mesoporous silica, and their 

diffusion along the channels was followed with a fluorescence 

microscope.[417] The passage of dye molecules between channels 

was detected, thus proving that the pores were connected.[418]  

Experiments with an orienting electric field and molecules of 

different size shed light on the local surface features, 

identifying  leaky defects in the walls of the pores.[419]  

To summarize, mesoporous materials incorporate guests that 

would never fit into zeolites: they have tunable pores and are 

relatively easy to functionalize. However, the amorphous structure 

of the walls implies that the surface functionalities (and hence the 

guest molecules) do not have a regular distribution at the 

molecular scale, and that the behavior of the included molecules 

is actually dominated by the surface defects. Also, small-sized 

guests still preserve much freedom of motion, which hinders the 

formation of uniform and stable supramolecular arrays. 

 

3.3. Metal-organic and covalent porous frameworks 

Metal organic frameworks (MOF) are typically constituted by 

inorganic secondary building units, often containing a transition 

metal center, and organic linkers, joined through moderately 

strong coordination bonds.[420]  

 

Figure 20. A  MOF. The inorganic building units (blue polyhedra) are connected 

by the organic linkers. The MOF is viewed along the c direction (color codes: 

In=blue polyhedra; C=orange; O=red). By ion exchange, dyes can be orderly 

encapsulated in this MOF, leading to second-order nonlinear optical (NLO) 

materials[62] [Reprinted with permission from Wiley-VCH.][62] 
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One of them is shown in Figure 20: the peculiar triangular shape 

of its 1D channels, very different from elliptical / circular openings 

of zeolites or silica mesopores, suggests new opportunities for 

space confinement.[101] Indeed, this MOF was shown to 

incorporate dipolar dyes by simple ionic exchange, yielding a 

composite with high second-harmonic generation intensity.[62] 

Covalent organic frameworks, (COF) - which are made only by 

organic building blocks, and can be considered as the lightweight 

counterparts of mesoporous silicas or zeolites. They are useful in 

applications where low weight and high framework flexibility are 

required, with the additional benefit that advanced functionalities, 

such as chirality or photoconduction,[421] can be directly 

incorporated into the framework by properly selecting the ligands 

and the synthesis conditions.[422] Two-dimensional COFs have a 

layered structure deriving from π-stacking of planar “building 

units” with extended π-conjugated systems amenable for 

electronic and optoelectronic applications.[31,421] A nice example is 

the COF in Figure 21: the stacking of the conjugated units creates 

a tubular network within which bulky guests can be confined. This 

was the case of C60, which was incorporated into the COF via 

sublimation. Because of host-guest size restrictions, only one 

C60 molecule can pass through the cylindrical pores. Upon 

irradiation with visible light, the composite displayed 

photoconductivity and fast response to the light stimulus, making 

this material particularly interesting for photoswitches and 

photovoltaic cells.[421]    

 

Figure 21. A π-conjugated COF in van-der-Waals representation (grey: 

carbon, red: nitrogen, tert-butyl groups and H atoms not shown). The material is 

built from the stacking of π-conjugated layers, thus extending the periodic 

structural ordering of the layers to the third dimension. It is an ideal host for 

bulky guests: upon C60 inclusion, the composite displayed photoconductivity.[421] 

[Adapted by permission from Macmillan Publishers Ltd.[421]] 

Zeolite Imidazolate Frameworks (ZIF) have high robustness and 

chemical stability,[423,424] while pore dimensions are smaller 

compared to other MOF families. Although topologically 

isomorphic with zeolites, ZIF are made up by imidazolate linkers 

connected to transition metal centers in tetrahedral coordination. 

Their zeolite-like topologies derive from the fact that the metal-

imidazolate-metal angles are close to the Si-O-Si inter-tetrahedra 

angles. Figure 22 shows a popular member - ZIF-8, an archetypal 

example of MOF’s resistance to pressure.[423] ZIF-8 is also a 

choice system for modeling studies, aimed at the molecular-level 

description of the geometry[424] and flexibility[425] of the pore 

windows, useful in sorption applications, or the modification of its 

band structure for electronic or photocatalytic uses.[426,427] 

Zeolite-like frameworks can be built with other linkers besides 

imidazolates, and are usually termed ZMOF (Zeolitic MOF).  For 

instance, the ZMOF in Figure 23 has SOD topology and was 

obtained using organic building units designed to be the 

tetrahedral nodes in the final structure, and In3+ ions.[428] 

 

Figure 22. A ZIF with sodalite topology. ZIF-8[423] has composition Zn(mim)2 

(where mim=2-methylimidazolate), and sodalite (SOD) topology. a) A topologic 

SOD cage, showing the typical six-ring (hexagonal) and four-ring (rhombic) 

windows. A mim ligand connecting two Zn centers (red balls) is also highlighted. 

b) Space-filling representation of a six-ring window of the SOD cage with 3.3 Å 

diameter. Color codes: Zn=red, N=blue, C=gray, H=white. [Adapted with 

permission from Wiley-VCH.][423] c) Ball-and-stick representation of a 2×2 

supercell of ZIF-8. The SOD topology is highlighted by brown lines connecting 

Zn2+ ions (green balls). [Adapted with permission from Wiley-VCH.][425] d) Ball-

and-stick representation of the six-membered and four-membered rings in ZIF-8. 

Colors: Zn=green, N=blue, C=black (H not shown). The orange segments 

indicate the C-C  which define the width of the window (4.946 Å and 4.608 Å for 

six- and four-membered rings, respectively).[424] [Reproduced from Ref.[424] with 

permission from The Royal Society of Chemistry] 

 

Figure 23. A ZMOF with sodalite topology. This ZMOF, constituted by In3+  

and a tetracarboxylate ligand, has a negatively charged framework with SOD 

topology and emits in the visible. By encapsulation of cationic dyes such as 

coumarin, it shows interesting light-harvesting properties. [Reproduced from 

Ref.[64] with permission from The Royal Society of Chemistry] 

Such a ZMOF was loaded with coumarin dye by ionic exchange. 

Photoluminescence spectra of the composite evidenced that the 

excitation energy was transferred from the ZMOF host to the 

guest dyes, indicating an efficient light-harvesting behavior. 

A wide variety of MOFs frameworks has been reported, featuring 

systems of 1D- , 2D-, or 3D- channels similar to zeolites, and/or 

isolated cages analogous to clathrates. Cavities of various shape 
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have been designed, and functionality has been imparted to the 

framework using catalytically active metal centers.[429,430] Also the 

linkers often contain active, stimuli-responsive elements, such as 

rotors,[431] rotaxanes[432] and catenanes,[433,434] or luminescent 

species.[435] Several MOFs incorporate functional elements both 

within their framework and inside the pores. Figure 24, for 

example, illustrates the possibility to tune the rotor motion of the 

linkers by CO2 loading/unloading in the MOF, as demonstrated by 
2H  SS-NMR spectroscopy.[431] 

 

Figure 24. A stimuli-responsive MOF framework, where the rigid rod-like 

linkers bear a phenylene rotor (top). The spinning speed of the rotors is tuned 

by the CO2 entering the MOF. [Reprinted with permission from Wiley-VCH.][431] 

Intense growth of this area (for an overview see e.g., 

CrystEngComm, 2015, issue 2; Coord. Chem. Rev. 2016 - Issue 

307; Chem Soc Rev 2017, Issue 11), has led to the formulation of 

general rules for classifying MOF’s structures, which can be 

retrieved in dedicated databases.[436]  

Such functional and stimuli-responsive platforms for the 

confinement of molecules or nano-objects have opened new 

perspectives not only to devices (see e.g. Ref.[30] for a review) but 

also to analytic methodologies.  The so-called “crystalline sponge” 

approach refers to the preparation of composites in which guest 

molecules are trapped into MOF cages and then studied by 

crystallographic methods.[268,437]  In practice, carefully selected 

frameworks absorb target molecules from a solution, thus 

converting the incoming liquid into an arrangement of confined 

guest species thanks to the molecular-recognition ability of MOF 

cavities.[438] In this manner, the geometrical features of the 

absorbed species could be revealed, along with the host 

framework, by X-ray analysis of the porous composite material, 

thus making structure elucidation possible even for compounds 

very difficult to crystallize.[437,438] Besides the obvious advantages, 

the method suffers from limitations: i) structure resolution is not 

always successful, ii)  pore confinement in some cases alters 

significantly the physicochemical properties of both the guest 

species and the host,  as evidenced by a recent study.[439]   

4. Clusters of metals or semiconductors: 
organization of zero-dimensional nanosystems 

 

Zeolites have been elected as ideal matrices for creating ordered 

arrays of clusters of metal or semiconductors since the early 

80’s.[14] Semiconductor nanoclusters, widely known as quantum 

dots, are an ever-green topic in material science: they offer the 

unique opportunity of synergically combining quantum size effects 

(useful for optoelectronic applications)  with an exceptionally high 

fraction of exposed surface atoms, that would be desirable for 

catalysis. Unfortunately, the latter feature is usually accompanied 

by a too high reactivity of the clusters, and by the unwanted 

formation of larger aggregates. Confinement in porous matrices 

was early recognized as a viable solution for those problems; 

hence zeolite frameworks - chemically inert and characterized by 

remarkable thermal and mechanical stability – were immediately 

exploited to this aim. Ideally, both the high reactivity and the 

growth of the clusters would be limited by the small and regular 

size of zeolite pores. Practically, the implementation of this 

concept encountered several difficulties, which hindered the 

fabrication of regular, ordered architectures of clusters in zeolite 

cavities until very recent times. Although many approaches to the 

production of uniform, low-dimensionality nanostructures have 

been implemented over the years,[187,440] fabrication in confined 

spaces never lost its appeal.  In particular, the improvement of 

synthesis and characterization techniques[441–445] combined with 

insight from computational studies[446–448] fostered  this decade’s 

tremendous progress.[43,449]  

Common synthetic strategies for confined nanoclusters are vapor 

deposition of suitable precursors,[14,16] or “ship-in-a-bottle”[450,451] 

approaches allowing for the in-situ synthesis of compounds in a 

host matrix. In the latter case, the reactants are molecules and 

ions sufficiently small to penetrate inside the host nanochannels, 

leading to products too large to escape from the cavities. 

 

Figure 25. Ship-in-a-bottle” synthesis of confined nanoclusters: 1) 

physisorption of monolayer of zeolite A crystals on quartz; 2) fixation of the 

monolayer by heating (600 °C); 3)Ag+ insertion via ion-exchange; 4) dehydration 

and exposure to H2S vapor, which reacts with enclosed Ag+ ; 5) rehydration and 

formation of stable (Ag2S)n clusters in zeolite A.  The images show the zeolite 

crystals during the process. [Reprinted with permission from Wiley-VCH.][39] 
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Figure 26. Fabrication of Pt-nanocatalysts confined in zeolite MCM-22 (MWW-framework type).[58,60] A Pt-containing solution is added during the swelling 

process of a layered zeolitic precursors. The 2D-zeolite sheets are expanded using a common organic surfactant (hexadecyltrimethylammonium, CTMA+OH−). 

Smaller Pt species are also encapsulated inside the channels of each zeolitic layer. Removal of the template leads to the Pt@MCM-22 composite material, featuring 

supercages of ∼0.7×1.8 nm size, loaded with Pt single atoms or subnanometric Pt clusters. Reprinted by permission from Macmillan Publishers Ltd.[123] 

This concept is illustrated in Figure 25 for the “ship-in-a-bottle” 

fabrication of luminescent silver sulfide clusters in supported 

zeolite A monolayers.[39] Silver ions enter zeolite cages via ionic 

exchange, and self-assemble into clusters upon heating or 

irradiation with light in a process usually called “activation”.  

A new strategy for the fabrication of zeolite-confined 

nanocatalysts was recently proposed by the Corma group, based 

on the incorporation of Pt during the transformation of a two-

dimensional into three-dimensional zeolite.[452] The idea was to 

entrap Pt clusters inside the hemi-cages of a layered zeolite 

precursor during the condensation step (see Figure 26). Besides 

outstanding thermal stability and catalytic activity, the obtained 

material featured a distribution of confined Pt-species, comprising 

both individual atoms and nanoclusters up to 1 nm in size. This 

example clearly showcases how difficult it is to synthesize arrays 

of confined clusters with atomic-level order. Irrespective of type of 

nanostructures and fabrication strategy, perfectly ordered arrays 

of e.g. nanodots might be obtained only if the pores were 

uniformly occupied – thus, in practice, only if the confining matrix 

were completely filled by species of the same size. This objective 

is very hard to achieve even by using zeolites with a single type 

of pores of small size, such as sodalite – which is constituted only 

by small-sized cavities called beta-cages (see Figure 26).  

 

Figure 27. Natural sodalite (SOD framework type). a,b) Two representations 

highlighting: a) the six-membered-ring windows of the cavity; b) the cubic 

symmetry of the framework, derived by the infinite replication of a sodalite-cage 

(shown in c)). Color codes: Si=grey; Al=green; Cl=yellow; Na=blue (the 

framework oxygen atoms are not shown for clarity). [Illustration created with 

VMD, using the X-ray positions from Refs[58,60]] 

Syntheses inside mesoporous matrices were also plagued by 

these problems for a long time: although nanostructures of metals 

or metal oxides have been fabricated since end 1990’s,[453] in 

most cases, the pores were partially filled, and the resulting 

distribution of clusters or nanorods in the mesoporous-silica 

matrix was quite random.[359] Nonetheless, perfect order is not 

required for most applications, including catalysis or sensing.   

 

Figure 28. The void-space architecture of zeolite A features cages of 

different size, among which silver cluster of outstanding luminescence can be 

hosted. a) Scanning transmission electron microscopy image of the 

arrangement of isolated Ag ions and Ag clusters of six atoms in zeolite A. The 

sodalite cage is shown in the left inset. [Reprinted by permission from WILEY-

VCH[441]]  b) Framework structure (yellow = Si, red = O) of zeolite A (LTA)[58,60] 

with the unit cell shown as solid blue lines. The sodalite cage, shown in licorice 

representation, is a composite building block of zeolite A. c) Representation of 

the LTA framework highlighting the sodalite cages (yellow) and the alpha-cage 

(blue) [Illustration created with VMD, using the X-ray positions from Refs[58,60].] 

4.1. Nanoclusters in sodalite cages 
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No surprise at all that the pioneering efforts to synthesize 

nanoclusters in zeolites chose sodalite as their favorite 

playground (Figure 27).[14] Its beautifully symmetric body-centered 

arrangement of perfectly equal cavities - the truncated-octahedral 

beta cages – also captured the attention of Linus Pauling, who 

first described its structure in 1930.[454] The sodalite structure 

builds up the most numerous zeolite family, counting about 900 

members, i.e. over 18% of all published zeolite structures,[455] 

among which lazurite[66,456] – the main component of lapis-lazuli, 

and natural tsaregorodsevite - a rare mineral encaging 

tetramethylammonium cations.[320,457] The SOD beta-cage is also 

a building block of other zeotypes, like the catalytic cornerstone 

zeolite A (Figure 28), or zeolite Y (Figure 29), and a widespread 

structural motif in metal-organic framework materials.[64,458]  

Also the first computational studies aimed at gathering insight on 

the structural and electronic properties of confined nanoclusters 

were performed on sodalite,[459–461] which still remains a very 

attractive model system for theoretical investigations. For 

example, theory indicates that the electronic properties of isolated 

quantum dots are mainly transferred to the confined species, and 

that the zeolite environment just modulates their electronic 

transitions.[462,463] Hence, frameworks act as dielectric media, that 

protect the clusters and maintain their optical properties.[463,464]  

Since 1990’s[41,42,465] A and Y zeolites have been used to stabilize 

silver cluster, and the appealing optical properties of the resulting 

composites have been explored. The observation that, upon high 

vacuum activation, the originally white-colored silver-exchanged 

zeolite A turned yellow at room temperature and brick red at 

200 °C was particularly important because it revealed that the 

optical properties of the composite depended on hydration.[42] The 

reversible, stimuli-induced change of colors of silver zeolites was 

correlated to ligand-to-metal charge transfer transitions from the 

oxygen atoms of the framework to the vacant 5s orbital of the Ag 

ions.[42] In later experiments, individual Ag clusters were activated 

by a laser beam, producing intense luminescence.[442] Other 

studies showed that the emission of Li-substituted silver–loaded 

zeolite A could be tuned by water: while partially hydrated 

composites gave a blue emission, a green/yellow color was 

detected upon full hydration.[466] XRD and scanning transmission 

electron microscopy on silver-zeolite A samples revealed that 

silver forms octahedral clusters inside the sodalite cages, 

surrounded by eight cations, each located in the center of a 6-

membered-ring (Figure 28a).[441] However, the size of the 

confined clusters depends, in general, on the loading and 

preparation history of the sample. Operating at relatively mild 

conditions, cationic aggregates composed by 3, 4, 6 silver atoms 

– namely, Ag3
n+, Ag4

n+, Ag6
+  were obtained; such clusters were 

characterized by EPR spectroscopy, testing also their reactivity 

towards ethylene, dioxygen and nitrogen oxide.[467–470]   

Nowadays, silver-containing zeolites can be synthesized with 

tailored optical properties:[43] they can emit in the whole visible 

spectrum[471] and with remarkable quantum efficiencies.[472] 

Zeolite-Y works particularly well, because the luminescent 

clusters are hosted in well-separated hexagonal prism 

cages.[43,473] In zeolite A, the clusters are located in adjacent 

sodalite cages (Figure 28), yet they still feature excellent stability 

and efficiency.[473] By this virtue, silver exchanged LTA zeolites 

hold great promise for practical applications such as optical 

encoders[444] or bright emitters in OLEDs.[445] Further progress in 

this field could be triggered by deeper insight on the structural 

and electronic properties of the confined aggregates via first-

principles studies.[447,474]  Also, since silver cations located at 

different sites have different enthalpies of adsorption,[475,476] the 

use of thermodynamic models capable to predict the repartition of 

Ag+ cations in the confining medium upon ion exchange, and 

hence the organization of the Ag-clusters in the final composite, 

could advance the preparation procedures of these materials via 

a knowledge-based approach.[475,477] Metals such as Cu[478] or 

Pt,[479–481] have also been incorporated in zeolite frameworks – for 

instance, nearly spherical Pt13 clusters showing interesting 

magnetic properties were realized inside zeolite Y supercages,[479] 

and confined nanoalloys can be produced as well.[482] 

 

Figure 29. CdS quantum dots (schematically represented as green spheres) 

confined in zeolite Y, located a) in both sodalite cages and supercages; b) in the 

supercages. [Reprinted by permission from Elsevier[37]]  c)  X-rays structure of 

tetrahedral Cd4S6+ ion in the sodalite cage (left) and tetrahedral 

Cd(SHCd)4
6+ ion in the supercage (right) of zeolite Y. [Adapted with permission 

from Ref.[483] Copyright 2016 American Chemical Society.]  

Chalcogenide clusters have been widely studied, in particular 

using zeolite Y as a matrix.[449,484,485] As observed for the Ag-

clusters, the structure of the confined aggregates and the 

properties of the resulting materials are strongly dependent on 

the composition of the framework and on process parameters, 

such as the degree of hydration.[485] In principle, the clusters can 

form both in the sodalite cage and in the supercage of zeolite Y 

(Figure 29a,b). Recently, a structural model based on X-ray 

diffraction (Figure 29c) has been proposed, suggesting that a 

tetrahedral ion (Cd4S6+) occupies the SOD cage (similar to natural 

sodalite, Figure 27), while a larger tetrahedral guest, Cd(SHCd)4
6+, 

is located in the supercage.[483] A recent review thoroughly 

discusses the synthetic strategies to achieve, for example, the 

selective occupation of only one type of cages, and the broad 

spectrum of potential applications of these composite 

materials.[37] For instance, photovoltaic solar cells based on CdS 
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and PdS quantum dots encapsulated in zeolite Y have been 

realized, and the performance of such devices was found to 

depend, besides from the chemical nature of the nanospecies, on 

the homogeneity of their distribution inside the zeolite matrix.[486] 

Chalcogenide nanoclusters have been also encapsulated into a 

chalcogenide-based semiconductor zeolite.[487] Specifically, the 

host–guest hybrid system contained MnS clusters, as confirmed 

by UV-Vis, IR and Raman measurements. The aggregation state 

of the cluster, probed by EPR, suggested different morphologies 

according to degree of loading and temperature. Interestingly, the 

MnS clusters showed two emissions peaks (at 518 and 746 nm) 

whose photoluminescence intensity depended on loading level 

and temperature.[487] Indeed, the second peak was never found in 

previous experiments on MnS clusters in other hosts, raising thus 

interest toward the potential use of semiconductor zeolites as 

hosts for luminescent nanoclusters. 

 

4.2  Nanoclusters and quantum wires in mesopores 

 

Owing to their large pore sizes, mesoporous silicas are appealing 

hosts for quantum nanostructures, also because silica is an 

insulator (like most zeolites), and acts as an effective barrier 

between individual nanowires.[488] Obtaining mesoscopic ordering 

of the confined nanomaterials is, in general, more difficult than in 

zeolites, because low crystallinity, or presence of unwanted 

macropores may lead to the growth of nanoparticles greater than 

the nominal pore size and to their sparse incorporation within the 

matrix.[453] Despite these problems, advances in the fabrication 

procedures made it possible to realize, for example, arrays of 

highly ordered zinc-manganese sulphide quantum wires within 

MCM-41 and SBA-15,[488] or magnetic Fe2O3 nanoparticles with 

regular, finely controllable sizes confined into hexagonally 

ordered mesopores (Figure 30a).[489]  

Recently, intriguing alternatives to standard quantum dots, such 

as nanosized perovskites, have become very popular due to their 

excellent optical properties and photovoltaic performances.[490] 

Whereas the photophysical properties of conventional quantum 

dots (chalcogenide nanoclusters) are very sensitive to surface 

defects, in such materials the surface dangling bonds do not 

create trap states that detrimentally affect photoluminescence.[491] 

Because of this defect-tolerance, perovskite nanocrystals do not 

need to be passivated. The Kovalenko group took advantage of 

this fact and implemented a facile template-driven synthesis of 

lead halide perovskite nanocrystals in hexagonal mesoporous 

silica.[492] The investigators impregnated the pores of various 

commercial mesoporous materials, such as MCM-41 and SBA-15, 

with perovskite precursor solutions and, after drying, they 

observed the formation of arrays of perovskite nanocrystals 

compatible with the pores size of the adopted template. The 

confined nanoparticles showed photoluminescence properties 

dependent on the pore-diameters of the template and better 

processability with respect to non-templated nanocrystals.[492] 

Despite the difficulty of tuning simultaneously the size, 

composition and uniform dispersion of the encapsulated clusters, 

also MOFs frameworks have been used as confining matrices for 

nanoparticles of various nature, including quantum dots.[493,494] 

For example, strategies for the controlled incorporation of capped 

nanoparticles of various shape, composition and size into a ZIF 

can produce composites with good catalytic, magnetic and optical 

properties derived from the encapsulated nanoparticles.[495] 

Another emerging strategy is the use of atomic layer deposition 

approaches.[496,497] Self-assembly methods were successfully 

exploited to confine nanowires with electron donor character into 

the periodic pores of electron-poor MOFs acting as acceptors. 

This strategy has led to donor–acceptor hybrid materials 

composed by arrays of semiconductive nanowires incorporated in 

semiconductive MOF frameworks  (Figure 30b).[498]  

 

Figure 30. Confined nanostructures in mesopores and MOFs: a) Fe2O3 

nanoparticles of uniform sizes fabricated inside mesoporous supports of tunable 

diameter [Reproduced from Ref.[489] with permission from WILEY-VCH]. 

b) semiconducting iodoplumbate nanowires (in yellow) regularly organized in 

the pores of semiconductive pyridinium MOF [Reproduced from Ref.[498] with 

permission from The Royal Society of Chemistry] 

5 Supramolecular organization of water and 
cations in confined spaces 

Mainly because of their impact on catalysis, the location and 

distribution of extraframework cations in zeolites has been object 

of many experimental[499–504] and computational[505–510] studies. In 

both hydrophilic or hydrophobic frameworks, water behavior has 

been intensively explored,[217,511–518] uncovering unexpected 

supramolecular structures, such as nanohelices (in natrolite)[511], 

triple helices (in VPI-5),[87,519] cyclic hexamers (in NaY 

supercages),[520,521] or nanoworms (in hydrophobic silicalite, 

Figure 5[522,523])  along with the more common nanospheres (in 

zeolite A)[524] and ice-like nanotubes (in AlPO4-5 and SSZ-24).[525] 

Overall, the message is that water behavior differs significantly in 

passing from hydrophobic to hydrophilic zeolites (Figure 31).  

Water molecules can be introduced in hydrophobic (silica-rich) 

zeolites by a moderate pressure; once entrapped, they mainly 

form hydrogen bond among themselves and interact only weakly 

with framework walls. Such weak interactions are actually non-

negligible, as they perturb the hydrogen bonding network and 

dynamics.[523] However, as a first approximation, water 

aggregates in hydrophobic zeolites might be considered similar to 

“isolated” water clusters or droplets, depending on the size of the 

channel.[518,526,527] Hence, the structure of hydrophobically 

confined water aggregates is mainly determined by the geometric 

shaping effect of the channels and cages of the confining matrix.   
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Figure 31. The different organization of zeolitic water in a) hydrophobic and 

b) hydrophilic frameworks. a) Water in the sodalite cage of all-silica LTA: the 

leading interaction is water-water hydrogen bonding. Colors: Si=yellow, O=red, 

H=white [Adapted from Ref.[526] with permission from WILEY-VCH]. b) Water 

and Ca+ cations in natural yugawaralite: Ca+ are coordinated to Al-bonded 

framework oxygens and water, and water molecules form hydrogen bonds with 

themselves and Al-bonded framework oxygens. Colors: Ca=purple, Si=grey, 

Al=green, O=red, H=white. Framework oxygens and hydrogen bonds are not 

shown for clarity. [Illustration created with VMD; X-ray positions of Ref.[528]] 

On the contrary, in hydrophilic frameworks, the interaction of 

water with charge balancing cations and framework oxygens can 

be strong and specific. Along with the water-water interactions, it 

governs the organization of the confined species. Water and ions 

in hydrophilic cavities cannot be regarded as “isolated species”;  

they form rather, jointly with the framework, a supramolecular 

structure extending in the three dimensions. 

The fascinating patterns of water and cations in natural zeolites 

are often very difficult to study by diffraction: the extraframework 

sites have low occupancy, and multiple symmetry-related 

positions are possible.[57,106,107,502,529–531] A further obstacle is the 

possible co-presence of two crystalline phases, like the tetragonal 

and monoclinic polytypes of tschernichite, the natural analog of 

zeolite beta (Figure 32).[529] In large-pores zeolites (like mazzite, 

Figure 32) it is very challenging to locate all the water molecules, 

even with the knowledge of Al preferential location (obtained via 
27Al SS-NMR).[532] Yet those averaged positions give hints on the 

arrangement of the guests, and if they are represented together 

(Figure 32), the striking complementarity between framework and 

confined species emerges. This relation is more profound than a 

simple geometric effect dictated by shape-volume constraints, as 

framework and guests are bound together by a complex network 

of electrostatic, coordinative and hydrogen bond interactions 

which underlies the impressive stability of natural zeolites.[126] 

One way to get insight on the responsivity properties of the 

confined guests’ assemblies is to study their behavior under an 

external perturbation, such as temperature or pressure. Whereas 

an increase of temperature causes greater disorder in the 

hydrogen bond network, and then dehydration, pressure effects 

are less straightforward. 

 

Figure 32..Nature-made supramolecular organization: Framework structures 

of the natural zeolites tschernichite (BEA)[529,533] and mazzite (MAZ)[532] (and of 

their respective synthetic counterparts (in parentheses)). The colored balls 

show the water and cation sites (with fractional occupancy).  The blue solid 

lines are a guide for the eye and illustrate the unit cell, as exemplified for BEA. 

[Illustration created with VMD, using the X-ray positions from Refs[529,532].] 

When zeolites are compressed hydrostatically (with non-

penetrating media),[53,534–537] the water-cations arrangement 

changes responsively. Also, the framework undergoes the 

energetically cheapest change: without internal distortion, the 

tetrahedral units rotate around their hinges and the channels 

deform.[535,538,539] The guest species play a crucial role in the 

deformation of the zeolite framework.[53,536] 

Under high pressure, the formation of water dimers in scolecite 

triggers a phase transition,[540]  and the coordination network of 

the cations guide, as a sort of template, the distortions of the 

framework, as exemplified by calcium in natural zeolite 

yugawaralite.[528,541] Such a “template” role of the extraframework 

cations also explains the resistance to dehydration of tightly-

coordinated zeolitic water,[107]  and may be visually captured by 

Figure 33, showing how precisely the naturally confined species, 

taken as a whole, fill the network of empty spaces. Interestingly, a 

similar template role of the guest molecules has been first 

proposed for clathrasils. The pressure-induced amorphization of 

dodecasil-3C (characterized by cage voids), and decadodecasil-

3R (with 2D-channels) was studied by IR spectroscopy, X-ray 

diffraction and molecular dynamics. Amorphization was found to 

be fully (dodecasil-3C) or partially (decadodecasil-3R) reversible 

only when guest molecules were present.[542]  Hence, the guests 

acted as „organizing centers“, making the lattice resilient to much 

higher pressures compared to guest-free clathrasils.[542] 

 A surprisingly simple architecture of water and cations is 

hosted inside a mineral called bikitaite.[543] This rare zeolite hosts 

in its 1D-channels linear assemblies of water molecules 

coordinated to lithium cations (Figure 34). Such an arrangement 

was termed “one-dimensional ice”[544,545] because of its solid-like 

behavior, characterized by impressive stability at high 

temperature[546] or high pressure[547–550] conditions, and no 

translational/rotational motions of the individual molecules 

irrespectively of the Al/Si ordering in the framework.[545] This 

knowledge was obtained by multitechnique analyses including 

computational studies[230,545,551,552] neutron-[543] and X-ray 

diffraction,[544] single crystal polarized Raman,[553,554] and 1H SS-

NMR relaxation experiments.[555] 



ChemPhysChem 2018, 19, 1249-1297   DOI: 10.1002/cphc.201701090          

1269 

 

 

Figure 33. The organization of extraframework species in natural zeolites 

a) yugawaralite and b) edingtonite. a) The coordination polyhedron formed by 

the calcium cations (purple) is linked to the negatively charged AlO4 units 

(green). SiO4 units are in grey, water molecules in red and white (framework 

oxygens are not shown). b) Cl (green) and Ba (purple) alternatively occupy the 

edingtonite cage. Tetrahedral atoms Si, Al are represented in grey, framework 

oxygens as red little balls (water molecules are not shown). [Illustration created 

with VMD, using the X-ray positions from Ref.[528] (YUG); Ref.[58] (EDI).] 

 

Figure 34. Water wires occupy the 1D-channels of natural bikitaite (left) and 

synthetic zeolite Li-ABW (right): water molecules are coordinated to Li+ (yellow 

balls) and do not form hydrogen bonds with the framework oxygens. The two 

zeolites (and the water wires) are viewed along the channel direction. In-plane 

views of the water wires are shown in the top and bottom panels. [Illustration 

created with VMD, with X-ray positions from Ref.[544] (BIK) and Ref.[556] (ABW)]. 

The latter ones, performed in the temperature range 224–418 K, 

identified one single relaxation process: a 180° flip-flop motion of 

water exchanging the positions of its protons,[555] analogous to the 

librational twist of water in solid hydrates.[557] Such water flipping 

was reproduced by molecular dynamics simulations,[551] that, in 

line with NMR, did not observe any water diffusion in that 

temperature range. Other modeling studies proposed a two-step 

dehydration mechanism: the first and rate determining one is 

water escape from its site, followed by a fast jump to an empty 

site.[546] The Li cations assist water migration, lowering the free 

energy barrier for the jump.[546] Such a single-file diffusion in 1D 

channels can occur only if one water site is empty, i.e. if the water 

wire has „defects“.  

Notably, water in bikitaite is not hydrogen bonded to framework 

oxygens, but interacts with Li+ via strong coordination bonds 

(Figure 34). Also the synthetic zeolite Li-ABW has 1D channels, 

where water chains are confined.[558–560] Yet such water wires are 

easily perturbed upon compression, because water forms 

hydrogen bonds with framework oxygens and the chain is 

gradually disrupted with increasing pressure.[223] 

The water chains in the two zeolites have different behavior 

because the framework electric dipole is much stronger in bikitaite 

compared to Li-ABW, and this implies a greater electrostatic 

stabilization to the water architecture.[558] Also importantly, the 

chain does not form when Li is replaced by Na, as demonstrated 

for the zeolite Na-ABW, because of the lower polarizing power 

and binding capacity of the sodium cation towards water and 

framework oxygens.[559] This example evidences the delicate 

interplay of host-guest interactions in hydrophilic zeolites: fine 

differences in the framework structure, or in the nature of the 

charge balancing cations, may affect significantly the stability and 

dynamic behavior of the confined supramolecular assembly. 

These factors also govern the organization of more complex 

guests such as lanthanides,[51] metal complexes,[561,562] or dyes, 

inside hydrophilic hosts.[563–566]    

6. Organization of dihalogens in 1D channels 

The environmental relevance of toxic gas capture[46] and the 

electric conductivity enhancement caused by iodine uptake[567,568] 

have raised great interest on the incorporation of dihalogen 

molecules in diverse hosts like clathrasils,[324,569] zeosils,[46,569–571] 

and ALPOs,[572–575] but also organic salts,[576] organic zeolites,[567] 

Hofmann clathrates,[577,578] and other MOFs.[579–581]   

The structure and composition of the host determine the 

intermolecular interactions responsible of the capture/release 

mechanisms. In various MOFs, for instance, iodine capture is 

based on halogen bond interactions with metal centers or building 

blocks of the framework, which often produce (poly)iodide 

moieties.[576,577,581] In particular, a recent single-crystal X-ray study 

showed that I2 molecules were incorporated formally as I42− 

anions in a Cu-MOF thanks to strong I−⋅⋅⋅I2⋅⋅⋅I− interactions with 

the {Cu4I4}n chains of the host. Notably, a strong conductivity 

increase was detected upon I2 uptake, suggesting a possible use 

of the material in I2-electric sensing.[568]  

In zeosils and ALPOs, dihalogens interact more weakly with the 

host and are incorporated formally as neutral species. In this case, 

the arrangement of the guests is stabilized also by homo-halogen 

interactions, recently evidenced for I2 clusters in superfluid helium 

droplets.[582] Dihalogens form intriguing supramolecular structures, 

like wires of aligned I2 molecules,[573] inside zeosil or ALPO 

cavities. These hosts act as templates, because they control via 

their void spaces the interactions among confined dihalogens.[569] 

This effect was evidenced by the colors of the I2 inclusion 

compounds, ranging from violet to red-brown depending on the 

dimensionality of the host.[569] The violet color, typical of gas-

phase I2, was found in DDR clathrasil, indicating isolated 

molecule behavior, while I2 in TON zeosil was blue-violet due to 

the halogen-bonded chains in the host 1D-channels.[569] The color 

of the compound I2-FER (2D-channels) suggested co-presence of 

iodine chains and isolated molecules. Finally, inclusion in the MFI 

3D-channels resulted in a red-brown color,[569,571] ascribed to 

stronger halogen interactions.[569] Several studies have then 

focused on the organization of confined dihalogens, exploring not 

only the structure of the aggregates, but also how their 

organization is affected by size and concentration of the 

guests,[583] structure and composition of the host,[574,583] 

solvation,[584] temperature,[585–587] and pressure.[588–590] In general, 

molecules confined in small cages, like in SOD (Figure 27), 

undergo rotational motion - which may be more frictioned for large 
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guests, but is normally very fast.[591] Hence, geometrical match 

between the host cavities and the guest is not sufficient to 

achieve orientational ordering because of the thermal motion. 

This happens also to dihalogens in the 1D channels of AEL and 

AFI aluminophosphates:[572,573,575,584,586,588,592] rotational barriers 

are greater in the AEL elliptical channels, featuring an alternation 

of wide and narrow regions (Figure 35). Raman spectroscopy 

revealed that the confined dihalogens could orient either aligned 

or perpendicular to the channel axis, as the two orientations give 

rise to distinct Raman bands.[588,589] The lower frequency band is 

due to wires of aligned molecules: indeed, the inter-halogen 

interactions weaken the intramolecular bond, causing a decrease 

of its force constant.[569] As the aligned halogen wires are 

normally interrupted by perpendicular molecules, only short 

chains are formed. For example, Liu et al. introduced Br2 vapor 

under vacuum in the round 1D-channels of AlPO4-5 (AFI 

framework type) to realize stable Br2 arrays.[586] 

 

Figure 35. The role of water in the organization of iodine inside the 1D 

channels of ALPO4-11 (AEL). The top panel represents: a)  an I2-containing 

channel (I2@AEL) at high water loading. The channel features an alternation of 

wide and narrow parts with a periodicity of 1/2 c (c = 8.386 Å is the AEL lattice 

parameter along the channel axis, while the size of the narrow region is 4.3 Å × 

6.1 Å). b) Projection on (110) plane. The middle and bottom panels show 2 

configurations (viewed in the (101) and (110) planes)  from molecular dynamics 

simulations of I2@AEL at low and high water loading, respectively. [Adapted 

with permission from Ref.[584] Copyright 2012 American Chemical Society.] 

Raman spectra evidenced that the Br2 chains were nearly aligned 

to the channel axis of AFI crystals, and that a significant 

proportion of molecules were parallel to the channels.[586] Notably, 

the population of aligned Br2  was increased by operating either at 

high pressure[590] (see chapter 8) or at low temperature.[586] 

To further explore thermal effects, Chen et al. studied the 

confinement of iodine molecules in AFI[587] and AEL[585] 

frameworks down to −196 °C. Combined Raman experiments and 

molecular dynamics indicated that, upon decreasing temperature, 

the thermal motion of the confined molecules slowed down, thus 

inducing a change in orientation. The population of I2 molecules 

aligned to the channel increased: hence, longer I2 chains were 

formed in both hosts, with higher ordering. Nonetheless, such a 

cooling-induced order enhancement was not preserved after 

recovery to room temperature.[585,587]  

The reversibility of the iodine orientation inside ALPO channels is 

mainly due to the guest-host interactions being noncovalent, non-

specific, and weak. What happens now if such molecules are 

forced to share the channel space with another guest – water, for 

example. In this case, the orientation depends on the water 

content: at low water loading I2 is mainly aligned to the axis, while 

at high loading the orientation is perpendicular (Figure 35).[584] 

The water-solvated iodine standing in the widest part of the 

channel is energetically the most favorable state of the system at 

room temperature and full hydration,[584] because at such 

conditions water hydrogen bonding becomes the dominant 

interaction. The uniform “standing” orientation of I2 (Figure 35) is 

a signature of the organizing role of water, which also affects the 

orientation (and optical anisotropy) of luminescent guests in 

zeolite-based antenna systems, as discussed in chapter 7.[593–596] 

  

Figure 36. 1D Iodine chains confined in an organic nanocylinder made by 

cycloparaphenylene (CPP) rings. Electric stimulation of this host-guest system 

generates electronic conductivity (from iodine chains) and white light emission 

(from the organic  matrix).[Reprinted with permission from Wiley-VCH.][597] 

Beside interesting structural aspects, dihalogens, when forced 

into nanosized spaces, may reveal unexpected behavior, 

especially when the confining matrix is stimuli-responsive. One 

such matrices, formed by condensed organic rings, contains I2 

chains similar to those found in zeolites.[597] Upon activation with 

an electric field, the system displayed electronic conductivity, 

ascribed to polyiodide chains formed by charge transfer from the 

organic matrix (Figure 36). Although the polymerization process 

has not been clarified yet, the conductivity was found to depend 

on the size of the ring. This suggests that the dynamics of 

confined I2 molecules may play a relevant role in the process.[597]  

Technologically appealing properties may also appear if iodine is 

confined in zeolites, for example in the familiar silicalite  (Figure 5), 

where I2 forms a semiconducting 3D-supramolecular network 

(Figure 37).[46] Indeed, the outstanding I2 sorbent properties 

detected for this highly hydrophobic MFI were ascribed to the 

scarcity of framework defects and the ability to tightly fit I2 within 

the channels by forming a confined 3D-network of iodine.[46] 

 

Figure 37. Semiconducting I2 network in silicalite. (left) Vision along the b- 

axis of hydrophobic silicalite channels containing 3 types of crystallographically 

different I2 molecules. A row of iodine molecules is parallel to the b-axis (in blue). 
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The full 3D-network of confined I2 molecules, viewed in the ac plane (center) 

and in the bc plane (right). [Reproduced from Ref.[46] with permission from The 

Royal Society of Chemistry] 

Confined chlorine molecules do exhibit interesting behavior as 

well. For example, although the first excited state of gas-phase 

Cl2 is a triplet, experiments on confined Cl2[598] suggest that the 

excitation should occur on an unbound singlet state relatively 

close to the triplet, causing thus the dissociation of the molecules.  

 

Figure 38. Linear organization of chlorine molecules in the 1D channels of 

zeolite bikitaite. Color codes: Cl=green, Li= yellow, Si=grey, Al=blue, O=red. 

[Reproduced from Ref.[599] with permission from  WILEY-VCH]. 

By first principles modeling,[599] Medici et al. simulated a similar 

process, namely the electronic excitation of a Cl2-wire confined in 

the 1D-channels of bikitaite (Figure 38).[600] Zeolite confinement, 

and the organization of Cl2 in supramolecular chains, favor 

collisions of an excited molecule with the adjacent ones, 

triggering the excitation-transfer. Indeed, the calculations showed 

that the excitation was localized on a single Cl2 molecule, which 

dissociated into two neutral Cl atoms. Collision of such atoms with 

the adjacent molecule in the wire led to excitation transfer; as a 

result, another molecule dissociated and a new Cl-Cl bond was 

formed. The excitation transfer occurred at picosecond-scale via 

a Dexter[601] mechanism, and may be viewed as a displacement 

of the Cl-Cl bonds along the supramolecular chlorine wire.[599] 

Such insight could be of help for understanding electronic 

excitation transfer along ordered arrays of confined molecules. 

7. Organization of complex species in 1D 

Linear molecules, even if confined in 1D-systems, in general do 

not form perfectly ordered 1D structures, especially when the size 

of the channel is large enough to allow guest species to rotate. 

Yet confinement in one dimension still remains the easiest 

solution to the organization problem, because: i) the number of 

possible arrangements is limited, and ii) the organization process 

may be more easily designed and controlled. 

For this reason, one-dimensional porous matrices have been 

heavily exploited to confine any possible kind of system of 

nanoscopic size, from inorganic to organic, biological and hybrid 

bio-inorganic: fullerenes were included in mesoporous oxides,[602] 

MOFs,[31,419] or COFs;[421] natural pigments like chlorophyll,[603] or 

light-harvesting complexes like LH2 were confined in mesoporous 

silica,[604,605] and extra-large channel MOFs were invented to 

encapsulate enzymes (Figure 39).[606]  

 

Figure 39. Mesochannels for 1D organization of huge molecules. a) Inclusion 

composite of photosynthetic complex LH2 in mesoporous silica; b) zoomed view 

of a confined LH2 molecule. [Adapted by permission, Ref.[604] Copyright 2006 

American Chemical Society]. c) Schematic view of enzymes in MOF-channels. 

[Reprinted from Ref.[606] by permission from The Royal Society of Chemistry] 

 

Figure 40. Difficult entrance of a guest in a nanochannel. If the van der Waals 

size of the guest is slightly greater than the pore opening, both the host matrix 

and the guest deform cooperatively in the penetration process.[607] Here, the 

guest is a perylene-diimide dye and the host is zeolite L (LTL-type[58–60,608]). The 

channel entrance becomes transiently elliptical when the dye passes through. 

This process occurs at high temperatures thanks to the favorable interaction of 

the carbonyl group of the dye with the zeolite K+ cations, and to host-guest 

cooperative vibrational motions. The  motion of the dye inside the porous matrix 

has an asymmetric free energy profile,[607] which makes the entrance process 

favored over the exit, in analogy to what observed for the passage of a 

diazobenzene dye through a crown-ether ring.[609]  Color code:  Si and Al atoms 

of zeolite L framework = gray sticks. C=cyan; H=white; N=blue, carbonyl O=red; 

K+=purple. The red and yellow balls (framework oxygens) on channel aperture  

highlight the deformation of the opening at the passage of the molecule,   

The dimensions of the pore openings are an extremely important 

parameter, because they dictate the size of the molecules that 

may enter the pores and be organized within their spaces. 

However, molecules are flexible, and can often manage to pass 

through the pore orifices even if they have nominally a larger size. 

Framework flexibility, which is a distinctive feature of MOFs such 

e.g. ZIF-8,[423–425,610,611] may also play a key role in facilitating the 

penetration of oversized guests via a window-swing effect.[425] 

Contrary to common expectations, also zeolites manifest a 

surprising structural flexibility, which allows for the vapor-phase 

incorporation of relatively bulky molecules (e.g. perylene-diimide) 

in nanosized channels like those of zeolite L (Figure 40).[607]  

Despite all progress in the fabrication and characterization of 

channel-based materials, the incorporation mechanisms and the 

host-guest interactions determining the composites’ properties 

are still little understood, often because of the complexity of both 

encapsulated species and confining matrix. One remarkable 
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exception is the family of composites produced by the inclusion of 

chromophores in  zeolite L[59,608] (LTL topology). The fabrication of 

these hierarchically organized photoactive materials and their use 

as artificial antenna system, pioneered by the Calzaferri 

group[29,36,39,49,563,612–618] has been thoroughly investigated and the 

acquired knowledge played a seminal role, for example, in  

extending their scope to biomedical uses.[619–624] Also importantly, 

dye-zeolite L hybrids stimulated the quest of new host matrices 

for luminescent supramolecular systems: not only zeolite 

frameworks of diverse shape and composition,[268,625–632]  but also 

mesoporous silicas/organosilicas,[63,365,376,633–636] 1D macrocycle 

channels,[38,637] and MOFs.[62,64,638–647]  

7.1 Dye-zeolite L materials as artificial antenna prototypes  

Zeolite L (Figures 40, 41) is a convenient host system because 

the size and shape of its one-dimensional channels allow for the 

encapsulation of a broad variety of dyes, either in neutral or in 

cationic forms. In this way, one can obtain guest-host composites 

with remarkable organization patterns, up to end-to-end 

sequenced chains of chromophores.[29,36,40]  

Other advantages are the facile synthesis of zeolite crystals with 

tailorable aspect-ratio[648–650] and the selective functionalization of 

their external surfaces, either at the base (channel entrances) or 

at the coat region.[616] These features allow to obtain zeolite 

crystals self-assembled via coordinative linkers,[651] arranged in 

close-packed monolayers,[652] integrated with devices,[61,653] and 

even connected with living systems such as bacteria,[654] which 

can then be targeted and killed by red-light irradiation.[655]  

Nonetheless, the atomistic structure of these versatile compounds 

often remains unexplored, as suggested by the scarce number of 

diffraction studies on dye-zeolite hybrids.[133,656–664] Fortunately, 

computational modeling comes to the rescue.[171]  Theoretical 

approaches have proved especially useful to study processes at 

the channel entrances (Figure 42), which govern the formation of 

the organized material[607] and its potential practical uses.[191] 

Channel entrances are particularly important because they can 

be functionalized; for example, with stopper molecules 

(traditionally named “stopcocks”), that, by preventing the leakage 

of the chromophores and the entrance of undesirable species,[665] 

preserve the inner supramolecular organization and functionality 

of the material (Figure 42).[615,666,667]  

 

Figure 41. Artificial antenna systems based on zeolite L are illustrated on the left panel. A) Donor dyes (green) absorb light and transfer excitation energy by 

Förster resonance energy transfer (FRET) to acceptor dyes (magenta) at the channel end. Electronic transition dipole moments (ETDM) of the dyes are indicated by 

double arrows. B) Arrangement of parallel nanochannels. C,D) Sequential organization of two- (C) and three- (D) types of chromophores. E) Unidirectional antenna 

system: energy is transported only one-way, from left to right. The left side of the channel is blocked by a molecular stopper (“stopcock”),[666] represented in gray.  

Commonly adopted perylene-diimide dyes[668,669] are about 2.25 nm long (see e.g. Ref.[665]). [Reproduced from Ref.[653] with permission from WILEY-VCH]. The 

zeolite L framework is shown on the right panel:  a) view along the channel axis (corresponding to the c axis); b) the cancrinite cages (shown as polyhedra), c) the 

different positions of extraframework cations (A to E); d) one 12-membered ring channel of zeolite L viewed along the c axis, e) SEM image of hexagonal crystals of 

zeolite L. [Adapted from Ref.[29] with permission from WILEY-VCH]. 

The specific modification of the channel openings via the grafting 

of alkoxysilane moieties (Figure 42) is also fundamental to attain 

macroscopic organization of zeolite crystals (by covalent 

attachment to a support, for example)[564,670,671] and to add further 

functionalities. Typically, the added groups carry magnetic,[672,673] 

or photo/electroresponsive properties - like phthalocyanine 

dyes,[40,674–676] spiroxanes,[677] Ru2+[562] and Ir(III)[678] complexes. 

Stopcocks can also be used for molecular recognition processes: 

for instance, the end-modification of zeolite L with adamantane 

allowed for the selective aggregation of β-cyclodextrin-coated 

gold nanoparticles at the zeolite crystal terminations.[679] 

Cationic or neutral dyes are commonly introduced via ion-

exchange or vapor phase methods, respectively.[29,680–683]  An 

alternative strategy is the ship-in-a-bottle method, where dyes are 

incorporated directly in the synthesis step.[564] As shown in Figure 

41, the well-defined geometry of the 12-membered ring channels 

of zeolite L (7.1 Å diameter) should force the confined molecules 

to self-organize in single-file, providing thus an efficient transfer of 

excitation energy along the chain.[617,653,684] 
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Achieving supramolecular organization in zeolite L is however not 

straightforward. Besides the framework, also size, shape, charge, 

and concentration of the guests govern the inclusion process. In 

addition, other species may be present, like water. Nonetheless, 

experimental and theoretical analyses shed some light on how 

the host−guest, guest−guest, and guest−water interactions affect 

supramolecular organization, stability, electronic properties, and 

optical behavior of the composite, also suggesting possible 

improvements. The high number of chromophores encapsulated 

in zeolite L could be classified in two broad groups, namely, 

cationic and neutral species. While the electrostatic potential of 

the zeolite plays a key role in the arrangement of cationic dyes, 

neutral chromophores can form localized, specific and strong 

interactions with the host, like coordination bonds. 

 7.2 Neutral dyes: is organization imposed only by the space 

constraints of the matrix?   

Perylene-diimide dyes are widely used in functional materials 

because of their outstanding optical properties.[668,669]  Because of 

their size, these dyes must align to the channel axis to be 

incorporated in zeolite L (Figure 43). In this case, the organization 

is dictated by the space constraints of the matrix, but it is fine-

tuned by the geometry of the dye;[685,686] for example, the spacing 

between the photoactive perylene cores can be tuned via the 

choice of end-substituents.[665] Also the dye carbonyl groups are 

crucial, as shown by a recent study.[133] Indeed, X-ray diffraction, 

total scattering, IR and UV-vis data combined with modeling 

revealed that the perylene dye tb-DXP is asymmetrically 

positioned in the channels in order to optimize, compatibly with 

the steric constraints, the stabilizing interactions between its 

carbonyl groups and the zeolite potassium cations.[133] The 

relevance of the C═O··· K+ interaction (amounting to ~26 kcal/mol 

for perylene-diimide)[607]  can be better understood by considering 

a carbonyl dye of smaller size: fluorenone.  

 

Figure 42. Tuning the pore openings: To master supramolecular organization in zeolites, microscopic insight on the pore entrances is needed. Modeling has given 

useful information on zeolite L channel entrances and their functionalization with alkoxy-silane moieties, which prevents leakage of guest species.[191]  Attachment of 

these molecular stoppers (or “stopcocks”) to the channel entrance modifies the accessibility of the pores according to type and size of the stopper. Bulky stopcocks, 

with an imidazolium tail group, fully seal the channel entrance acting similarly to a cork on a bottle. [Adapted from Ref.[191] with permission from WILEY-VCH]. 

 

Figure 43: Perylene-diimide (also known as perylene-bisimide) are a family of 

dyes that fit exactly in zeolite L channels. By the end-substituents (yellow balls), 

the organization of the dyes and the spacing between the photoactive perylene 

cores - may be tuned via molecular engineering strategies.[618,665,685] The figure 

shows, for a typical perylene dye, the structural formula, the schematic 

representation, and a scheme of the organization of the confined chromophores. 

Color codes: C=cyan, N=blue, O=red, H=white, Si/Al=grey. [Adapted with 

permission from Ref.[685]. Copyright 2011 American Chemical Society.] 

Due to its size, fluorenone could have some freedom of motion 

inside the host; yet it forms unexpectedly stable adducts with 

zeolite L also at humid conditions,[680] because it is bound to the 

potassium cations via its carbonyl group. Such a strong 

interaction explains the stability and the optical anisotropy of the 

composite.[687,688] Indeed, coordination to K+ ensures that the 

fluorenone molecules, on average, are correctly oriented to allow 

for an efficient FRET.[365,614]  
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Figure 44. Molecules bearing carbonyl functionalities  tend to coordinate  K+ 

when confined in zeolite L.[687] At high loading (b), the extraframework 

potassium cations cope to induce the self-organization of the dye into a regular, 

one-dimensional ladder-like arrangements.[660] Color codes: C=cyan, O=red, 

H=white, K=purple, Framework=grey (a) or blue (b). 

This compound exemplifies how zeolitic extraframework cations 

are instrumental in directing the supramolecular organization of 

the confined dyes. Organization does not rely just on steric 

constraints, rather it is dominated by a specific and strong 

attractive interaction.[687] When the concentration of the dye 

increases up to close-packing regime (Figure 44), this interaction 

still remains important, and drives the formation of a peculiar 

space-filling arrangement of chromophore molecules.[660] Under 

compression, this fluorenone-nanoladder, protected by the zeolite 

host, withstands GPa pressures and responds by approaching 

with the carbonyl groups the K+ cations, i.e., by strengthening the 

main stabilizing interaction.[664] Such impressive resilience to high 

pressure is a promising step for extending the application range 

of dye-zeolite materials beyond normal conditions. 

7.3 Charged dyes. Role of electrostatics, water, and flexibility 

Chromophores bearing a positive charge - from the simplest ones 

like thionine,[612,629,661,689,690] xanthene dyes,[595,614,648,661,691–693]  

acridine (and derivatives),[594,596,690,694,695] to more complex 

molecules like methylviologen[657] or BODIPY-dyes,[40,693,696]  -  are 

naturally prone to be incorporated by a zeolite via straightforward 

ion exchange, a practice which is also used for dye incorporation 

into anionic MOF nanochannels.[62,64]  As a consequence, cationic 

dyes are very popular as luminescent guests, and their 

encapsulation has been widely documented by experimental, 

theoretical, or combined investigations.  

Taken as a whole, these studies indicate that cationic dyes 

normally form stable composites with zeolite L, and are arranged 

anisotropically inside the channels - which is a necessary 

condition for energy transfer.[29] As for neutral dyes, anisotropy 

arises because the confined molecules show some preferential 

orientation due to spatial restraints of the channel and host-guest 

interactions.[36] Such an orientation is also determined by the 

electrostatic potential inside the channel, which is especially 

important for charged guest species, and may become the 

dominant factor when the composite is dehydrated.[595,596]   

 

Figure 45. Confined water may impart organization. Structures of hydrated 

zeolite-L composites containing a) methyl-acridine and b) oxonine dyes. Both 

dyes are located in the wide part of the channel, with their long axis 

perpendicular to the channel axis, and surrounded by water. Water molecules 

are arranged like in perlialite, the natural analog of zeolite L. Colors: C=grey, 

O=red, H=white, N=blue, K=yellow, Al=green, Si=brown [in a), K is omitted for 

clarity].  [Adapted with permission from a) Ref.[596] Copyright 2013 American 

Chemical Society; b) Ref.[595] Copyright 2012 American Chemical Society] 

That water – normally present in zeolites – could drastically 

influence both the electronic properties of framework sites,[697] 

and emission of guest chromophores[593] was long recognized,[698] 

yet the fundamental role of water in determining the orientation 

and organization of the dyes in confined spaces was discovered 

and understood only recently.[595,596] Due to its preference to 

hydrogen-bond with itself, water tends to confine small dyes into 

the widest parts of the channel, oriented perpendicular to the 

channel axis  (Figure 45). As in the case of iodine, water has an 

indirect yet prominent role in the arrangement of small dyes: 

basically, dye confinement is enhanced by water self-organization 

in the zeolite environment. Actually, the molecules surrounding 

the dye feature the same supramolecular arrangement formed by 

water in perlialite,[57] the natural analog of zeolite L.  

To understand and control the organization of confined dyes, we 

should also recall that neither chromophores, nor the host 

framework are rigid objects. Various studies disclosed an 

impressive structural flexibility of the encapsulated species. The 

confinement in 1-D nanochannels poses severe restrictions to the 

geometry of the guests: to meet such requirements, molecules 

may deform spectacularly. Changing conformation is rather easy 

for methylviologen,[657] or cyanine dyes:[695] they have a single 

bond, around which the rigid parts of the molecule may rotate, in 

order to better fit the channels. What it is indeed surprising, is that 

also fully π-conjugated chromophores such acridine-,[596,694,695] 

xanthene-,[595] and BODIPY dyes,[696] may exhibit unexpectedly 

large fluctuations from their gas-phase planar structure (see 

Figure 46). Also remarkably, such deformations have generally 

only minor effects on the absorption and emission properties of 

the dye assembly, and hence on the potential applications of the 

composites (Figure 46b).[696] Framework flexibility, molecular 

flexibility and large transient distortions of the molecular geometry 

might play a pivotal role in favoring the encapsulation 

and diffusion of the dyes along the channels. For example, 

flexibility might favor the escape of molecules from “blocking” 

configurations. The trapping of the dye into such states “plugs” 

the channel (Figure 46c), as shown by a recent computational 

study on oxonine in zeolite L.[692] It was found that the “blocking” 

configurations should be responsible of the so-called “traffic-jam 

effect”,[692] which hinders the diffusion of the dyes, and makes the 

preparation of the composites quite a time-consuming task.[36] 
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7.4 Effects of the framework type 

The above-mentioned dyes, along with several others, have been 

incorporated in diverse hosts. Inclusion in aluminophosphates 

yielded, for example, one of the first hybrid composites with laser 

dyes.[699] More recently, a series of studies on aluminophosphate 

hosts with different pore size[626–628,700,701] was aimed at finding the 

framework that would fit “like a glove” to selected guest species 

(Figure 47).[626]  Pyronine (13.7×6.2×3.2 Å) should be included 

into the three hosts of Figure 47 always with its main axis nearly 

parallel to the channel (similarly to perylene dyes in zeolite L), 

leading to optical anisotropy. Unfortunately, the AFI channels are 

circular and allow pyronine molecules to pack together because 

of the favorable guest-guest interactions, forming undesirable H-

aggregates with detrimental effects on luminescence. Things 

went better with the second host, ATS, whose elliptical channels 

disfavor the formation of H-aggregates, but not that of close end-

to-tail arrangements of dyes, called J-aggregates. The third matrix, 

AEL, led to composites with the best fluorescence properties, 

owing to the smaller size of the openings and to the channel 

topology (Figure 47), that not only matches the geometry of the 

dyes, but also forces them to be well-separated from each 

other.[626] By modeling, the investigators also found that acridine 

fits even better than pyronine into AEL and with more favorable 

interactions, in keeping with the experimentally found higher 

loading. [628] Such knowledge-driven selection of the optimal dye-

zeolite pair led to a material with high fluorescence efficiency and 

anisotropic effects, thus amenable for optical applications.[628] 

 

Figure 46. Confinement-induced molecular distortions: a) DFT-optimized geometry of the acriflavine molecule inside zeolite L (side view along the LTL channel)  

and calculated geometrical parameters of the confined molecule, with distances (Å) and dihedral angle (degrees) in blue and red colors, respectively. [Adapted from 

Ref.[695] with permission from Elsevier].  b)  Configuration of a BODIPY dye in zeolite L taken from a molecular dynamics (MD) simulation of the composite. The 

representations show the arrangement of the dye inside zeolite L (viewed along the channels): a fluorine atom of BODIPY is coordinated to a zeolite Al atom. The 

calculated absorption spectra of the dye in the planar configuration and at the maximum bending angle are also shown. Color codes: C= black, H=white, N=blue, 

B=green, F=orange, Cs=pink, SiO4=dark blue, AlO4= light blue. [Adapted with permission from Ref.[696] Copyright 2013 American Chemical Society]. c) Schematic 

illustrations of different configurations of oxonine leading either to diffusion or to blocking, and of a collective blocking mechanism in the zeolite channel, which may 

hinder the diffusion of the chromophore. [Adapted with permission from Ref.[692] Copyright 2016 American Chemical Society].  A possible escape mechanism from 

the blocking configuration, implying a prominent distortion of the dye from its planar structure[595] is shown in the black inset. [Illustration created with VMD]. 

Glovelike fitting was also crucial for the nonlinear-optical dye 

LDS 722 included in AEL: the rigid planar conformation and 

perfect alignment of the molecules, favored by tight confinement, 

allowed for a net fluorescence enhancement with respect to the 

AFI-dye compound, and second harmonic generation.[627] 

Nonetheless, controlled formation of J-aggregates is sometimes 

desirable. Recently, the strategic distribution of PIC cyanine 

dyes in  ATS-type MgAPO-36 crystals, consisting in monomers 

at one edge and J-aggregates at the other edge, enabled to 

realize a very efficient and one-directional antenna system.[701] 

It is evident that atomistic knowledge of the supramolecular 

assemblies inside zeolite channels has contributed to enhance 

both scopes and performances of optical devices based on 

these composites. Such insight might help to address the 

complexity of the newer generations of photoactive composites, 

which are witnessing very fast progress. Recent examples 

include the synthesis of mesoporous silica hybrids using 

BODIPY dyes as co-templates,[636] highly efficient FRET in an 

hydrophobic nanochannel-MOF incorporating fused aromatic 

hydrocarbons,[643] the realization of a three-photon pumped laser 

in a host-guest MOF microcrystal[644] and the design of a multi-

shelled hollow MOF (ZIF-8) in which energy transfer among 

included dyes and/or Pd nanoparticles is controlled by guests’ 

positioning in the hierarchical ZIF scaffold.[647]  Understanding 

the link between structure and functionality in these compounds 

from molecular-level bases would be one of the future 

challenges of this area.    
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Figure 47. Optimizing organization inside porous aluminophosphates: 1) 

selection of the best candidate among three frameworks (AFI, ATS, AEL) for 

the encapsulation of pyronine dye. The pertaining optimized structures 

calculated from DFT are also reported, and suggest that the framework that 

best suits to pyronine should be AEL. [Adapted from Ref.[700] with permission 

from WILEY-VCH]. 2) Choice of the dye: PY (pyronine, left) and AC (acridine, 

right) in the 1-D channels of AEL. The angles formed by the molecular axis 

with the channel axis are an estimate of the alignment of the dye: The white 

shaded regions indicate the free space in the channel. [Adapted with 

permission from Ref.[628]. Copyright 2014 American Chemical Society.] 

8. Organized materials by high pressure 
confinement 

The intellectual attractiveness of the realm of high pressures has 

captured scientists for a long time – when matter is compressed 

at the extremely harsh conditions of few megabars, “strange 

things happen” - as illustrated by a monumental review[702] aptly 

entitled “The chemical imagination at work in very tight places”. 

Earth scientists are well accustomed with the power of pressure 

– maybe not so harsh to strip electrons out of atoms, or turning 

insulators into metals, but still very high for our standards. More 

precisely, to study phase transitions or amorphization of 

minerals, geologists work “in the GPa range” – i.e., with kilobar-

to-megabar pressures. In this regime, unusual and fascinating 

facts emerge by compressing porous materials with molecules 

small enough to penetrate their channels. Using high or 

moderately high pressures, these molecules may be driven into 

unfavorable environments: hydrocarbons can fill hydrophilic 

frameworks and water hydrophobic cavities. Also, oversized or 

overcrowding guests can be fitted into cages or channels, and 

stable species might be forced to react. Most importantly for our 

scopes, this tremendous power, combined with the shaping 

effect of the matrix, can provide access to a new multitude of 

otherwise unfeasible confined supramolecular systems. 

The intrusion of new molecules in a porous material is usually 

enforced using a diamond anvil cell (DAC)[703,704] – an apparatus 

in which the sample is compressed hydrostatically via a 

pressure transmitting medium loaded into the DAC.[705] At normal 

conditions, the pressure medium may be in liquid, solid, or gas 

state; in the latter case, it is either liquefied before loading, or 

directly injected at high pressure into the DAC using a gas-

loading device.[53,534,535] The transmitting medium plays therefore 

a key role in the experiments, because it is the potential content 

of the pressure-created material, which should be “shaped” by 

the framework architecture. Care should be taken in choosing 

the composition of the pressure fluid because the penetration 

process depends on many factors other than the relative size of 

the host cavities and the potential guests.  

A considerable number of experimental and computational 

evidences indicate that not all frameworks are penetrated by 

new species coming from the pressure-transmitting fluids – 

namely, intrusion may not occur even if the molecules of the 

pressure media are small enough to pass through the pore 

entrances. For example, many hydrophilic frameworks, including 

those of natural zeolites, do not typically welcome the 

penetration of new species, because they already host 

supramolecular aggregates at room pressures.[128,534,706] Hence, 

the uptake of molecules from the pressure media also depends 

on the species already present in the pores at room conditions, 

as well as various experimental variables: maximum pressure 

and rate of pressure increase, surface/volume ratio of the 

crystallites in the sample, temperature at which the experiment 

is performed.[53,534,707] All these factors, together with the 

geometric “shaping effect” of the framework, play an important 

role in governing not only the pressure-driven penetration and 

organization process, but also its reversibility/irreversibility. Their 

influence should be further investigated and deeply understood 

in order to gain control over the process. Nevertheless, empty 

frameworks are generally preferable to already filled ones for 

fabricating organized materials with the help of high pressure. 

To this aim, hydrophobic zeosil frameworks – after removal of 

the template used in their synthesis – offer a wide platform of 

robust void-space architectures enabling for weak interactions 

with guest species: such features make them ideal candidates 

as “molds” for pressure-assisted supramolecular organization. 

8.1 Pressure-induced water insertion and cation exchange 

Water was the first species to be introduced through high-

pressure into zeolites,[708] yet the first structural reports on 

pressure induced hydration or overhydration (PIH) came many 

years later.[709,710] Since then, many studies have discussed the 

pressure-driven injection of water inside hydrophobic[527,711–713] or 

hydrophilic[714–717] matrices, including aluminophosphates,[718] 

which have advanced our understanding of water organization in 

tight spaces, and are systematically discussed in dedicated 

accounts.[53,128,534,535] 

 As regards hydrophobic frameworks, the forced intrusion of 

water was often attained using a porosimeter – an apparatus 

operating at pressures lower than those of DACs. [719] This 

approach has also been applied to force the intrusion of 

electrolytic solutions.[719,720] Such studies, nicely surveyed by a 

recent review,[719] were aimed at possible energy storage 

applications of water intrusion/extrusion processes in porous 

systems[721] and played an important role in the development of 

the field,[719] also by providing a thermodynamic description of 

hydrophobically confined water.[712]  

Concerning hydrophilic frameworks, high-pressure overhydration 

studies (mostly conducted with DACs) evidenced that insertion 

of water molecules perturbs the pre-existing arrangement of the 

extraframework species, leading to the appearance of new 

organizational patterns and variations in the elastic properties of 

the framework.[534,722,723]  For instance, a recent single-crystal 

study on laumontite zeolite – an important constituent of the 

rocks forming oil reservoirs - clearly evidences the “pillar effect” 

played by water, i.e. the ability of counteracting the pressure-

induced deformations by stiffening the framework “from the 

inside”.[724] Also, pressure-induced hydration of the layered 

zeolite mesolite showed that the different type of cations in 
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alternating layers caused different spatial distribution and 

behavior (“structuration”) of the incorporated water.[725] 

The pressure-driven evolution of water supramolecular 

aggregates in the monodimensional channels of a synthetic 

gallosilicate LTL framework[711] nicely illustrates the combined 

effects of high pressure and space confinement (Figure 48). At 

ambient pressure, the confined water molecules mainly form 

hydrogen-bonded clusters separated by water sheets,[711,726] as 

in natural perlialite,[57] while at higher pressures (0.88 GPa) the 

water clusters and the sheets join together to form hydrogen-

bonded water nanotubes inside the zeolite nanochannels.  By 

further increasing pressure, from 1.29 up to 2.64 GPa, the 

nanotube is gradually disrupted into isolated species interacting 

with the hosts.[711] This experiment demonstrated the potential of 

pressure to create regular water structures inside zeolitic 

channels, but also that an exceedingly high compression may 

damage or destroy the confined supramolecular architecture.  

High pressure-induced ionic exchange may be a further way to 

exert control over the type of guests encapsulated within 

hydrophilic frameworks,[727] allowing thus to place oversized 

cations, like europium,[728] in zeolites that do not normally 

undergo ion-exchange, like natrolite. 

 

Figure 48. Water nanotubes in the 1-D channel system of an LTL-type 

gallosilicate. a) X-ray structure at 1.29 GPa, representing the fully-formed 

nanotube. b) Different water nanostructures form inside the 12-membered-ring 

channels of K-GaSi-LTL upon increasing pressures.  Water layers and clusters, 

separated at ambient conditions, join together to form a tube at 0.88 GPa. At 

higher pressure (2.64 GPa), the interactions of water with LTL walls become 

predominant: the nanotube disassembles into individual clusters. Color codes: 

The 12-membered ring channel windows are shown as green polyhedra, red 

and blue balls indicate water oxygens and K+, respectively.  The grey bars 

between oxygen atoms represent possible hydrogen-bond interactions 

(distances between 2.55 and 2.9 Å). The heights of the water nanostructures 

along the c axis are also reported. Vertical arrows indicate the size of the 

entrance of the water nanotubes: the access is closed at 2.64 GPa. [Adapted 

with permission from Ref.[711]. Copyright 2007 American Chemical Society.]  

Such counterintuitive phenomenon can occur because 

natrolite is an auxectic material, i.e., it expands perpendicular to 

the stretching direction, thus causing its narrow pores to 

increase their volume under hydrostatic compression.[729] When 

pressure is applied, the elliptical channels of natrolite are 

gradually converted into nearly circular ones: in this way, larger 

cations enter the pores and remain trapped after pressure 

release (Figure 49). As predicted by DFT calculations,[730,731] ion-

exchange is energetically unfavorable, and must be driven by 

pressure - not surprisingly, the extent of EuIII exchange 

increases with compression.[728] Hence, pressure-induced ionic 

exchange can lead to materials where structure and composition 

of the original zeolite are radically altered. 

 

Figure 49.  Pressure-driven ionic exchange. The X-ray structure of zeolite 

K-natrolite is shown a) at room pressure and  b) compressed at 1.5 GPa with a 

1.0 M  EuIII nitrate solution as pressure-transmitting medium and cation-

exchange solution. The zeolite is viewed along [001], i.e. the channel axis. 

Upon compression, europium cations (pink) are found in a site different from 

the potassium cations (blue balls) and water molecules (red balls) sites.  High 

pressure also induces a significant re-organization of water and potassium 

cations inside the void spaces of natrolite. Dark (light) tetrahedra represent an 

ordered distribution of Si (Al) atoms in the framework. [Adapted from Ref.[728] 

with permission from WILEY-VCH]. 

8.2 Pressure-driven polymerization as a limit case of 

confined organization 

Pressure-assisted polymerization may be considered as a limit 

case of organization under space restrictions. Bulk-phase 

polymerization under high pressures,[732,733] and polymerization 

in confined environments at ambient conditions[734] were both 

known phenomena, yet their combination was documented only 

recently. By compressing all-silica silicalite (MFI framework type, 

Figure 5) in supercritical ethylene up to 1.5 GPa, and irradiating 

the sample with UV light, Santoro et al.[735] reported in 2013 the 

formation of photo-polymerized ethylene. Optical spectroscopy 

and X-ray diffraction showed that the host-guest compound, 

after ambient pressure recovery, contained polyethylene chains 

and had a greater bulk modulus than silicalite due to the filling of 

the pores (Figure 50a).  Using the same zeolite as confining 

matrix, the same group performed the pressure-driven-only 

polymerization of acetylene: compression up to ~ 4 GPa (without 

light irradiation) induced the penetration of the molecules in 

silicalite and their polymerization to polyacetylene chains 

running along the zeolite channels (Figure 50b).[54] 

 Now, the question arises as what happens if we use the same 

“mold” – the zeolite framework - and change its potential content 

- the pressure medium. The above experiment was thus 

repeated using carbon monoxide, which formed a polycarbonyl 

species [−(C=O)−]n inside silicalite.[736] The investigators 

compressed mixtures of solid CO and silicalite in a DAC, and 

adopted a joint experimental-computational characterization to 
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evidence the formation of the polymer: in particular, they found 

that the IR spectra were compatible with the structure obtained 

by DFT calculations. Experimental data suggested that no 

covalent bond was formed between the zeolite and the 

encapsulated polymeric moiety, while ex-situ analyses proved 

the irreversibility of the process. Unfortunately, as silicalite has a 

three-dimensional pore system (Figure 5), the CO molecules 

penetrated and polymerized into the smaller channels as well; 

as a consequence, the obtained polymer was not perfectly 

monodimensional. 

 

Figure 50. Pressure-fabricated confined polymers: a) strained polyethylene 

chains in all-silica silicalite (MFI framework type) (Color code: blue = 

SiO4 tetrahedra; red balls=O atoms; small grey spheres=C atoms, while H 

atoms are not shown). [Adapted by permission from Macmillan Publishers 

Ltd.[735]] b) polyacetylene in silicalite; b) polyacetylene and polycarbonyl in 

ZSM-22. Color codes: a) silicalite framework: Si = orange tetrahedra O=red 

balls. The white balls are the positions of C atoms of polyacetylene from in situ 

high-pressure X-ray diffraction. Reprinted with permission from Ref.[54] 

Copyright 2014 American Chemical Society.  c,d) ZSM-22 framework: Si = 

blue tetrahedra; O= red balls. c) Polycarbonyl: grey (C) and red (O). d) 

Polyacetylene: black (C) and white (H). Adapted with permission from Ref.[737] 

Copyright 2016 American Chemical Society. 

To solve the branching problem, the researchers chose a zeolite 

with a mono-dimensional channel system: the all-silica ZSM-22 

(TON framework type), which was compressed up to 5-10 GPa 

using as pressure media CO and acetylene, in two successive 

experiments.[737]  Also in this case, the applied pressure led to 

the irreversible formation of polycarbonyl and polyacetylene, but 

the use of a 1D-channel framework greatly improved the linear 

organization of the polymerized guests, highlighting thus in a 

very effective way the relevance of the purely geometrical 

“shaping effect” of the confining medium (Figure 50c,d).  

A confining matrix with 1D-channel network –zeolite AlPO4-5– 

was also recently chosen by Liu and coworkers to study 

the pressure behavior of confined bromine.[590]  By high 

pressure Raman and X-ray diffraction experiments, the 

researchers found that, with respect to previous studies of Br2 

encapsulation,[586] the use of high pressure led to the formation 

of longer bromine chains.  Although a true polymerization did not 

occur, the distance between confined molecules gradually 

became comparable to the Br-Br intramolecular bond length with 

increasing pressures, suggesting that the dissociation of the 

bromine molecules and the formation of a Brn confined polymer 

should occur at even higher pressures – namely, above 24 

GPa.[590]  Also iodine was found to exhibit a similar pressure-

driven self-organizing behavior when confined into the same 

framework.[589] Such pressure-created (I2)n chains showed an 

unexpected photoluminescence behavior under compression – 

which was absent in solid iodine, and was attributed to the 

unique 1D structure of the formed chains.[592] 

These experiments showcase how pressure-induced 

polymerization is, actually, the ultimate consequence of the 

“hyperconfinement” regime: when confinement in nanospaces is 

combined with compression, intermolecular interactions may 

become competitive with intramolecular covalent bonds, and 

even dominant if the applied pressure is high enough.[702] Also, 

remarkable properties may emerge simply from order 

enhancement, as demonstrated by the promising observation of 

pressure-induced photoluminescence of confined iodine 

chains.[592] Nonetheless, such interesting properties acquired via 

compression should be maintained upon pressure release - i.e. 

the process should be irreversible - in order to be more easily 

exploitable in applications.  

 

8.3 Pressure-driven organization of a single type of guests 

The framework composition profoundly affects the uptake of the 

pressure medium in the zeolite channels, as demonstrated by 

several experiments.[706,728,738] Whereas it was not possible to 

incorporate ethanol and methanol inside Na-mordenite – which 

already contained six Na+ and 19 H2O in the unit cell,[716,739]  

Arletti et al.[740] reported the intrusion of these molecules into the 

empty pores of all silica mordenite.[58,60] 

. 

Figure 51. Pressure–induced organization of CO2 in the ITQ-29 framework, 

a zeosil with LTA topology.  (Top) The sodalite cages and the cubic cages 

composing the framework are colored in yellow and gray, respectively. 

(Bottom) The CO2-filled framework structure showing the connectivity between 
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the SiO4 tetrahedral units and the location of CO2 molecules at 0.5 GPa. Gray, 

green, and red balls represent Si, C, and O atoms, respectively. [Reproduced 

with permission from Ref.[741] Copyright 2017 American Chemical Society.].  

These researchers also compressed all-silica mordenite by 

using ethylene glycol as pressure-transmitting medium. They 

observed that the intrusion of the glycol molecules greatly 

enhanced the stability of the zeolite framework against pressure-

induced amorphization. Importantly, the insertion of ethylene 

glycol occurred already at moderate pressures - namely at 0.1 

GPa, and showed features of irreversibility upon 

decompression.[740] The experiment indicated that it is not 

necessary to use extreme pressures to introduce organic 

molecules in zeolites. This finding was in line with what 

observed for pure water intrusion in hydrophobic ferrierite by a 

porosimeter[712] and for pressure-driven encapsulation of other 

inorganic species, like ammonia borane. By using Raman 

spectroscopy, Richard et al.[742] proved that this molecule, solid 

at normal conditions, could be inserted in hydrophobic silicalite 

(Figure 5) already at pressures of about 0.1 GPa, with a greater 

orientational disorder of the −BH3 and −NH3 groups compared to 

bulk ammonia borane crystals. X-ray diffraction analysis on the 

composite evidenced the formation of ammonia borane chains 

due to the spatial constraints, suggesting that each pore in the 

unit cell should contain between 2 and 3 guest molecules.[742] 

Confinement and organization of simple molecules, like carbon 

dioxide, in three-dimensional patterns, can be also attained by 

using frameworks with large void spaces, like ITQ-29,[743] an all-

silica analog of zeolite A (Figure 51). Santamaria-Perez et al. 

studied the behavior of this system up to 20 GPa, establishing 

that CO2 intrusion at pressures below 0.5 GPa stiffened the 

structure preventing the amorphization of this large-pore 

zeolite.[741]  Notably, the intruded fluid is actually tailored by the 

void-space-network: among the 13 encapsulated molecules per 

unit cell, twelve occupy the large α-cage and only one the small 

sodalite β-cages. The filling of the α-cage by the CO2-assembly 

is presumably the reason why this framework did not collapse 

under the extreme pressures used in the experiment.[741]  

8.4 High pressure as driving force for supramolecular 

organization of multiple species 

All previous examples considered the intrusion of a single type 

of species in hosts with 1D-, 2D, or 3D channel systems.  

 

Figure 52. Ferrierite (FER framework type) has a two-dimensional system of 

intersecting channels, into which molecular species may be organized in 2D 

patterns. The image shows two views of the FER framework  a) in the ac 

plane, showing the eight-membered ring channels, b) in the ab plane, showing 

the ten- and six-membered ring channels (O=Red sticks; Si=grey sticks). 

[Adapted from Ref.[55] with permission from WILEY-VCH] 

The complexity of the organization problem drastically increases 

when the species to be confined have different chemical nature, 

i.e. if the pressure medium is a mixture. 

This is, for example, the case of an electrolytic MgCl2·21H2O 

solution injected by Arletti et al in ferrierite.[744] This zeosil has a 

2D-system of intersecting channels: eight-membered ring 

channels running in the y direction cross two parallel channel 

systems of different diameter, defined by six- and ten- 

membered rings, running in the z direction (Figure 52). The six-

membered ring cavities are also named ferrierite cages.[745]   

 

Figure 53. Organization of Mg, Cl, and H2O in the 2D channel system of 

ferrierite. Both ions and water molecules in the MgCl2 aqueous solution used 

as pressure media are intruded in ferrierite: Mg in the 6-membered ring cage 

and Cl in the 10-membered ring channels. Atom positions are obtained from 

refinement of the data collected at 0.28 GPa. FER framework is represented 

as yellow tetrahedra. [Adapted from Ref.[744] with permission from Elsevier]. 

Aim of the investigators was to ascertain whether both ions and 

water molecule could penetrate in ferrierite. Indeed, the insertion 

took place at relatively low pressures (below 0.2 GPa) and was 

reversible, as demonstrated by diffraction experiments. The 

refinement showed that all the components of the pressure fluid 

penetrated in the zeolite. A two-dimensional pattern emerged, 

featuring Mg at the center of the ferrierite cage, surrounded by 

four water molecules in a square planar symmetry, and chlorine 

in the ten membered ring channels, interacting with two water 

molecules (Figure 53). One remarkable finding was that the 

location of the Mg cation perfectly matched that observed by 

Alberti et al. on a natural ferrierite sample from Sardinia, in 

which Mg cations coordinated six water oxygens in a octahedral 

geometry.[746] Despite the different nature of the extraframework 

species, the identical placement of the bivalent cation in the 

mineral and in the pressure-created material underlines how the 

realization of new supramolecular patterns by high-pressure 

confinement could benefit from the knowledge of supramolecular 

organization of water and cations in natural zeolites.    

Water-alcohol mixtures of different composition are often used 

as pressure transmitting media. Mixtures of  

methanol:ethanol:water in proportions 16:3:1 are commonly 

adopted, and were also used in two high-pressure 

investigations[707,747] on siliceous ferrierite. This confining 

matrix,  according to experimental/computational studies,[748–750] 

should be one of the most selective frameworks for the 

separation of water/alcohol mixtures – an important step in 

bioethanol production.[751] Indeed, separating molecules of 

similar size has always been a challenge, especially if they form 

hydrogen bond networks – like e.g., in water/methanol/ethanol 

mixtures. In both high-pressure studies on Si-ferrierite, however, 

only water molecules penetrated into the framework,[707,747] 
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already at moderate pressure values (0.2 GPa) – similar to what 

observed with the intrusion of pure water in the same zeolite.[712]  

 

Figure 54. The two dimensional pattern of water and ethanol obtained by 

compressing Si-FER with a water-ethanol mixture up to 1.3 GPa. The three 

different views highlight, in particular: a) the water tetrameric squares; b) the 

chains of ethanol dimers; c) the confinement of the supramolecular 

architecture inside the zeolite. This pattern is maintained after recovery to 

ambient pressure, showing how pressure-enhanced confinement in 

nanospaces (“hyperconfinement”) can turn liquid mixtures of simple molecules 

into organized materials.  (Water=blue and white; ethanol=red, cyan and white. 

FER framework: a) grey sticks and tetrahedra; b) red-gray sticks, c) yellow 

ball-and-sticks.)  [b): Adapted from Ref.[55] with permission from WILEY-VCH]. 

Let us see what happens if we use the same framework and 

change the composition of the pressure medium by increasing 

the water content. Arletti et al.[55,752] compressed hydrophobic 

ferrierite[58] in an ethanol:water = 1:3 mixture up to 1.2 GPa and 

detected penetration of the fluid already at relatively low 

pressures.  X-ray powder diffraction data combined with first-

principles modelling showed that the ferrierite framework had 

separated the ethanol–water mixture into nearly isolated ethanol 

dimer wires and water tetrameric squares, forming a confined 

two-dimensional pattern of alternating supramolecular units 

(Figure 54), which remained stable even upon recovery to 

normal conditions.[55] Geometric analyses of these units and of 

the ferrierite cages indicated that the 6- and 10-membered rings 

channels have the right size and shape to host, respectively, the 

water tetramers and the ethanol dimers. Hence, the shaping 

effect of the ferrierite framework plays a key role in the 

organization of water and ethanol.  

In general, the irreversibility of pressure-induced transformations 

is relevant for potential applications of materials obtained in this 

way. Although a moderate compression can be sufficient to 

achieve penetration,[712,747] higher pressures might be needed for 

irreversibile organization. The inherent preference of water 

molecules to congregate together, both in hydrogen-bonded 

liquid mixtures[753] and under confinement (as discussed in this 

review), is likely one of the main factors responsible of the 

separation of water and ethanol in supramolecular blocks 

perfectly tailored by the void spaces of ferrierite. 

10.5 High pressure and MOFs 

The mechanical stability of MOFs, generally lower than zeolites, 

may represent a big practical problem for certain applications. 
Nonetheless, by virtue of the immense structural versatility of 

these materials, MOF frameworks might actually be optimized to 

improve stiffness. Of course this task would be easier if we knew 

how they respond to harsh pressure conditions.  Although MOFs 

are still relatively little explored at high-pressure, some examples 

of robust frameworks, like ZIF-8[610] and ammonium metal 

formates,[754] are already known, and their compression behavior 

can be studied by in situ diffraction.[755] By analyzing MOFs 

response to pressures which can push their resistance to the 

limit we could get precious information for the design of more 

robust frameworks with potential applications in high-pressure 

processes. A recent example is the “retrofitting” of MOF-520 

(that amorphizes at 2.81 GPa) with an extra bridging ligand, 

which allows the retrofitted material to remain crystalline up to 

5.5 GPa (Figure 55).[756]  Moreover, pressure-driven selectivities, 

e.g for Ne vs. Ar incorporation in metal formates,[754] and  unique 

mechanical effects, like  reversible amorphization[757] or negative 

linear compressibility[758] have been uncovered. A recent study 

highlighted an intriguing pressure-induced effect named “zone 

collapsing”, i.e. the amorphization of limited regions of the 

sample, leading to injection of guests from collapsing pores into 

the still nearly intact regions of the MOF, thus preventing their 

amorphization.[759] 

 

Figure 55. MOF retrofitting to withstand compression: The original MOF-

520 (in gray, left) was “retrofitted” by an extra 4,4′-biphenyldicarboxylate ligand, 

which acts as a “girder” improving mechanical stability (MOF-520-BPDC, right). 

[Reprinted with permission.[756] Copyright 2017 American Chemical Society.] 

Molecular inclusion in MOF’s spaces can be obtained also at 

lower pressures, as shown recently by Im et al,[760] that, at 0.3 

GPa, selectively replaced, in the as-synthesized hydrophobic 

MOF MIL-47(V), the terephthalic acid  (TPA) with methanol 

using a methanol/ethanol/water mixture as pressure transmitting 

fluid (see Figure 56, left). The system was then compressed up 

to 1.91 GPa, and, upon pressure release, methanol remained 

into the 1D-channels of this MOF.[760] Instead, by compressing 

the MOF with water, the exchange occurred at higher pressures 

(1.0 GPa) and water incorporation was reversible (Figure 56, 

right). Such a different behavior was attributed to the 

hydrophobic nature of the framework: actually, the exchange of 

TPA with methanol occurs also at ambient pressure simply by 

pouring methanol solution into the MOF.[760] This study 

evidenced that the pressure-induced incorporation depends 

strongly on the molecules in the pressure medium, in line with 

what found in many experiments on zeolites, as previously 

discussed. Also note that the starting system (the as-

synthesized MOF) contains already a supramolecular assembly, 

formed by the TPA molecules. Such a system is readily 

disassembled upon pressure-intrusion of methanol molecules, 

which self-assemble into a new confined architecture (Figure 56).  
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Figure 56. Pressure-induced guest exchange: At moderate pressures, in 

the 1D channel MOF MIL-47(V), (at the center) terephthalic acid (TPA) can be 

exchanged with methanol molecules (left), which are ordered with either the C 

or O atoms toward the VO6 octahedral nodes of the MOF (blue). Much higher 

pressures are needed to induce water intrusion into hydrophobic MIL-47(V) 

framework (right). Color cores: O=green, C=grey, H=white. [Reproduced with 

permission from Ref.[760] Copyright 2016 American Chemical Society.] 

To gather insight into such processes, the contribution of 

modeling studies, especially when combined with experiments, 

could be invaluable.[761–764] Methodologies for determining  

elastic constants and other strain-related properties[765] at a high 

level of accuracy have been implemented[766,767] – and applied in 

order to improve our understanding of the mechanical response 

and stability of this topical family of materials.[175]  Tan et al, for 

example, used ab initio periodic density functional theory to 

study the elastic behavior of two nanoporous zeolite-imidazolate 

frameworks with the same chemical composition but different 

topological features, thus highlighting important relationships 

between their differences in structure and elastic properties.[768] 

In a subsequent study, Ryder et al investigated theoretically the 

bulk modulus of a class of zirconium MOFs in order to assess 

the mechanical resistance of the framework against the imposed 

hydrostatic pressure, thus determining the average mechanical 

response of the materials to compression.[765] Such an insight 

will become even more important in the future, particularly in 

designing new applications of these materials and stimulating 

further development of this vibrant research area that has 

contributed to change “our perception of the solid state”.[769]  

11. Conclusion and perspectives 

The organizing behavior of molecules, ions or nanoparticles in 

regular porous matrices was the subject of this work, which was 

aimed to show how the organization of guest species under 

nanospace confinement is a multifaceted and complex problem. 

From tight clathrate cages, to zeolite channel architectures, up 

to the tunable mesopores of organosilicas or MOFs, 

organization under confinement is not simply a matter of shape, 

size and geometry. Geometry – in particular the size-shape 

matching of host and guest - certainly helps in selecting species 

to be incorporated in a given host, and vice-versa. However, 

small molecules can form organized patterns even within 

oversized cages, provided that there is a further stimulus – for 

example, specific host-guest interactions; an external pressure 

or field;  presence of other species (e.g. solvent or template 

molecules) – that imparts additional confinement. Conversely, 

molecules can be introduced into undersized spaces thanks to 

the structural flexibility of both host and guest. This factor 

strongly influences and often determines how organization is 

achieved and maintained, destroyed or converted - especially 

under tight space restrictions. Organization is in itself a dynamic 

process. 

The time variable is crucial in spatially-restricted (re)organization 

processes: efforts should be directed towards further 

understanding how organized assemblies dynamically form, and 

evolve in time – which is particularly important for host materials 

characterized by high framework flexibility. 

A prominent common feature of the hosts is the presence of an 

interface with the guest molecules: the inner pore surface. 

Though weak in some cases, interactions of the incorporated 

species with the interface – van der Waals, electrostatic, 

hydrogen/halogen bonding, or coordination – finely influence the 

dynamics and response properties of the confined aggregates.  

Moreover, guest species may interact significantly with point 

defects of the pore surface. 

Obviously, all those system have in common also the interface 

with the rest-of-the-world: the external surface, and particularly 

pore entrances. The entrance of guests in confined spaces is 

often the first step of their assembling processes. 

Functionalization of pore entrances offers the opportunity to 

control the organization process and then to transfer 

hierarchically the organization to the macroscale.   

All confined assemblies, irrespective of the matrix, are stimuli 

responsive. Useful information on their stability and their 

dynamics can be obtained by studying their changes upon 

application of a stimulus – e.g. electromagnetic, thermal, and 

mechanical.  This work focused on the latter one, because the 

combination of high pressure and regular porous matrices has 

emerged as an appealing route to confined supramolecular 

organization.[55]  In general, although the molecular-level bases 

of high-pressure phenomena are largely unexplored, the 

perspectives appear particularly exciting. New host types have 

also been created: for example, starting from an economically 

convenient precursor, a new zeolite has been obtained by high 

pressure treatment, showing significantly better catalytic 

performances than the parent material.[770]  

Overall, striving to dissect the subtle mechanisms of molecular 

organization would be instrumental in achieving a better control 

over them. This is suggested, for example, by the increase in 

scope of several applications - luminescent clusters, quantum 

dot arrays, or antenna systems - initially devised in zeolites and 

then implemented in MOFs or mesoporous materials:[378,646,771] 

such extension has surely benefitted, directly or indirectly, from 

the expertise acquired with zeolites. A profound knowledge of 

the host-guest interactions would facilitate the realization of pre-

designed confined molecular superstructures to be used, 

ultimately, as active components of functional devices. In this 

sense, multitechnique studies of the organization of guest 

species in natural zeolites, clathrate hydrates and other minerals 

at different pressure/temperature conditions will greatly enhance 

the fundamental understanding of the interactions that govern, 

for example, mechanical stability. In this sense, “paleo-

inspiration“[772] - is gaining increasing momentum in the scientific 

community. The idea is to transfer to modern materials the 

environmental resilience and other interesting properties of 

ancient materials, like Roman cements or the Blue Maya 

pigment, typically based on minerals. Indeed inclusion 

compounds of engineered clays[47] are beginning to show actual 

potential as eco-friendly functional materials.[773–778] Such 

progress was also fostered by modeling studies – that 

suggested, for example, to contrast the worsening in the 

mechanical properties of a clay  (caused by the incorporation of 

dyes) via the co-adsorption of surfactants in the interlayer space 

of the clay.[779–781] Taking inspiration from Blue Maya, the indigo 

molecule was recently encapsulated into zeolite L microcrystals 

yielding an exceptionally robust colorant:[782] the insight from 
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simulations[191] was instrumental for the successful blockage of 

the crystal terminations. An atomistic knowledge of natural host 

matrices is also important for their use in environmental 

protection (e.g., absorption of organic pollutants by layered 

hydroxides,[783,784] sequestration of trace uranium in multiphase 

iron minerals[785]) and in the realization of new materials via 

sustainable fabrication approaches; for instance, using a vapor-

induced approach the direct synthesis of zeolites starting from 

clay minerals has been recently performed.[786]  

As regards the concrete use of these composites in 

optoelectronic applications, the distribution of the guests inside 

the porous matrix, and the related changes in the photophysical 

properties remain major issues, nearly for all the considered 

cases.  In the endeavor to attain a more uniform distribution of 

the luminescent centers, an accurate characterization plays a 

key role. Though obviously limited to luminescent guests or 

probes, single-molecule optical spectroscopy techniques are 

perhaps best suited to address the microscopic characterization 

of hybrid complexes – especially when combined with other 

experimental techniques (e.g. NMR, Raman) or computational 

modeling. These approaches are unvaluable in probing pore 

structure and diffusion dynamics in mesoporous systems as well 

as the optical anisotropy in zeolite host-guest compounds. 

The appealing luminescent properties of zeolite-encapsulated 

metal clusters have been disclosed only relatively recently. The 

latest advances, concerning particularly Ag-zeolites, raised great 

expectations for their applications in photonics and as 

phosphors in lighting, which are showcased in two very recent 

reviews.[43,445] Further amelioration efforts are however 

necessary for their actual use and commercialization e.g. as 

LED phosphors. For example, the emission and 

excitation/absorption properties of rare-earth or organic-based 

phosphors appear still superior, as the Ag zeolites are normally 

activated with wavelengths below 375 nm and a wider excitation 

range would be preferable. On the bright side, besides 

outstanding luminescence, they display comparable quantum 

efficiencies, thermal behavior and also high stability. Actually the 

zeolite confinement is very effective as a protective environment, 

but the composites still remain sensitive to humidity, that alters 

their photophysical properties. Viable solutions may involve the 

embedding of Ag-loaded zeolites in polymeric matrices, or the 

sealing of the zeolite channel crystal terminations with 

functionalized stopcocks.[616] 

The shortcomings of the uneven distribution of clusters in the 

crystalline porous matrix are somewhat mitigated in catalysis 

and sensing uses. For example high stability combined with the 

extraordinary luminescence properties of silver clusters in zeolite 

microcrystals are appealing for applications such as bio imaging 

and bio sensing.[787] Also, recent promising attempts of realizing 

greatly effective environmental sensors make use of crystalline 

zeolite nanoparticles in the fabrication of photonic structures.[788]  

Zeolite L-based antenna materials guarantee a maximum 

loading of the donor molecules – which results in an extremely 

high speed for exciton transport – and a low loading of acceptor 

molecules, thus minimal self-absorption losses: the acceptors 

can nearly quantitatively capture the excitation energy.[665] 

Though the composites are technically suitable for use in solar 

cells and sensing applications (Chapter 7), acidity inside the 

zeolite L channel is still a limiting factor towards attaining 

maximum concentration of donor molecules inside the host.[618] 

Nevertheless, these composites have proven to be thermally 

robust,[133] and mechanically resilient up to GPa pressures;[664]  

in addition, the host matrix is easy to synthesize in form of disc-

shaped crystals, for which a uniform filling of dye molecules 

along the channels can be accomplished.[789]  

Besides mesoporous systems and MOFs, nitrido-[258] or 

chalcogenide open frameworks appear particularly appealing as 

alternative host systems for potential photophysical applications 

because of their electronic properties – e.g. semiconductivity – 

which allow hosts to take part in energy transfer[269] or 

photocatalytic[790] processes. They still remain, however, more 

difficult to synthesize compared to zeolites. 

One aim of this review was to highlight the usefulness of 

computational models in connecting macroscopic properties of 

functional host-guest compounds with their molecular level 

structure and behavior. An important advantage of modeling is 

that it is possible to dissect the complexity of the real system 

and evaluate the separate effects of different variables 

(composition, temperature, concentration, etc.) on a 

macroscopic property of the system.  However, although 

theoretical studies provide insight and have predictive ability,[171] 

it is still not possible for computational models to reproduce the 

complexity of the real material. Though in different manner, all of 

the systems presented herein show great complexity: the 

number and variety of guest species, their distribution in the 

pores, the structural defects of the porous matrix, the effects of 

temperature on the guests‘ dynamics and framework flexibility. 

The experimental data (e.g., the photophysical response of the 

material) depend on these variables in very complex manners. 

Experimental and computational scientist should endeavor to 

design together and jointly adopt integrated strategies to set-up 

increasingly realistic model systems. Similar approaches for the 

elucidation of molecule-to-material conversion processes have 

made progress thanks to the combined endeavors of 

experimentalists and computational researchers.[791] As also 

evidenced by the presented examples, the information obtained 

by molecular simulation has already contributed to design host-

guest materials with improved optical properties.[28] The 

integration between experiment and theory is particularly 

advanced in clathrate hydrate research,[315] favouring progress 

also in the emerging field of confined hydrates.[346] Calculations 

have become important to characterize disordered systems such 

as zeolite-metal clusters compounds, and the progress of 

multiscale modeling[792] has helped to broadening length and 

time scales in simulation. Nevertheless, the effort should be 

systematic to bridge the still existing gap between the need of a 

quantum mechanically consistent description and the complexity 

of the actual system. A truly combined experimental–theoretical 

approach would be based ideally on the joint simplification of the 

experimental system and augmentation of the computational 

model. In this sense, the availability of nearly defect-free crystals 

or the use of lower-dimensionality systems, for example 2D-

zeolites, would be particularly helpful for a joint characterization. 

The understanding thus gathered, fueled by curiosity,[793] could 

foster substantial improvements of current fabrication/  

characterization techniques, and help envisioning new directions 

for the design and practical application of these materials. 
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REVIEW 

Under tight confinement in nanosized 

cavities, molecules may self-assemble 

creating beautiful patterns and 

technologically useful materials. The 

complexity and the potential of 

nanospace-confined supramolecular 

organization is illustrated by natural 

and artificial examples, highlighting, 

beside diversity, their common 

molecular bases and interconnections. 
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