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1 

Introduction to hybrid materials 

In this chapter, a general introduction to hybrid catalysts has been given, focusing the 

attention on organic-inorganic Class II hybrid materials. The catalytic active centres 

characteristic of the inorganic supports used to obtain the hybrids, have then been 

described. Subsequently, the different synthetic methodologies adopted to prepare hybrid 

catalysts has been reported, with a view of emphasizing their advantages and drawbacks. 

Lastly, the potential of hierarchical porous hybrid materials as heterogeneous catalysts to 

perform tandem and cascade reactions has been deeply investigated. 

1.1 General concept 

From a conceptual point of view, hybrid materials are made up of a suitable 

combination of two or more structural builders. If the connection between these 

counterparts occur at a nanometric scale, besides preserving the intrinsic 

characteristic of each individual component, the resulting material will exhibit 

additional properties related to the synergy created by the presence of a very large 

hybrid interface.[1,2] Historically, clay-based hybrids were the first hybrid materials 

spontaneously formed in nature, playing a crucial role in the abiogenesis process of 

the origin of life.[3-5] As instance, due to their capacity of adsorb and concentrate 

prebiotic organic components from hypothetic primordial soup, clay-based materials 

promoted the synthesis of proteins from amino-acids and RNA long-chain nucleic 

acids from nucleotide bases.[6-7] One of the most well-known examples of 

nanostructured hybrids is the Blue Maya pigment used by the ancient Pre-Columbian 

civilization, obtained by encapsulation of the indigo natural dye into a lamellar clay 

similar to palygorskite.[8] Moreover, nature offers different examples of hybrid 

materials formed after soft biomineralization synthetic routes, such as the nacre 
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obtained from hexagonal plate layer of crystallized calcium carbonate (aragonite), 

which are connected at a nanometric scale through elastic biopolymers (conchiolin) 

(Figure 1.1).[1] 

Owning to the possibility of tuning their physico-chemical properties, hybrid 

materials have attracted a great deal of attention over the years in both the academic 

and industrial worlds.[9-11] Indeed, several complementary structural builders, such 

as inorganic, organic, metallic or polymeric components, can be integrated into the 

resulting solid architecture and successfully employed in a large variety of 

applications, i.e. catalysis, adsorption or separation, microelectronics, sensoring, 

magnetism, photochemistry, photoluminescence, fuel-cell processes and 

semiconductings.[10,12] Overall, two main classifications and organizations of the 

hierarchy of hybrid materials can be distinguished: organic-molecules modified 

inorganic materials (organics-inorganic) and, vice-versa, inorganic-modified organic 

matrices (inorganic-organic).[13] Within the framework of this Ph.D. thesis, attention 

will be focuses on inorganic materials modified by organic molecules.  

1.2 Organic-inorganic hybrid materials 

Organic-inorganic hybrids represent a class of heterogeneous materials which 

combine the advantages of both type of individual builders, resulting in solids with 

Figure 1.1. Examples of famous hybrid materials: blue Maya natural pigment (left) and 

nacre as crystallized compacted lamellar structure (right).[1] 
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high mechanical, structural and thermal stability, together with the flexibility and 

functional variety of organic compounds and polymers. This fact paves the way for 

designing materials containing different active sites within the framework, resulting 

in multi-functional catalysts with physico-chemical properties and reactivities 

unknown up to now.[14] In addition, the possibility of tuning specific properties (i.e. 

hydrophilic/hydrophobic behaviour), is critical to prevent interfacial problems 

usually detected during catalytic processes. Specifically, the 

hydrophilic/hydrophobic properties of hybrid materials could be decisive to control 

adsorption-desorption phenomena occurring during the reaction processes, related to 

the concentration gradients of reagents and products.  

Different synthetic strategies can be used to prepare hybrid materials, starting 

from simply procedures, such as physical mixtures or blends of different 

counterparts, up to more attractive methodologies, which allow to obtain hybrid 

composites, formed by different structural builders effectively combined at a 

nanometric scale.[15] This latter synthetic pathway ensures homogeneous distribution 

of organic and inorganic sub-domains within the solid network, thus preventing 

phase separation. Since the organic-inorganic interface plays a crucial role in 

modulating the physico-chemical properties, hybrid materials have been classified 

by Sánchez and Ribot into two main families depending of the type of interactions 

existing between organic and inorganic individual builders.[10] Class I includes 

hybrid systems consisting of simple organic molecule or oligomers embedded into a 

variety of porous inorganic matrices, usually obtained via soft sol-gel and self-

assembling micellar processes.[9] Nevertheless, the weak interactions (van der Waal, 

hydrogen bonds or electrostatic bonds) existing between the organic and inorganic 

interface typically lead to phase segregation, thereby limiting their further 

development. With the aim of obtaining more robust and stable functional solids, 

based on strong covalent or chemical bonds between the organic and inorganic 

building units, novel synthetic methodologies to design Class II hybrid have been 

explored.[16,17] Indeed, the Class II hybrid favour the perfect integration of the active 
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organic functions at nanometric scale and their stabilization into the framework, as 

the organic moieties become structural components of the solids, preventing pores 

blockage.[18] Moreover, the reactivity of catalytic active sites can be transferred from 

the cavities to the walls of heterogeneous catalyst, thus allowing to fully exploit the 

porosity of the materials during the catalysis.[19]  

To synthesise Class II hybrid, specific organic-inorganic precursors, containing 

covalently bonded organic and inorganic fragments, can be employed. This precursor 

can be prepared during one-pot synthesis[20] or can be obtained by functionalizing 

monosilanes ((R’O)3SiR) or bridged ((R’O)3SiRSi(OR’)3) silsesquioxanes, to obtain 

organosiliceous hybrids.[21,22]   

A large variety of organic fragments have been incorporated for structural control 

and functionalization of hybrid materials, ranging from bridge-type organic moieties 

to sophisticated metallic complexes.[23,24] However, the number of catalytic 

applications of hybrid materials, containing different structural active functionalities, 

have been to date certainly scarce, mainly as a result of the random distribution of 

active sites in the hybrid catalyst developed up to now. The non-homogeneous 

location of the active centres might result in a lower conversion and selectivity in 

chemical processes wherein structural building functions have to work in 

collaborative way (consecutive or cascade reactions), or in the deactivation of the 

hybrid catalyst due to mutual neutralization or agglomeration of the active sites.[25] 

Similarly, diffusion and mass-transport limitations hinder access of reactants to the 

active centres, leading to decreased turnover and catalysts deactivation, as well as 

pore blockage. These drawbacks could be overcome by designing suitable specific 

organosilane monomer precursors with different functions in the same structural 

fragment, separated at controllable molecular distance to guarantee the reactivity of 

the active sites during the catalytic processes.[26] Alternatively, creating hierarchical 

architectures within tunable porosity significantly enhances molecular diffusion, 

prolonging catalyst lifetime. However, more sustainable chemical processes, 

avoiding the isolation and purification of intermediate products and solvent removal, 
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can be developed by using a single catalyst containing all the necessary active sites 

into a single framework to catalyse the individual steps of cascade reactions (Figure 

1.2). In this perspective, in the following sections a brief description of the active 

sites characteristic of the inorganic supports will be given. Subsequently, the 

synthetic methodologies commonly performed to obtain hybrid catalyst and the main 

types of hybrid solids which can be synthesised through these synthetic pathways 

will be described. Then, the relevance of hierarchical porous hybrid materials, one 

of the main focus of this Ph.D. research work, will be investigated. 

1.3 Active sites of inorganic matrices 

In the present paragraph, the plethora of active sites associated to inorganic 

supports used to prepare organosiliceous hybrid materials, will be described, together 

with their specific role in catalytic processes.  

Zeolitic aluminosilicates, together with amorphous silica-alumina materials, 

formed by a three-dimensional network of TO4 tetrahedra (T = tetrahedral atom, e.g. 

Si o Al) connected through oxygen bridges, exhibit strong Brønsted acidity as a 

result of the presence of protons that balance the negative charges in the lattice 

generated when tetravalent Si4+ is isomorphically replaced by a trivalent metal cation 

such as, for instance, Al3+ (Figure 1.3).  

Figure 1.2. Example of multi-functional hybrid catalyst for cascade reactions.[12] 
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Figure 1.3. Schematic representation of isomorphous substitution of Si(VI) with Al(III) 

within the zeolite framework and subsequent formation of a Brønsted acid site. 

From a structural point of view, the Brønsted acid site (BAS) can be regarded as 

a resonance of hybrid of structure I e II (Figure 1.4). Structure I is a fully bridged 

oxygen with a weakly bonded proton, and structure II is a silanol group with a weak 

Lewis acid interaction of the hydroxyl oxygen with an Al.[27] According to Mortier’s 

general theory,[28] model I represents an acid site in a crystalline zeolite, while model 

II is more representative of the situation in an amorphous silica-alumina where no 

stabilization by long-range symmetric exists.[29] The total number of Brønsted acid 

sites is directly correlated to the total number of framework TIII atoms.[30] However, 

in a zeolite framework, especially for high aluminium-content zeolites, not all the 

acid sites have the same acid strength: this property changes with the number of 

aluminium atoms in the nearest neighbour position of the silicon atom which 

supports the acid site and also depends on the electronic density on the bridging 

hydroxyl group.[31] Analogously to silicates, isomorphous substitution in 

aluminophosphates (AlPOs, composed of alternating AlO4 and PO4 tetrahedra, 

linked together exclusively through Al-O-P bonds) framework generates Brønsted 

acidity.[32] Specifically, Brønsted acid sites are formed via isomorphous substitution 

of Al(III) (substitution mechanism I, SM I) with a monovalent M(I) or divalent M(II) 

dopant element and the isomorphous substitution of P(V) (substitution mechanism 

Figure 1.4. Resonance structures of a Brønsted acid site.[29] 
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II, SM II) with a tetravalent M(V) cation. From a catalytic point of view, inorganic 

matrices possessing Brønsted acid sites are excellent candidates for designing 

bifunctional acid-base hybrids materials for tandem reactions.[16,33-35]  

In addition to Brønsted acidity, AlPOs derivatives can also exhibit isolated redox 

centres, obtained via SM I with dopant element having different oxidation states (e.g. 

Fe(II) and Fe(III), Co(II) and Co(III), Mn(II) and Mn(III)). CoAPO-34 is an example 

of combination of both redox and acidic properties, deriving respectively from the 

redox couples Co(II)/Co(III) and from the Brønsted acid sites generated by the 

substitution of Al(III) with Co(II).[36-38] A schematic representation of the different 

substitution mechanism occurring in AlPO framework is reported in Figure 1.5.[39] 

Furthermore, amorphous silica-based materials, mesoporous silica, as well as 

zeolites and zeotype materials exhibit weak silanol acid sites as defective groups, 

arising from hydrolysed Si−O−Si bridges, missing tetrahedral framework atoms or 

located on the external surface of the crystals. Different types of Si−OH groups can 

be identified on inorganic surface (isolated or terminal silanols, geminal silanols, 

vicinal silanols and silanol nest interacting via hydrogen bond), depending on the 

adopted synthetic methodology (Figure1.6).[40] During catalysis, silanols group on 

Figure 1.5. Different substitution mechanisms in AlPOs framework.[39] 
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the hybrid material surface has proven to interact through weak H-bonds with 

reactants and transition intermediates. Moreover, the possibility of capping Si−OH 

groups with specific silylating agents allows to control the hydrophobic (silanol-

rich)/hydrophilic (silanol-poor) character of the inorganic surface, thus influencing 

the catalytic activity of the active sites.[41]  

1.4 Synthetic pathways to obtain hybrid materials 

Three different synthetic methods can be used to prepare organosiliceous hybrids 

based on organosilica precursors: 1) post-synthetic modification of the surface of a 

purely inorganic silica-based material (grafting), 2) simultaneous condensation of 

silica and organosilica precursors (co-condensation), and 3) incorporation of 

bridging organosilane precursors directly into the pore walls of a porous inorganic 

material (synthesis of periodic mesoporous organosilicas).[23] 

The grafting procedure consists in a post-synthesis modification of the surface 

of inorganic silica-based materials, performed by reaction of a specific organosilanes 

of the type ((R’O)3SiR, or less frequently chlorosilanes ClSiR3 or silazanes 

Figure 1.5. Different substitution mechanisms in AlPOs framework.[39] 

Figure 1.7. Grafting of specific ((R’O)3SiR organosilanes, with R = organic functional 

group, onto the inorganic surface.[12] 
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HN(SiR3), with Si−OH groups of the inorganic matrix (Figure 1.7). The hydrolysis 

and condensation process between alkoxide terminal groups of the organosilane and 

the silanol groups of the inorganic material allows to covalently anchor and stabilize 

a large variety of organic moieties and organocatalysts. Moreover, several 

functionalities, such as acid, basic, redox and chiral functions, can be easily 

heterogenized within the same inorganic framework, thus generating multifunctional 

heterogeneous catalysts with application in cascade and tandem reactions. 

Furthermore, due to the synthetic conditions used, the grafting mechanism benefits 

from the retention of the structural properties of the inorganic matrices. A large 

variety of inorganic solids have been used to graft different organic moieties, from 

amorphous silicas[42-44] to layered zeolites,[34,35] mesoporous silicas[45-53] and 

hierarchical zeotype materials.[16] Amorphous silica-based hybrid materials exhibit 

high accessibility, stability and concentration of the anchored organic moieties. In 

addition, amorphous silica-aluminas are excellent inorganic matrices to generate 

bifunctional acid-base hybrid catalysts, owning to the large number of Brønsted acid 

sites located on the external surface. Nevertheless, the poor structuration between 

organic and inorganic counterparts, as well as the inhomogeneous distribution of the 

active centres and the absence of shape selectivity, can restrict their application in 

catalytic processes. Layered zeolitic organic-inorganic hybrids, obtained by the 

reaction of arylic silsesquioxane molecules with external silanols of the zeolitic 

layer, are also viable candidates for catalysing acid-base cascade reactions, due to 

the Brønsted acidity of the zeolitic framework coupled with the grafted basic organic 

function. Organic-functionalized mesoporous materials benefit from large specific 

surface areas available for catalytic reactions, high accessibility and stability of the 

active organic moieties. Despite these advantages, depending upon the steric 

hindrance of the anchored organic moieties and the degree of occupation, the lining 

of the pore walls can be followed by a reduction in the pore size. Additionally, if the 

grafting mechanism occurs preferentially at the pore openings, the diffusion of 

further molecules within the framework can be impeded, thus resulting in 
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inhomogeneous distribution of the active centres. In the case of very bulky moieties, 

this drawback can lead to pore blockage.  

The co-condensation method (one-pot synthesis) involves the addition of 

terminal organoalkosysilanes of the type (R’O)3SiR directly during the synthesis of 

the inorganic matrix, such as to promote the condensation between terminal 

organosilane with silica tetralkoxysilane precursors ((RO)4Si (TEOS or TMOS)), in 

the presence of a specific structure-directing agent (SDA). This synthetic strategy 

allows to obtain hybrid materials with organic moieties incorporated into silica 

matrix (Figure 1.8), thus preventing pore blockage. For instance, by employing SDA 

typically used to direct pure mesoporous silica phases (e.g. MCM or SBA silica 

phases), organosiliceous hybrid materials can be obtained with the organic 

Figure 1.8. Hybrid ordered mesoporous silica obtained by co-condensation method. R = 

organic functional group.[23] 
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functionalities project into the pores.[23] Nevertheless, the degree of mesoscopic 

order of the inorganic matrix progressively decreases with increasing concentration 

of organosilanes in the reaction media, till a complete loss of structural order is 

achieved. As a consequence, the ((R’O)3SiR loading must not exceed 40 % mol. 

Moreover, an increase in the organosilane concentration promotes 

homocondensation reactions at the expense of cross-linking co-condensation with 

silica precursors, ultimately resulting in inhomogeneous distribution of the active 

sites. A further, purely methodological, drawbacks related to co-condensation 

method, is the chance of damaging the organic moieties during the removal of 

surfactant molecules, usually performed by extraction (calcination not suitable due 

to the presence of organic moieties).   

In contrast to organically functionalized materials, which can be prepared by 

post-synthesis grafting or co-condensation, the framework of periodic mesoporous 

organosilicas (PMOs) is composed of organic and inorganic building blocks. Indeed, 

the use of bridged ((R’O)3SiRSi(OR’)3) silsesquioxanes as organic-inorganic 

precursors as silica source in the PMOs synthesis, ensures the incorporation of the 

functional and active organic groups directly into the framework, instead of 

generating pending organic moieties located on the pore walls.[54-56] PMO hybrid 

porous materials are synthesised using a self-assembling micellar route in the 

presence of surfactants which serve as structure-directing agents to direct the 

mesoporous network (Figure 1.9).[23] Notably, PMOs benefits from homogeneous 

distribution of the active sites through the whole framework, highly ordered 

Figure 1.9. Self-assembly method to prepare PMOs hybrids. R = organic functional 

group.[23] 
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mesoporous networks with uniform pores and, in contrast to hybrid synthesised via 

co-condensation, high loadings of the functional groups. Since organic bridged 

disilanes are integral components of the silica structure, the reactivity is entirely 

transferred from the cavities to the pore walls, thus preventing severe pore 

blockage.[57] Furthermore, the possibility of simultaneously introducing different 

organic functionalities into the framework of PMOs paves the way for the design of 

a new class of multifunctional catalysts with different active sites integrated in the 

same network, thus facilitating the catalysis of multi-step and cascade reactions.[58] 

Specifically, multifunctional PMOs can be obtained 1) by the combination of bridged 

disilanes, each bearing a different functionality; 2) by the combination of bridged 

silsesquioxanes together with grafted monosilanes, to obtain hybrid catalysts with 

active sites integrated in the pore walls and anchored on the wall surface; 3) by the 

use of specific silsesquioxanes bearing different organic active sites within the same 

linker, which are heterogenized and stabilised into the mesoporous network. Due to 

these noteworthy properties, PMOs represent a highly promising class of hybrid 

materials, with widespread technical applications.  

1.5 Hierarchical porous hybrid materials 

Hierarchical porous materials (especially hierarchical zeolite and zeotype 

materials), with enhanced diffusion and catalyst efficiency, have attracted great 

attention as heterogeneous catalysts within the past decades.[59,60] Specifically, the 

expression “hierarchy” with respect to porous materials is generally used to indicate 

systems which contain different pore types in the form of bi- or multimodal pore size 

distribution, regardless if and how the two systems are connected. However, in a 

narrow sense, a porous material can be termed “hierarchical” only if an interplay 

between the different pore levels exists, resulting in an architecture which enable the 

splitting of the flow (liquid or gas) into smaller parts or vice versa, in order to 

maximize the benefits in catalysed reactions.[61] Examples of different types of 

interconnectivity within the different levels of pores is reported in Figure 1.10. 
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Interconnected hierarchy relates to a network of voids created in the intercrystalline 

space, as a result of the fragmentation of the microporous crystal into nanocrystals 

(Figure 1.10 B). Conversely, intraconnected hierarchy refers to the presence of 

mesopores in the microporous crystal (Figure 1.10 C and D). In all the cases (Figure 

1.10 B-D), the micropores length is similarly reduced with respect to Figure 1.10 A. 

Moreover, all the three different configurations could lead to similar N2 isotherms 

and pore size distributions characteristic of a mesoporous material. Nevertheless, the 

reduction in the length of the micropores is not a sufficient condition to increase the 

catalytic activity of the resulting hierarchical sample. For instance, the system 

Figure 1.10. Different type of hierarchy in hierarchical materials: A) purely microporous 

framework; B) example of interconnected porosity, with mesopores generated by the 

fragmentation of the zeolite into small nanocrystals; C), D) schematic representations of 

intraconnected hierarchical systems, in which the micropores are crossed by larger pores 

introduced within the zeolitc crystals. The former is an example of accessible mesopores 

which can be entered from the external surface of the zeolitc crystals. The latter represent 

inaccessible mesoporosity, occluded in the microporous framework.[64] 
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represented in Figure 1.10 D, is ineffective in increasing the mass-transport, since 

the mesopores are entrapped in the microporous architecture and thus accessible only 

through the micropores. In contrast, both the configurations depicted in Figure 1.10 

B and C exhibit accessible mesovoids, the former directly from the outer surface of 

the crystal, the latter through the intercrystalline space in nanocrystals.[62] Hence, 

with the aim of enhancing the catalytic performances through a hierarchical 

architectures, location of the additional porosity plays a crucial role and attention 

must be focused on designing an interconnected network of auxiliary mesopores 

(and/or macropores) within the microporous zeolitic framework.  

Apart from enhancing diffusion of bulky molecules towards the catalytic active 

sites and preventing pore blockage typical of microporous materials, hierarchical 

zeotypes benefits from the retention of the crystalline order and associated acid 

functionality of the microporous framework. Since the introduction of an additional 

porosity implies a shortening in the length of the diffusional pathway, hierarchical 

architectures may be affected by a reduction in selectivity towards the target 

products. Nevertheless, in many reactions the product distribution is controlled by 

chemical factors (i.e. nature and distribution of the active centres) rather than by 

diffusional ones, thus the possible effect of hierarchical porosity on the selectivity 

cannot be easily predict.[63] 

A large-array of synthetic strategies to obtain hierarchical zeotype materials has 

been developed over the years, in order to widen their applications. In general, the 

additional pore system can be introduced 1) during the crystallization of the zeolitic 

material in the presence or absence of hard and soft meso- or macroporogen 

templates (bottom-up methods) to direct the formation of the additional porosity or 

2) by post-synthesis treatments, such as metal extraction (e.g. dealumination or 

desilication, top-down approaches), aggregation of preformed zeolite crystallites 

(bottom-up method) or rearrangement (e.g. delamination/reassembly of layered 

zeolites).[61] In the framework of this Ph.D. research study, only desilication as a top-

down method and soft-templating as bottom-up approach will be explored.  
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Desilication is an effective demetallation method, consisting in selective 

extraction of silicon from the zeolitic framework by post-synthesis treatments with 

mild alkaline solution at temperatures between 50 and 80 °C.[64,65] This useful 

approach leads to the introduction of a secondary porosity with high degree of 

connectivity in zeolite crystals of different framework types, whilst simultaneously 

retaining the long-range ordered and Brønsted acidity of the zeolite framework.[66] 

Nevertheless, when Groen et al. defined a standard experimental desilication 

condition (0.2 M of NaOH, 65 °C, 30 min), they discovered that optimal introduction 

of intracrystalline mesopores could be achieved only for zeolite with limited range 

(25-50) of molar Si/Al ratios (Figure 1.11). For Si/Al ratio below 15, the high 

concentration of Al atoms in the zeolite framework prevent the Si atoms from being 

extracted, whereas at high Si/Al rations (over 200), uncontrolled silicon extraction 

occurs, resulting in the formation of larger pores.[67] Desilication exhibits several 

advantages, such as the possibility of scaling up the process, the chance of being 

applied to a wide range of zeolites, a relatively low cost and a high degree of 

interconnection between the different levels of porosity. However, this method leads 

to the production of defect sites which alter the acidic population of the parent 

Figure 1.11. Schematic representation of the desilication mechanism performed via alkaline 

treatment on Al containing MFI-type zeolite.[67] 
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framework and, additionally, the generated mesopores are disordered and 

characterized by a relatively broad size distribution with respect to soft-templating 

methods.[61,64] Apart from zeolites, desilication via basic treatments was applied even 

to aluminophosphates and silicoaluminophosphates.[68] With respect to zeolite, these 

materials strongly amorphized in NaOH solution, thus requiring the use of more 

expensive and milder organic bases (e.g. tetrapropylammonium hydroxide or 

diethylamine). For SAPOs, a direct correlation between the increasing silicon 

content and the stability in alkaline media was evinced, with zeolitic-like Si domains 

more resistant than AlPO domains. Although desilication with mild organic bases 

resulted in SAPO hierarchical materials with intercrystalline porosity, the additional 

pore systems were scarcely tunable and disordered, like in the case of zeolites.  

With the aim of generating a tunable and ordered mesoporosity, bottom-up soft-

templating methods should be preferred to top-down approaches. In the dual soft-

templating synthetic strategy, the formation of the additional pore system occurs 

during the material crystallization by the templating action of surfactants, whereas 

the synthesis of the zeolitic microporous framework is achieved by the use of a 

micropore structure-directing agent. The soft-templating approaches can be further 

subdivided into primary methods, in which all reactants are added at the beginning 

of a one-step synthesis procedure, and secondary methods, where all components, 

with exclusion of the surfactant, are added in the first synthesis step, while the soft-

template is added in the last synthesis step prior to the hydrothermal synthesis 

(Figure 1.12).[61,69,70] By performing soft-templating strategies, a higher tuning of the 

additional porosity can be achieved, yet the major issues are economic and 

environmental costs because of the use of sophisticated and disposable siliceous 

surfactants mesoporogen, such as dimethyloctadecyl[(3-(trimethoxysilyl)propyl] 

ammonium chloride (DMOD), which in most cases should be specifically 

synthesised.[68,71-73] Thus, to exploit the potential of soft-templating methods to 

obtain ordered and tunable additional mesoporosity, the need to find alternative 
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environmental-friendly, low-cost and less-sophisticated soft-templates has become a 

challenging task. 

The establishment of structure-property relationships plays a key role in 

investigating the nature of hierarchical materials and opens the door to further 

optimization of their application-oriented design. The most simple and direct method 

to define such relationship is to correlate their properties (enhanced accessibility, 

mesopore surface and volume, location of the active centres) with their specific 

catalytic application. In this respect, descriptors are helpful tools to gain a deeper 

insight in the critical evaluation of these properties.[64] For instance, the accessibility 

factor (AF), determined by relating the amount of Brønsted acid sites probed by 

bulky strong bases (alkylpiridines) to the total amount of BAS in the zeolitic 

framework,  allows to standardise acid site accessibility in zeotype materials. Indeed, 

the increased adsorption of bulky probe molecules due to the additional mesopore 

architecture, and their interaction with strong acid sites typically inaccessible in 

microporous samples, evidences an increment in the accessibility of the micropore 

Figure 1.12. Schematic representation of the primary and secondary soft-templating 

methods.[61] 



Chapter 1 

18 

 

volume.[74,75] Another descriptor which is useful to classify the porous characteristics 

of hierarchical materials, not taking into account other properties (e.g. acidity and 

composition), is the hierarchy factor (HF), defined as the relative mesopore surface 

area (𝑆𝑚𝑒𝑠𝑜/𝑆𝑡𝑜𝑡𝑎𝑙) multiplied by relative microporosity (𝑉𝑚𝑖𝑐𝑟𝑜/𝑉𝑡𝑜𝑡𝑎𝑙).
[76] A variant 

of HF factor, named indexed hierarchy factor (IHF), has also been proposed and 

obtained by normalizing micropore volume and mesopore surface area not by the 

total pore volume and surface area, but their maximum values (IHF = (𝑉𝑚𝑖𝑐𝑟𝑜/𝑉𝑚𝑖𝑐𝑟𝑜
𝑚𝑎𝑥  

× 𝑆𝑚𝑒𝑠𝑜/𝑆𝑚𝑒𝑠𝑜
𝑚𝑎𝑥 ).[77] Both HF and IHF tools allow to compare hierarchical systems 

regardless to the synthetic methodology.  

In light of their exceptional properties, hierarchical architectures represent a viable 

and promising alternative to microporous and mesoporous materials to host organic 

functionalities, rendering efficient organic-inorganic hierarchical porous 

heterogeneous hybrid catalysts. Due to their high mechanical and thermal stability, 

as well as to the resistance to structural changes in the presence of organic reactants 

and solvents, hierarchical frameworks ensure flexibility in the grafting method 

(where high-temperature reactions are required to functionalise the surface) and can 

be successfully used in a range of reactions with varying conditions. Moreover, the 

textural and acidic properties, together with their hydrophilic/hydrophobic character, 

can be easily controlled and varied during a one-pot synthesis protocol. In fact, by 

selecting an appropriated synthetic methodology, retention of the strong Brønsted 

acidity of the microporous framework is ensured, and the pore dimensions can be 

tuned in order to potentially maximise conversion and selectivity by a combination 

of regulating diffusion of molecules to and from the active sites as well as to achieve 

desirable confinement effects. Additionally, the presence of silanols groups, mainly 

located on the mesopore and external surface of the catalyst, can be exploited to 

perform “click” chemistry protocols for the sequential covalent attachment of tethers 

and organocatalyst molecules to the surface (Figure 1.13). The chance of covalently 

anchor the organic active sites preferentially within mesopores of the hierarchical 



Chapter 1 

19 

 

structure prevents aggregation/crowding within the channels, which may lead to un-

favourable substrate-substrate interactions and to alteration in reaction kinetics. The 

selective functionalization will also greatly help in enhancing mass transport and 

diffusion of substrate, reagents and products, whereas the well-defined and isolated 

active sites could ideally serve as loci for improved catalytic turnovers and enhanced 

rates.  

Furthermore, the co-existence of different active sites, located at different position 

in the hierarchical framework (organic active sites on the mesopores and external 

surface and BAS within the microporous architecture) makes these catalysts 

extremely promising for applications in tandem and cascade reactions. As a 

conclusion, the development of successful strategies to heterogenize organic 

moieties within hierarchical porous inorganic supports ranks to the main challenges 

which are being demanded by European Union’s directives, related to the effective 

development of more efficient (energy) and sustainable (environmental) chemical 

processes (catalysis). These heterogeneous multi-step catalytic routes will promote 

Figure 1.13. Graphical representation of a hierarchical architecture with discrete micropores 

and mesopores, with pendant silanols preferentially located on the mesopore surface, 

available for covalent functionalization of organocatalyst and active sites precursors. 
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the generation of basic resources and raw materials useful for society progresses, 

resolving general problems to which fundamental scientific and technical research 

could give sustainable responses. 
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2 

Outline  

The Ph.D. research work which will be discussed in the next chapters was carried 

out in the frame of the European Union’s Horizon2020 funded MULTI2HYCAT 

(multi-site organic-inorganic hybrid catalysts for multi-step chemical processes) 

project. The main goal of MULTI2HYCAT is to design, obtain proof of concept, 

upscale and obtain industrial validation in a pre-pilot reactor of periodic and non-

periodic porous hybrid materials, exhibiting different flexibility or rigidity levels, 

which will be used as active catalysts to perform multi-step catalytic processes with 

predominantly high conversions (up to 90%) and selectivity (in the range of 80-90%) 

towards the desired final products. The project aims to solve the limits of current 

organosiliceous solids, while at the same time improving the flexibility and 

versatility and reducing costs of the obtained catalysts, making them attractive for a 

wide range of industrial applications. To this end, during the project, these novel 

catalysts will be demonstrated for pharmaceutical and intermediate chemistry 

applications, as a concrete prime-mover for subsequent replication. 

With the aim of preparing Class II hybrid, based on strong chemical bonds between 

the organic and inorganic building units, hierarchical inorganic zeotypes, which 

retain the bulky microporous structure but possess and additional mesoporous 

network improving mass transport to internal active sites, represent a viable 

alternative to microporous and mesoporous materials to host organic functionalities, 

rendering a new and promising class of organic-inorganic hybrid catalysts to perform 

cascade and tandem reactions. The high mechanical and thermal stability of 

hierarchical materials, as well as their resistance to structural changes in the presence 
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of organic reactants and solvents, ensure flexibility in the grafting methodologies 

and in a wide range of applications. Moreover, the possibility of tuning their textural 

hydrophobic/hydrophilic and acidic properties, together with the speciation of the 

active sites, allow to maximise conversion and selectivity towards the desired 

products. Furthermore, the retention of acidic properties of the parent framework, 

associated with the possibility of speciation of the active centres (strong Brønsted 

acid sites mainly located within the microporous framework and organocatalyst on 

the mesopore surface) made hierarchical porous hybrids suitable catalyst to perform 

tandem and cascade reactions, with improved turnovers and enhanced rates. Among 

hierarchical porous zeotype materials, hierarchical silicoaluminophosphates 

(SAPOs) are good candidates for application requiring acid catalysis.  

In light of the foregoing, the Ph.D. research activity was initially focused on the 

optimization of different synthetic strategies to prepare hierarchical zeolites and 

SAPOs acid catalysts. In particular, two novel bottom-up routes, benefiting for high 

degree of structural control, were used to synthesize hierarchical SAPO-34 and 

SAPO-5 catalysts, mitigating the need of sophisticated surfactants or templates by 

using: (i) surfactants (CTAB/Pluronic123) encapsulated within ordered mesoporous 

silica nanoparticles (MCM-41/SBA-15) as both the silicon source and mesoporogen; 

(ii) mono- and di-saccharides as structure directing agent to direct the mesopore 

network. In contrast, a well-established top-down approach, consisting in 

demetallation under basic conditions to extract framework constituents whilst 

retaining crystallinity, was employed to obtain a hierarchical ZSM-5 zeolite. In 

addition, with the aim of tuning acidic and textural properties, modulation of the 

silicon loading and mesopore diameter by using specific swelling agents, was 

performed.  

Subsequently, optimised hierarchical materials were selected and used as 

inorganic support to covalently anchor different organic functionalities. The as-

obtained hierarchical porous organic-inorganic hybrid catalysts were deeply 

characterized, using a multi technique approach (XRD, Volumetric analysis, TGA, 
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solid-state NMR and FT-IR spectroscopies), with the aim of establishing preliminary 

structure-property relationship. Furthermore, catalytic activity of the hybrids was 

evaluated in industrially-relevant reactions, selected in the framework of the 

MULTI2HYCAT consortium. 

Alongside, in order to get a deeper insight in the nature of organic-inorganic 

interface in hybrid materials, the influence of silicodactyly (i.e. the number of 

hydrolysable alkoxy groups which can be used by the organosilane to grab the 

inorganic surface) and silicopodality (i.e. number of alkyl chains through which the 

organosilane is anchored to the surface) in the design of a Class II hybrid catalyst 

was deeply investigated through a combined experimental and computational 

approach. A detailed investigation of these two parameters is indeed helpful to 

forecast the influence of the different grafting configurations on the tendency of the 

organosilane to lay on the silica surface, possibly hampering the catalytic activity. 

This research study ultimately aimed at improving catalytic performances by 

establishing the best grafting configurations and conditions to host organic moieties 

fully available for interactions with substrates, preventing the organosilane-surface 

interactions.  

The Ph.D. research activity was strictly correlated with the overall activities of the 

MULTI2HYCAT partners: Consejo Superior de Investigaciones Científicas (CSIC, 

Spain), University of Southampton (UoS, United Kingdom), Centre National de la 

Recherque Scientifique (CNRS, France), CAGE CHEMICALS SRL (Italy), PNO 

Consultants GmbH (Germany), ALMIRALL SA (Spain). Indeed, the Ph.D. research 

work was started during the first year of the project and three months were spent 

working at the University of Southampton, performing the synthesis of N-

heterocyclic carbene organocatalyst, its grafting on selected inorganic supports and 

the evaluation of the catalytic activity of the as obtained organic-inorganic hybrid 

materials.  
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3 

Sustainable saccharide templates to 

drive the synthesis of hierarchical 

silicoaluminophosphate SAPO-34 

with tailored acid sites 

In the present chapter, a novel bottom-up approach for the synthesis of hierarchical 

SAPO-34 catalysts, using mono- and disaccharides as mesopore structure directing agents, 

has been explored. A detailed physico-chemical characterization was performed to evaluate 

the structural, morphological, textural and spectroscopic properties of the zeotypes. 

Furthermore, the catalytic activity was tested in the liquid-phase acid-catalysed Beckmann 

rearrangement of cyclohexanone oxime to ε-caprolactam. 

Introduction 

Although microporous zeolite and zeolitic materials had been widely applied 

over the years as industrial heterogeneous catalysts,[1-3] owning to their highly robust 

nature and tunable acidic, textural and catalytic properties,[4-7] diffusion limitations 

and pore blockage[8] paved the way for the development of hierarchical materials as 

a solution to overcome these drawbacks. Among all the synthetic strategies to obtain 

a hierarchical framework, bottom-up soft-templating methods should be preferred, 

ensuring high degree of structural control, whilst retaining the acidic properties of 

the microporous analogue.[9,10] Nevertheless, bottom-up approach traditionally 

requires the use of sophisticated soft-template surfactants to address the 

mesoporosity.[9,11] Owning to the immense catalytical potential of hierarchical 

porous systems, the need to identify alternative low-cost, sustainable mesopore 
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templating agents, compatible with conventional one-pot synthesis, is timely. 

However, recently saccharides have been proposed as viable alternative 

mesoporogen.[12-14] In light of the foregoing, a low-cost bottom-up approach for the 

preparation of hierarchical SAPO-34 (silicoaluminophosphate with chabazite (CHA) 

topological framework), using monosaccharides (glucose and fructose) or 

disaccharides (saccharose) as mesopore directing agents (SDAmeso), will be 

described in the present chapter.[15] This novel strategy aims at increasing mass 

transport and accessibility of the acid active sites, whilst retaining the nature of acid 

centres, by introducing an auxiliary mesoporous network. Structural, morphological, 

textural and spectroscopic characterization have been provided with a view to 

establish preliminarily structure-property relationship, which may lead to a rational 

design of sugar-templated hierarchical catalysts. Moreover, the catalytic activity of 

hierarchical SAPO-34 has been evaluated in the liquid-phase Beckmann 

rearrangement of cyclohexanone oxime, in which, conversely to vapour-phase 

Beckmann rearrangements, strong acid sites (e.g. Brønsted acid sites, BAS) play a 

crucial role. 

3.1 Experimental section 

3.1.1 General 

Aluminum isopropoxide (≥ 98%), tetraethylammonium hydroxide (35 wt% in 

H2O), fumed silica, tetraethyl orthosilicate, phosphoric acid (85 wt% in H2O), 

glucose, fructose and sucrose, all used for the synthesis of SAPO-34 materials, were 

supplied by Sigma-Aldrich (Milano, Italy). NH3 (≥ 99.7%), purchased from SIAD 

(Bergamo, Italy) and 2,6-di-tert-butylpyridine (≥ 97%), purchased from Sigma 

Aldrich (Milano, Italy), were used as probe molecule in FT-IR experiments. 

3.1.2 Synthesis of SAPO-34 

Three different hierarchical SAPO-34 catalysts were synthesised following a 

bottom-up low-cost method, by using monosaccharides (glucose and fructose) and 



Chapter 3 

31 
 

the resulting disaccharide (saccharose) as mesoporous structure directing agent 

(SDAmeso). A microporous SAPO-34 was also synthesised to compare the physico-

chemical properties and the catalytic activity. After crystallization, recovering and 

washing, all samples were calcined to remove the organic templates. 

Synthesis of hierarchical sugar-templated SAPO-34: hierarchical catalysts 

were synthesised following the hydrothermal procedure reported in literature by 

Miletto et al.[15] Aluminium isopropoxide (7.00g) was added slowly to phosphoric 

acid (2.35 ml, 85 % in H2O), previously diluted in deionized water (29 ml) and the 

mixture was stirred for 1h. Fumed silica (1.24 g) was slowly added and the mixture 

was further stirred for 2 h. Tetraethylammonium hydroxide (TEAOH, 14.00 ml, 35 

wt % in H2O) was added dropwise under stirring and the gel was further stirred for 

4 h. A different saccharide template, preventively dissolved in deionized water (8 

ml), was added and the resulting gel of  molar composition 1.0 Al : 1.0 P : 0.60 Si : 

1 TEAOH : 0.067 SDAmeso : 60 H2O was vigorously stirred for 30 min. The gel was 

transferred to a Teflon-lined stainless-steel autoclave and crystallize at 180 °C for 72 

h under autogenous pressure. The solid product was centrifugated and washed with 

water. The as-prepared product was dried in air at 100 °C and calcined in a tube 

furnace under air flow at 600 °C for 10 h, producing a white crystalline solid.  

Synthesis of microporous SAPO-34: microporous SAPO-34 was synthesised 

according to the following hydrothermal procedure. Aluminium isopropoxide 

(7.00g) was added slowly to tetraethylammonium hydroxide (TEAOH, 14.00 ml, 35 

wt % in H2O) under stirring. Deionized water (21 ml) was added and the mixture 

was stirred for 1 h. Tetraethylorthosilicate (TEOS, 1.14 ml) was added dropwise 

under stirring and the mixture was further stirred for 2 h. Phosphoric acid (2.33 ml, 

85wt% in H2O) was added dropwise under stirring. The gel was vigorously stirred 

for 30 min to produce a white gel of molar composition 1.0 Al : 1.0 P : 0.15 Si : 1 

TEAOH : 50 H2O. The gel was transferred to a Teflon-lined stainless-steel autoclave 

and crystallized at 200 °C for 60 h under autogenous pressure. The solid product 

from autoclave was then recovered by filtration and washed with water. The as-
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prepared product was dried in air at 100 °C and calcined in a tube furnace under air 

flow at 600 °C for 16 h to produce a white crystalline solid. 

3.1.3 Characterization 

Prior to volumetric and spectroscopic analyses, calcined samples were outgassed 

at 300 °C overnight and for 2 h, respectively, to remove physisorbed water. Further 

details on the experimental techniques are reported in Chapter 9/Experimental 

section. 

3.1.4 Catalysis 

A portion of calcined catalyst was outgassed by heating overnight at 200 °C 

under vacuum. A 3-neck glass-lined reactor was charged with cyclohexanone oxime 

(0.1 g, Sigma Aldrich), anhydrous chlorobenzene (internal standard, 0.1 g, Sigma 

Aldrich), dried catalyst (0.1 g), and anhydrous benzonitrile (20 ml, Sigma Aldrich). 

The reaction vessel was sealed with a rubber septum, glass stopper, and reflux 

condenser. The reaction was transferred to a preheated oil bath at 130 °C and stirred 

at this temperature, under constant nitrogen atmosphere. Aliquots of the reaction 

mixture were extracted hourly over a 6-hour reaction period and analysed by gas 

chromatography using the Clarus 480 apparatus with flame ionisation detector (FID) 

and an Elite 5 column. Products were identified using authenticated standards and 

quantified against the internal standard, chlorobenzene. 

3.2 Results and Discussion 

3.2.1 Morphological, structural and textural characterization 

The experimental framework composition of the hierarchical SAPO-34 catalysts 

(Table 3.1) was determined by inductively-coupled plasma atomic emission 

spectrometry (ICP-AES) analysis and the Si/(Si+Al+P) ratio was consistent with the 

theoretical value determined from the synthesis gel composition.  
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Table 3.1. Inductively-coupled plasma chemical analysis of hierarchical SAPO-34 catalyst. 

Acronym SDAmeso 
Si  

[wt %] 

Al 

[wt %] 

P 

[wt %] 

Si/ 

Si +Al + P[a] 

Si/ 

Si +Al + P[b] 

GLU-S01 Glucose 8.08 15.05 12.64 0.23 0.23 

FRU-S02 Fructose 6.93 15.79 13.05 0.19 0.23 

SUC-S03 Sucrose 8.22 20.50 14.10 0.19 0.23 

[a] Experimental framework composition determined by ICP analysis after the synthesis.  

[b] Theoretical framework composition determined from the synthesis gel composition. 

X-Ray powder diffraction (XRDP) was performed to elucidate the structural 

features of saccharide-templated SAPO-34 (Figure 3.1). Despite a slight decrease in 

the intensity of the signals, which may be related to a partial loss of structural order 

due to the additional mesoporosity,  all the observable reflections are characteristic 

of the CHA framework and no extraphases were detected.[16] Thus, XRDP confirmed 

phase purity and crystallinity of all samples.  

Figure 3.1. The powder XRD pattern of microporous SAPO-34 (a), GLU-S01 (b), FRU-S02 

(c) and SUC-S03 (d). 
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The morphological properties of hierarchical SAPO-34 were investigated by 

scanning electron microscopy (SEM), which showed spherical aggregates of 

nanosized rhombohedra (Figure 3.2), relatively homogeneously distributed in size 

and shape, with some minimal hexagonal crystals. Hierarchical SAPO-34 particles 

are also generally larger than those of the microporous analogue (Figures 3.2 L and 

3.2 M), the latter characterized only by the rhombohedral morphology typical of 

CHA crystals. Energy-dispersive X-Ray (EDX) spectroscopic analyses (Figure 3.2 

Figure 3.2. Representative SEM image of GLU-S01 (A, B), FRU-S02 (D, E), SUC-S03 (G, 

H), microporous SAPO-34 (L, M) and energy-dispersive X-Ray spectroscopic 

microanalysis of GLU-S01 (C), FRU-S02 (F), SUC-S03 (I) and microporous SAPO-34 (N). 
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C, 3.2 F, 3.2 I and 3.2 N), collected in different areas of the SAPO-34 samples, 

revealed a homogeneous distribution of Al, P and Si within the framework.  

The textural properties of hierarchical SAPO-34 systems were investigated by N2 

adsorption/desorption volumetric analysis at 77 K (Figure 3.3).[17] Whilst 

microporous SAPO-34 and GLU-S01 exhibited Type I isotherm, which is 

characteristic of a microporous framework, enhanced N2 uptake at intermediate-to-

high pressures by FRU-S02 and SUC-S03 yielded a Type IV isotherm with 

hysteresis loop, typical of mesoporosity (Figure 3.3 A). Pore size distributions 

(Figure 3.3 B) were determined by invoking NLDFT (non-localized density 

functional theory) to analyze the desorption branch of their respective isotherms.[18-

20] The pore size distribution of microporous SAPO-34 was found to be consistent 

with microporous CHA structure (Figure 3.3 B, inset). Beside the micropores of the 

CHA framework, GLU-S01 also exhibited small mesopores of 17 and 25 Å, whereas 

FRU-S02 and SUC-S03 afforded additional mesoporosity at approximately 38 and 

52 Å. Details of the specific surface area and pore volume, determined by the 

NLDFT method, are summarized in Table 3.2. Encouragingly, when compared to 

the microporous analogue, FRU-S02 and SUC-S03 showed a substantial 

enhancement in mesopore volume (Vmeso), total pore volume (Vtot) and mesopore 

Figure 3.3. A) The N2 adsorption/desorption isotherms at 77K. B) The pore size distribution 

in the mesopore range, with pore-size distribution in the micropore and mesopore range 

(inset). 
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surface area (Smeso). In contrast, GLU-S02 was characterized by a low mesopore pore 

volume and surface area, being more akin to microporous SAPO-34. In the light of 

the above, volumetric data confirmed the existence of a multiple level of porosity 

when the mesopore structure directing agent is fructose or saccharose.   

Thermogravimetric and derivative thermogravimetric analyses (TGA/DTG) were 

carried out to determine the thermal stability of microporous and mesoporous 

structure directing agents. Thermograms and derivatives of hierarchical SAPO-34 

catalysts (Figure 3.4 A and B) revealed a weight loss at 430 °C, which can be 

assigned to the removal of both organic templates (TEAOH and saccharides). 

Conversely, the decomposition of TEAOH (the micropore SDA) within the 

microporous SAPO-34 can be ascribed to a peak at 250 °C. Consequently, the 

existence of interconnectivity between the micro- and mesopores in hierarchical 

SAPO-34 catalysts may be hypothesized, such that the micropore SDA cannot be 

removed until the saccharide template has been decomposed at higher temperature.  

 

Catalysts 
SBET 

[m2 g-1] 

SDFT 

[m2 g-1] 

Smicro 

[m2 g-1] 

Smeso 

[m2 g-1][a] 

Relative mesopore 

area [%][b] 

GLU-S01 316 691 662 29 4.2 

FRU-S02 554 968 853 115 11.9 

SUC-S03 554 808 690 118 14.6 

MicroSAPO-34 477 819 811 8 1.0 

[a]Smeso = SDFT – Smicro; [b]Relative mesopore area = Smeso/SDFT x 100; 

Catalysts 
VDFT 

[cm3 g-1] 

Vmicro 

[cm3 g-1] 

Vmeso 

[cm3 g-1][c] 
Relative mesopore  

volume [%][d] 

GLU-S01 0.24 0.20 0.04 16.7 

FRU-S02 0.41 0.22 0.19 46.3 

SUC-S03 0.36 0.17 0.19 52.8 

MicroSAPO-34 0.26 0.23 0.03 11.5 

[c]Vmeso = VDFT – Vmicro; [d]Relative mesopore volume = Vmeso/VDFT x 100; 

Table 3.2. Textural properties of microporous and hierarchical SAPO-34 catalysts. 
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3.2.2 Spectroscopic characterization 

Spectroscopic characterization using solid-state magic angle spinning NMR (SS 

MAS NMR) and FT-IR spectroscopy of adsorbed probe molecules was performed 

with the intent to assess the nature, strength, and accessibility of the acid sites. 

To probe the chemical environment of the framework atoms in both microporous 

and hierarchical SAPO-34 samples, 27Al, 31P and 29Si MAS NMR characterization 

was performed (Figure 3.5). The 27Al spectra of both microporous and hierarchical 

SAPO-34 exhibited a single signal at approximately 36 ppm, owning to the 

tetrahedrally-coordinated Al atoms (Figure 3.5 A). No signal at –13 ppm was 

observed, excluding the presence of octahedrally-coordinated extraframework Al 

species. For both hierarchical and microporous samples, the signal at ca. –29.8 ppm 

in the 31P NMR spectra can be attributed to the tetrahedrally-coordinate P atoms 

(Figure 3.5 B). Since in both 27Al and 31P NMR spectra only a single resonance was 

observed, the strict alternation of Al and P atoms at the T position of the AlPO 

framework was confirmed.[21] The 31P spectrum of the hierarchical catalysts also 

exhibited a broad tail at approximately –24 ppm, which can be assigned to P–OH 

defects.[21] The 29Si NMR spectrum of microporous SAPO-34 revealed signals at –

92, –96 and –101 ppm, owning to the tetrahedrally-coordinated framework Si atoms 

Figure 3.4. A) TGA and B) DTG curves of GLU-S01 (green curve/dash), FRU-S02 (blue 

curve/short dash), SUC-S03 (red curve/dash dot) and microporous SAPO-34 (black 

curve/plain).  
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bonded to four, three and two Al atoms respectively (Figure 3.5 C). The same three 

resonances were also observed for the hierarchical SAPO-34, despite being 

broadened by the presence of silicon islands or aluminosilicate islands in the SAPO 

framework.[1,22-24] An additional signal at –110 ppm can be appreciated, which is 

assigned to Q4 silicon sites and consequently related to the presence of Si islands.  

The nature of the acid sites in microporous and hierarchical SAPO-34 was 

investigated using 1H SS NMR and FT-IR spectroscopies (Figure 3.6). 1H SS NMR 

provided direct information about the different proton environments present in the 

samples (Figure 3.6 A). A signal at approximately 4 ppm, related to the Brønsted 

acid sites, was observed in both microporous and hierarchical materials. After the 

deconvolution, two components at 3.6 and 4 ppm can be distinguished and attributed 

to the two types of Brønsted acid sites with different acid strength in the O(4) and 

O(2) structural configuration of the CHA framework.[23-26] For the hierarchical 

materials, two weak signals at 2.6 and 1.8 ppm can also be appreciated, owning to 

P–OH and Si–OH species respectively, whereas proton resonances beyond 4.5 ppm 

are related to hydrogen-bonded species.[7,10] Quantitative analysis executed by means 

Figure 3.5. A) 27Al, B) 31P and C) 29Si MAS NMR spectra of calcined hierarchical GLU-

S01 (green), FRU-S02 (blue), SUC-S03 (red) and microporous SAPO-34 (black). 
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of 1H SS NMR (Table 3.3) evidenced that the total number of Brønsted acid sites in 

hierarchical SAPO-34 catalysts is comparable but lower than in the microporous 

sample. Conversely, the number of defective species (P–OH and Si–OH) and 

hydrogen-bonded species is greater in hierarchical materials than in microporous 

one, as an evidence to the fact that introducing mesoporosity leads to a decrease of  

Table 3.3. FT-IR frequencies and population distribution of the protonic species obtained 

from 1H SS NMR spectroscopy in microporous and hierarchical SAPO-34 catalysts. 

νOH 

[cm-1] 

1H chemical 

shift (δ) [ppm] 
Assignment 

1H species [%] 

GLU FRU SUC microSAPO-34 

3745 1.8 Si–OH 9 7 5 - 

3678 2.6 P–OH 19 18 20 4 

3630 3.6 BAS 21 30 29 42 

3600 4.0 BAS 20 14 16 27 

3550-

3350 
5.5 (centred) H-bonded 

species 
29 30 30 18 

Figure 3.6. A) 1H SS NMR spectra and B) FT-IR in the O-H stretching region of 

microporous SAPO-34 and hierarchical GLU-S01, FRU-S02 and SUC-S03. 
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the structural order.  

Associated with 1H SS NMR, FT-IR can help elucidating the differences between 

the proton species present in the samples. In the O–H stretching region of FT-IR 

spectra (Figure 3.6 B), microporous SAPO-34 revealed two intense signals at 3630 

and 3600 cm-1, which are attributed to the O–H stretching mode of the two types of 

Brønsted acid sites. The same bands, together with a weak signal at 3745 cm-1 arising 

from isolated Si–OH, can be observed in the spectrum of the hierarchical SAPO-34, 

though broadened by the high scattering profile.  

The strength and accessibility of the acid sites in hierarchical SAPO-34 catalysts 

was investigated by FT-IR spectroscopy coupled with the adsorption of basic probe 

molecules. To quantify the total amount of the Brønsted acid sites, NH3 (0.26 nm 

kinetic diameter) was employed. This strong base can interact with weakly acid sites 

through its lone electron pair via hydrogen bond, e.g. Si–OH and P–OH species, or 

undergo a proton transfer with strong acid sites, e.g. Brønsted acid sites. With respect 

to its small diameter, NH3 can enter both the micropores and mesopores of 

hierarchical SAPO-34 framework and thus interact with BAS which are inaccessible 

to larger probe molecules, such as substituted pyridines.[27-28] For this reason, 2,4,6-

trymethylpiridine (2,4,6-TMP, 0.74 nm kinetic diameter) is widely used to assess the 

enhanced accessibility of acid sites in hierarchical zeolites and zeotypes, exploiting 

the impeded diffusion through small micropores.[4,10,29-31] Therefore, a comparison 

between the interaction of the NH3 and 2,4,6-TMP with the hierarchical framework 

provides information on the accessibility of the Brønsted acid sites, since 2,4,6-TMP  

can interact only with acid sites located in the mesopores or at the micropore mouths 

of hierarchical SAPO-34.[7,10] Upon NH3 adsorption (90 mbar), a band at 1619 cm-1, 

owning to the bending mode of ammonia hydrogen bonded to Si–OH and P–OH, 

was observed (Figure 3.7 A-C). Moreover, the signal at 1450 cm-1, assigned to the 

δas of NH4
+ ions, revealed that a proton transfer had occurred between NH3 and the 

BAS. Similarly, when 2,4,6-TMP interacts with Brønsted acid sites, its inherent 

basicity (pKa = 7.59) induces a proton transfer, yielding the protonated species 2,4,6-
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TMPH+. The ν8a stretching mode of 2,4,6-TMP, which in liquid phase is detected at 

1611 cm-1, is strongly affected by the presence of  Brønsted acid sites in the 

hierarchical framework, with its position changing in response of the acid-site 

strength. When the ν8a mode appears at wavenumbers > 1630 cm-1, the formation of 

the protonated species (2,4,6-TMPH+) is inferred, whereas a lower wavenumber 

indicates the formation of a hydrogen-bonded adduct or physisorbed species. [4,7,10,30] 

Upon 2,4,6-TMP adsorption (vapour pressure) on FRU-S02 and SUC-S03 (Figure 

3.7 D and 3.7 E), signals at 1611 and 1575 cm-1, related to physisorbed 2,4,6-TMP, 

and a band at 1638 cm-1, owning to 2,4,6-TMPH+, were detected. After outgassing  

Figure 3.7. FT-IR difference spectra of NH3 adsorption on A) GLU-S01, B) FRU-S02, C) 

SUC-S03 and of 2,4,6-TMP adsorption on D) FRU-S02, E) SUC-S03, F) GLU-S01 and 

microporous SAPO-34 (solid and dotted line, respectively). The spectra are shown before 

(red curve) and after outgassing the probe molecules at r.t. (black curve). 
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the catalysts at r. t., signals at 1611 and 1575 cm-1 disappeared, whilst the band at 

1638 cm-1 due to protonated species 2,4,6-TMPH+ was retained. This experimental 

evidence allowed to confirm that a fraction of Brønsted acid sites has been made 

accessible by the mesoporous network, in accordance with the fact that by 

introducing mesoporosity into CHA framework, the average micropore length is 

reduced and the number of accessible acid sites should increase accordingly. The 

signal at 1638 cm-1 was not detected in microporous SAPO-34 and GLU-S01 spectra, 

indicating that, in the latter case, the mesopores evidenced by volumetric analysis 

are irrelevant to accessibility arguments. The total number of accessible Brønsted 

acid sites (N) of hierarchical SAPO-34 catalyst, determined using NH3 and 2,4,6-

TMP and estimated by means of Lambert-Beer law (for further explanation refer to 

Chapter 9/Experimental section), is reported in Table 3.4., along with the nature and 

position of the IR bands of their corresponding protonated species. The total number 

of BAS detected by NH3 was found to be comparable for all the saccharide-templated 

SAPO-34 catalysts. The accessibility factor (AF), defined as the number of sites 

detected by adsorption of the alkylpyridine, divided by the total number of Brønsted 

acid sites detected by NH3 adsorption, was also evaluated for 2,4,6-

trimethylpyridine. The AF was found to be similar for FRU-S02 and SUC-S03.  

Table 3.4. The total number of accessible Brønsted acid sites (N) in hierarchical SAPO-34. 

 

Catalyst Protonated species Position of IR band of the 

protonated species [cm-1] 

N 

[μmol g-1] 
AF 

GLU-S01 
NH4

+[a] 1450 (δas) 43.88 1 

NH4
+[a] 1450 (δas) 40.39 1 

FRU-S02 
2,4,6-TMPH+ [b] 1638 (ν8a) 3.13 0.077 

N𝐻4
+[a] 1450 (δas) 40.73 1 

SUC-S03 2,4,6-TMPH+ [b] 1638 (ν8a) 2.95 0.072 

[a] ε = 0.147 cm2 μmol-1.[32] [b] ε = 0.62 cm2 μmol-1.[31] 
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3.2.3 Catalysis 

On the basis of these promising characterization results, the catalytic activity of 

the saccharide-templated SAPO-34 catalysts was evaluated in the liquid-phase 

Beckmann rearrangement of cyclohexanone oxime to ε-caprolactam (the 

industrially-significant precursor to Nylon-6) and directly compared to that of the 

microporous SAPO-34 (Figure 3.8). Conventional microporous SAPO-34 showed a 

very poor activity, with only 15 % yield and 29 % conversion achieved after 6 h of 

reaction. This behaviour is due to inaccessibility of the internal Brønsted acid sites 

to cyclohexanone oxime. The catalytic activity of GLU-S01 was unsurprisingly 

found to be comparable (or even lower) to the microporous analogue, with only 10 

Figure 3.8. Comparison of A) the yield of ε-caprolactam, B) the conversion of 

cyclohexanone oxime and C) the selectivity towards ε -caprolactam in the liquid-phase 

Beckman rearrangement at 130°C under acid heterogeneous catalysis.  
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% yield and 20 % conversion achieved after 6 h of reaction.  This inferior catalytic 

performance was consistent with textural and FT-IR with adsorption bulky 2,4,6-

TMP characterization, which had assessed the inferior textural features of GLU-S01 

together with the absence of BAS located on the mesopore surface. SUC-S03 

exhibited the best performance among all the hierarchical catalyst, achieving 40 % 

yield and 64% conversion in the same 6 h period. Despite physico-chemical 

characterization had confirmed the hierarchical nature of FRU-S03, together with 

the enhanced accessibility of its BAS, its catalytic activity was proven to be 

noticeably inferior to that of SUC-S03, with only 20 % yield and 31 % conversion 

after 6 h of reaction. The differences in catalytic performance between the two 

samples could be related to a more impeded diffusion of the cyclohexanone oxime 

within the mesoporous framework of FRU-S02. Considering that the Beckmann 

rearrangement is conventionally performed at temperatures above 325 °C (vapour 

phase), a catalytic activity of SUC-S03 (when to the microporous analogue) should 

be considered a very promising result, ascribable to the superior diffusion afforded 

by the hierarchical architecture at lower temperatures (130 °C). Lastly, all the 

hierarchical SAPO-34 catalysts showed a higher selectivity towards ε-caprolactam 

than the microporous analogue (Figure 3.8 C), thus confirming the retention of the 

acidic properties and textural features with respect to the microporous analogue. 

3.3 Conclusions 

Physico-chemical characterization and catalytic tests have assessed that 

saccharide templating with fructose and saccharose is an effective low-cost soft-

templating bottom-up method of synthesising hierarchical SAPO-34, introducing 

secondary porosity without the need for a sophisticated mesoporogen. Conversely, 

glucose has proven to be essentially ineffective in introducing mesoporosity in the 

SAPO-34 framework, resulting in a catalyst with textural properties, accessibility of 

the acid sites and catalytic activity comparable (if not inferior) to the microporous 

SAPO-34. The inefficacy of this saccharide in generating additional porosity may be 
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ascribed to the low concentration used in the synthesis gel. Nandan et al. reported 

that a low glucose concentration leads to smaller mesopores and textural features 

comparable to microporous analogues.[12] Fructose and saccharose-templated 

catalysts exhibited superior textural properties, with substantial enhancement in 

mesopore volume and mesopore surface area. Besides having made a fraction of 

Brønsted acid centres accessible by the mesoporous network, the acid properties 

proved to be comparable to the microporous SAPO-34 analogue. Hence, by selecting 

an appropriate mono- or di- saccharide mesoporogen, effective modulation of the 

mesopore dimension could be achieved, mimicking at the same time the acidic 

properties of the microporous framework. Although the synthesis of a hierarchical 

framework had been successfully achieved with both mono- and di- saccharides, the 

use of saccharose as mesoporogen resulted in a hierarchical SAPO-34 with superior 

catalytic performances in the liquid-phase Beckmann rearrangement. Such an 

increase in the catalytic activity may be related to an enhancement of mass-transport 

capabilities with respect to the fructose-templated catalyst.  
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4 

Hierarchical 

silicoaluminophosphate SAPO-34 

architectures with tunable acid 

properties synthesised from 

mesoporous silica scaffolds 

In the present chapter, a distinctive bottom-up synthetic methodology for the preparation 

of a hierarchical SAPO-34, using cetyl trimethylammonium bromide (CTAB) encapsulated 

within an ordered mesoporous silica (MCM-41) as both the silicon source as mesoporogen, 

has been described. Structural, morphological, and textural properties of the catalyst were 

investigated by means of detailed physico-chemical characterization and compared to its 

microporous analogue. Solid-state NMR and probe-based FT-IR spectroscopies were 

performed to gain insight on the nature, strength, and accessibility of Brønsted acid sites 

(BAS). Moreover, the catalytic activity of the hierarchical catalyst was evaluated in the 

industrially-relevant acid-catalysed Beckmann rearrangement of cyclohexanone oxime to ε-

caprolactam, under vapour-phase conditions. 

Introduction 

Zeolites and zeotype materials are a significant and well-established class of 

industrial heterogeneous catalysts, especially for acid-catalysed chemical 

transformations, owning to their molecular sieving capabilities and high robust 

nature, together with the possibility of optimizing the nature and strength of acid 

active sites and tuning textural properties for specific reactions and applications.[1-4]  
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Among zeolitic materials, silicoaluminophosphates (SAPOs) represent a viable 

alternative to zeolite for application requiring acid catalysis.[5-6] Notably, SAPO-34, 

with chabazite (CHA) topological structure, has been extensively studied on account 

of its potential application in CO2/CH4 separation[7] and hydrogen purification,[8] in 

addition to its well-known industrial role in the methanol-to-olefine (MTO) process 

(100% methanol conversion and > 90 % selectivity to C2-C4 light olefins).[9-11] 

Nevertheless, the narrow, 8-ring pore aperture (3.8 × 3.8 Å) of microporous SAPO-

34 severely impedes molecular motions, resulting in pore blockage due to the coke 

formation/deposition with prolonged time on-steam.[12] Recently, hierarchical 

zeotypes, which retain the bulky microporous structure but possess and additional 

mesoporous network which improves mass transport to internal active sites, strongly 

emerged as novel materials for catalytic applications to overcome typical drawbacks 

of traditional microporous systems.[13,14] To obtain a hierarchical framework, both 

top-down[15-17] and bottom-up[18,19] synthetic strategies have been explored. 

Commonly, top-down approaches, such as demetallation, involve post-synthesis 

modification, in acid or alkali media, to partially extract framework constituents, 

whilst retaining crystallinity. Although localized collapse of the zeolitic architecture 

generates mesopore, it simultaneously leads to the production of defect sites which 

alter the textural and acidic characteristic of the parent framework. Furthermore, top-

down method has been hardly ever preformed on silicoaluminophosphates,[17,20] 

owning to their relative instability under strongly acid or alkaline conditions.[20] The 

alternative soft-templating bottom-up approach, which exploit the use of surfactants 

to direct the mesoporous network, is relatively facile, benefits from a high degree of 

structural control (the micellar structure can be controlled by the choice of the 

surfactant molecule and the use of additives, such as swelling agents), whilst 

preserving the acidic properties of the microporous framework.[21] Despite these 

advantages, bottom-up approach traditionally requires the use of sophisticated and 

sacrificial siliceous surfactants mesoporogen which, besides being really expensive, 

results in the incorporation of siliceous species into the mesopores walls, thus 
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altering the acidic properties of the parent framework.[19,22-25] Owning to the 

immense catalytical potential of hierarchically porous systems, many attempts to 

identify alternative low-cost, less-sophisticated mesopore templating agents, 

compatible with conventional one-pot synthesis, have been made recently. In light 

of the foregoing, a novel bottom-up approach for the preparation of hierarchical 

SAPO-34 acid catalyst, using cetyl trimethylammonium bromide (CTAB) 

encapsulated within an ordered mesoporous silica (MCM-41) as both the silicon 

source as mesoporogen, will be described in the present chapter.[26] This innovative 

synthetic strategy benefits from superior retention of acidic characteristic of the 

microporous parent framework, whilst simultaneously enhancing its mass transport 

capabilities together with accessibility of the acid active sites. Structural, 

morphological, textural and spectroscopic characterization have been provided with 

the aim of establishing preliminary structure-property relationship and facilitating 

mechanistic studies which ultimately aid further catalyst optimization. To this end, 

the catalytic activity of hierarchical SAPO-34 has been evaluated in the vapour-

phase Beckmann rearrangement of cyclohexanone oxime to ε-caprolactam, the 

monomeric precursor of the Nylon-6 polymer.  

4.1 Experimental section 

4.1.1 General 

Aluminum isopropoxide (≥ 98%), tetraethylammonium hydroxide (35 wt% in 

H2O), tetraethyl orthosilicate ) and phosphoric acid (85 wt% in H2O), all used for the 

synthesis of SAPO-34 materials, were supplied by Sigma-Aldrich (Milano, Italy). 

NH3 (≥ 99.7%) and CO (99.5%), purchased from SIAD (Bergamo, Italy) and 

pyridine (≥ 99%),  2,4,6-trymethylpyridine (≥ 98%), 2,6-di-tert-butylpyridine (≥ 

97%), purchased from Sigma Aldrich (Milano, Italy), were used as probe molecule 

in FT-IR experiments. 
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4.1.2 Synthesis of SAPO-34 

Hierarchical SAPO-34 catalyst was prepared following a bottom-up soft-

templating strategy, in which pre-synthesised MCM-41 with the surfactant (CTAB) 

inside the mesopores was used as both the silicon source as mesoporous structure 

directing agent (SDAmeso).
[27] A microporous SAPO-34 was also synthesised for 

comparison of the physico-chemical properties and the catalytic activity. After 

crystallization, recovering and washing, all the samples were calcined to remove the 

organic templates. 

Synthesis of hierarchical SAPO-34: hierarchical catalysts were synthesised 

according to the following hydrothermal procedure. Aluminium isopropoxide (7.00 

g) was slowly added to tetraethylammonium hydroxide (TEAOH, 14.00 ml, 35 wt% 

in H2O) under stirring. Deionized water (21 mL) was added and the mixture was 

stirred for 1 h. CTAB-containing MCM-41 (2.11 g, prepared following the 

methodology reported in literature by Radu et al.[27]) was slowly added and the 

mixture was further stirred for 2h. Lastly, phosphoric acid (2.33 ml, 85 wt% in H2O), 

Fumed silica (1.24 g) was added dropwise and the resulting white gel of  molar 

composition 1.0 Al/1.0 P/0.58 Si/1 TEAOH/0.067 CTAB/60 H2O was vigorously 

stirred for 30 min. The gel was transferred to a Teflon-lined stainless-steel autoclave 

and crystallize at 200 °C for 60 h under autogenous pressure. The solid product was 

centrifugate and washed with water. The as-prepared product was dried in air at 100 

°C and calcined in a tube furnace under air flow at 600 °C for 16 h, producing a white 

crystalline solid.  

Synthesis of microporous SAPO-34: microporous SAPO-34 was synthesised 

according to the following hydrothermal procedure. Aluminium isopropoxide (7.00 

g) was added slowly to tetraethylammonium hydroxide (TEAOH, 14.00 ml, 35 wt% 

in H2O) under stirring. Deionized water (21 ml) was added and the mixture was 

stirred for 1 h. Tetraethylorthosilicate (TEOS, 1.14 ml) was added dropwise under 

stirring and the mixture was further stirred for 2 h. Phosphoric acid (2.33 ml, 85 wt% 

in H2O) was added dropwise under stirring. The gel was vigorously stirred for 30 
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min to produce a white gel of molar composition 1.0 Al/1.0 P/0.15 Si/1 TEAOH/50 

H2O. The gel was transferred to a Teflon-lined stainless-steel autoclave and 

crystallized at 200 °C for 60 h under autogenous pressure. The solid product from 

autoclave was then recovered by filtration and washed with water. The as-prepared 

product was dried in air at 100 °C and calcined in a tube furnace under air flow at 

600 °C for 16 h to produce a white crystalline solid. 

4.1.3 Characterization 

Before performing volumetric and spectroscopic measurements, calcined 

samples were outgassed at 300 °C overnight and for 2 h, respectively, to remove 

physisorbed water. Further details on the experimental techniques are reported in 

Chapter 9/Experimental section.  

4.1.4 Catalysis 

A cylindrical (4 mm diameter), quartz, fixed-bed reactor with a quartz frit was 

packed with 0.5 cm layer of glass beads (1 mm). The catalyst (0.2 g) was pelletized 

and added to the reactor, followed by a further 20 cm of glass beads (1 mm). The 

reactor was transferred into the heater unit of the flow-reactor setup. The catalyst 

was pre-treated by heating at 400 °C for 1 h under a 50 mL min-1 flow of helium gas. 

The temperature and flow of helium gas were then reduced to 325 °C and 33.3 mL 

min-1, respectively. A liquid-feed of 100 g L-1 of cyclohexanone oxime in ethanol 

was fed, through an electronic syringe pump, into the reactor in order to maintain a 

weight hourly space velocity (WHSV) of 0.79 h-1. As an external standard, a liquid 

feed of 100 g L-1 of mesitylene in ethanol was simultaneously introduced into the 

exit feed using a WHSV of 0.79 h-1. Once steady-state was established, samples were 

collected hourly and analysed using the Clarus 480 gas chromatograph flame 

ionisation detector (FID) and an Elite 5 column. Product formation was quantified 

against the mesitylene external standard. 
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4.2 Results and discussion 

4.2.1 Synthesis 

Hierarchical porous SAPO-34 (HP-SAPO-34) was prepared using a bottom-up 

soft-templating method, in which a pre-synthesised MCM-41, with the surfactant 

(CTAB) encapsulated inside the mesopores, was used both as the silicon source as 

mesoporogen. The addition of CTAB-containing MCM-41 to the reaction mixture 

promotes the gradual dissolution of the silica framework (Step 1, Figure 4.1), 

providing the silicic acid monomers that serve as silicon source for the synthesis of 

SAPO-34 framework (Step 2, Figure 4.1). The presence of CTAB inside the 

mesopores might slow the hydrolysis rate and collapse of the silica framework; 

therefore, SAPO-34 crystallization might preferentially occur along the CTAB-

templated MCM-41 pore system.[28]  

4.2.2 Morphological, structural and textural characterization 

Inductively-coupled plasma atomic emission spectrometry (ICP-AES) was 

performed to determine the experimental framework composition of the hierarchical 

SAPO-34 catalysts (Table 4.1). Notably, Si/(Si+Al+P) ratio was in good agreement 

with the theoretical value determined from the synthesis gel composition.  

The morphological properties of hierarchical SAPO-34 were investigated by 

scanning electron microscopy (SEM). Significantly, the morphology of HP-SAPO-

34 (Figure 4.2 A) turned out differently from both its microporous analogue (Figure  

Figure 4.1. Schematic representation of the synthesis mechanism of HP-SAPO-34 using 

CTAB-containing MCM-41 as both the silicon source as the mesoporogen. 
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Table 4.1. Inductively-coupled plasma chemical analysis of SAPO-34 catalysts. 

C) and mesoporous MCM-41 (Figure 4.2 C). Moreover, energy-dispersive X-ray 

(EDX) spectroscopic analyses (Figure 4.2 D), collected in different area of the 

hierarchical sample, evidenced a homogeneous distribution of Al, P, and Si, with no 

evidence of MCM-41-type particles.  

X-Ray powder diffraction (XRDP) was carried out with the aim of elucidating the 

structural features of HP-SAPO-34 catalyst (Figure 4.3). The XRD pattern of HP-

Acronym 
Si  

[wt %] 

Al 

[wt %] 

P 

[wt %] 

Si/ 

Si +Al + P[a] 

Si/ 

Si +Al + P[b] 

HP-SAPO-34 8.08 15.05 12.64 0.23 0.23 

MicroSAPO-34 6.93 15.79 13.05 0.19 0.23 

[a] Experimental framework composition determined by ICP analysis after the synthesis.  

[b] Theoretical framework composition determined from the synthesis gel composition. 

Figure 4.2. Representative SEM image of HP-SAPO-34 (A), microSAPO-34 (C), and 

MCM-41 (D) and energy-dispersive X-Ray spectroscopic microanalysis of HP-SAPO-34 

(A). 
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SAPO-34 exhibited all the characteristic reflections of CHA framework, therefore 

confirming phase purity and crystallinity of the sample.[29] Additionally, small-angle 

XRD measurement of HP-SAPO-34 (Figure 4.3, inset) revealed a reflection at ca. 2° 

2θ, which was absent in the microporous sample, indicating the presence of ordered 

mesoporosity.  

The textural properties of HP-SAPO-34 catalyst were investigated by N2 

adsorption/desorption volumetric analysis at 77 K (Figure 4.4).[30] Whilst 

microporous SAPO-34 exhibited Type I isotherm, which is typical of a microporous  

framework, enhanced N2 uptake at intermediate-to-high pressures by HP-SAPO-34 

yielded a Type IV isotherm with hysteresis loop, which is characteristic of 

mesoporous materials (Figure 4.4 A). Pore size distributions (Figure 4.4 B) were 

determined by invoking NLDFT (non-localized density functional theory) to analyze 

the desorption branch of their respective isotherms.[31,32] The pore size distribution 

of microporous SAPO-34 was found to be consistent with microporous CHA 

framework (Figure 4.4 B, inset). Beside the micropores of the CHA framework, HP-

SAPO-34 catalyst also afforded additional micropores at approximately 19 Å, as well 

as mesopores at 33 and 51 Å (Figure 4.4 B). Details of the specific surface area and 

Figure 4.3. The powder XRD pattern of microporous SAPO-34 (a, black curve) and HP-

SAPO-34 (b, blue curve), with the low-angle pattern (inset). 
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pore volumes, determined by the NLDFT method, are summarized in Table 4.2. 

Encouragingly, when compared to the microporous analogue, HP-SAPO-34 

revealed a substantial enhancement in mesopores volume (Vmeso), total pore volume 

(VDFT) and mesopore surface area (Smeso). In the light of the previous considerations, 

volumetric data strongly confirmed the existence of a multiple level of porosity 

(micro and mesoporosity) within HP-SAPO-34. 

Table 4.2. Textural properties of HP-SAPO-34 and microporous SAPO-34 catalysts. 

Catalysts 
SBET 

[m2 g-1] 

SDFT 

[m2 g-1] 

Smicro 

[m2 g-1] 

Smeso 

[m2 g-1][a] 

Relative mesopore 

area [%][b] 

HP-SAPO-34 641 783 511 272 34.7 

MicroSAPO-34 477 819 811 8 1.0 

MCM-41 1110 1267 - - - 

[a]Smeso = SDFT – Smicro; [b]Relative mesopore area = Smeso/SDFT x 100; 

Catalysts 
VDFT 

[cm3 g-1] 

Vmicro 

[cm3 g-1] 

Vmeso 

[cm3 g-1][c] 
Relative mesopore  

volume [%][d] 

HP-SAPO-34 0.58 0.13 0.45 77.5 

MicroSAPO-34 0.26 0.23 0.03 11.5 

MCM-41 1.3 - 1.3 - 

[c]Vmeso = VDFT – Vmicro; [d]Relative mesopore volume = Vmeso/VDFT x 100; 

Figure 4.4. A) The N2 adsorption/desorption isotherms at 77K of HP-SAPO-34 (blue curve) 

and microporous SAPO-34 (black curve) B) The pore size distribution in the mesopore 

range, with pore-size distribution in the micropore and mesopore range (inset). 
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4.2.3 Spectroscopic characterization 

Solid-state NMR (SS NMR) and probe-based FT-IR spectroscopies were 

performed to assess the nature, strength, and accessibility of the acid sites. 

With the aim of probing the chemical environment of the framework atoms in 

both microporous and hierarchical SAPO-34 samples, 27Al, 31P and 29Si MAS NMR 

characterization was carried out (Figure 4.5). For both microporous and HP-SAPO-

34, the single signal at approximately 36 ppm in the 27Al spectra can be assigned to 

the tetrahedrally-coordinated Al atoms (Figure 4.5 A). No resonance peak at –13 

ppm was detected, excluding the presence of octahedrally-coordinated 

extraframework Al species. The 31P NMR spectra of both hierarchical and 

microporous samples exhibited a signal at ca. –29.8 ppm, owning to tetrahedrally-

coordinate P atoms (Figure 4.5 B). The presence of a single resonance peak in both 

27Al and 31P NMR spectra confirmed the strict alternation of Al and P atoms at the 

T-positions of the AlPO framework.[33] A broad tail at approximately –24 ppm was 

also detected in 31P NMR spectrum of HP-SAPO-34, which can be assigned to P–

OH groups or otherwise might indicate changes in the second coordination sphere 

due to Al speciation. These changes cannot be appreciated in the corresponding 27Al 

NMR spectra as a result of the broadening beyond detection.[34] The 29Si cross- 

polarization (CP) MAS NMR spectrum of microporous SAPO-34 exhibited signals 

Figure 4.5. A) 27Al, B) 31P and C) 29Si MAS NMR spectra of calcined microporous SAPO-

34 (a, black) and HP-SAPO-34 (b, red curve). 
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at –92, –96 and –101 ppm, related to the tetrahedrally-coordinated framework Si 

atoms coordinated to four, three and two Al atoms respectively (Figure 4.5 C). The 

same three resonance peaks were also detected in the spectrum of HP-SAPO-34, 

despite being broadened by the presence of silicon islands or aluminosilicate islands 

in the SAPO framework.[1,17,35,36]  

The nature of the acid sites in microporous and HP-SAPO-34 was investigated 

by means of 1H SS NMR and FT-IR spectroscopies (Figure 4.6). 1H SS NMR 

provided direct information about the different proton environments present in the 

samples (Figure 4.6 A). A resonance peak at approximately 4 ppm, assigned to the 

Brønsted acid sites, was detected in the spectra of both microporous and hierarchical 

SAPO-34. After the deconvolution, two components at 3.6 and 4 ppm, attributed to  

Figure 4.6. 1H SS NMR spectra of A) of microporous SAPO-34 (a), HP-SAPO-34 (b) and 

B) MCM-41. C) FT-IR spectra in the O-H stretching region of microporous SAPO-34 (a, 

black curve) and HP-SAPO-34 (b, blue curve). 
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Table 4.3. FT-IR frequencies and population distribution of the protonic species obtained 

from 1H SS NMR spectroscopy in microporous and hierarchical SAPO-34 catalysts. 

the two types of Brønsted acid sites with different acid strength in the O(4) and O(2) 

structural configuration of the CHA framework, can be identified.[35-38] Aside from 

BAS, HP-SAPO-34 displayed a composite signal at lower chemical shift which, after 

deconvolution, revealed two components at 1.8 and 2.0 ppm, due to external silanols 

(Si–OHext) at lattice defects and to intra-framework Si–OH groups interacting with 

neighbouring oxygen atoms (Si–OHint), respectively. In addition, a signal at 2.6 ppm, 

related to P–OH groups, was also detected in the spectrum of HP-SAPO-34, whereas 

proton resonances beyond 4.5 ppm can be attributed to hydrogen-bonded species.[39-

42] In contrast, the 1H NMR spectrum of calcined MCM-41 exhibited only a sharp 

signal at 1.8 ppm, due to Si–OH groups, and a broad feature in the range 2-6 ppm 

(Figure 4.6 B). Quantitative analysis made via 1H SS NMR (Table 4.3) evidenced 

that the total number of Brønsted acid sites is lower in HP-SAPO-34 than in its 

microporous analogue. Conversely, the number of defective species (P–OH and Si–

OH) is greater in HP-SAPO-34 than microporous SAPO-34.  

Associated with 1H SS NMR, FT-IR spectroscopy can help unravelling the 

differences between the proton species located within the SAPOs framework. In the 

O–H stretching region of FT-IR spectra (Figure 4.6 C), microporous SAPO-34 

exhibited two intense bands with maxima at 3630 and 3600 cm-1, owning to the O–

νOH 

[cm-1] 

1H chemical 

 shift (δ) [ppm] 
Assignment 

1H species [%] 

HP-SAPO-34 MicroSAPO-34 

3745 1.8 Si–OH 12 - 

3745 tail 2.0 Si–OH 8 - 

3678 2.6 P–OH 10 4 

3630 3.6 BAS 23 42 

3600 4.0 BAS 17 27 

3550-3350 4.5 H-bonded species 30 18 
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H stretching mode of BAS with different acid strength, at different structural 

configurations of the CHA framework. The same bands can be observed in the 

spectrum of the HP-SAPO-34, thought at lower intensity, together with additional 

signals at 3745 cm-1 and 3678 cm-1, arising from isolated Si–OH and P–OH groups, 

respectively. Notably, external and internal silanols cannot be clearly distinguished 

by FT-IR spectroscopy as a result of the overwhelming band of external Si–OH. 

Nevertheless, a pronounced tail, due to internal silanol groups, can be identified on 

the signal at 3745 cm-1. Moreover, HP-SAPO-34 catalyst displayed a broad band 

from 3550-3350 cm-1, due to hydrogen-bonded hydroxyl groups.[43] Significantly, 

the detection of characteristic bands owning to Brønsted acid sites in FT-IR and 1H 

NMR spectra of HP-SAPO-34 provided confirmation of the dissolution of MCM-41 

network and the successful incorporation of Si species in the CHA architecture.  

FT-IR measurements of adsorbed CO at 80 K were performed to evaluate the 

strength of the acid sites in HP-SAPO-34 catalysts and to assess whether or not the 

overall acid characteristics of microporous SAPO-34 have been retained in the 

hierarchical system. Specifically, owning to its weak basicity, CO adsorbed at low 

temperatures is able to form OH⸳⸳⸳CO hydrogen-bonded adducts with acid sites, and 

the degree of the concomitant shift of hydroxyl band (ΔνOH) can be correlated with 

the catalyst acidity.[44-47] The FT-IR spectra of HP-SAPO-34 and microporous 

SAPO-34 are reported in Figure 4.7. In the O–H stretching region (3800-3100 cm-

1), upon CO adsorption at low temperatures, signals due to the O-H stretching mode 

of BAS (3630 and 3610 cm-1) were down-shifted in the spectra of both catalysts, as 

a result of the formation of OH⸳⸳⸳CO H-bonded adducts, yielding a broad, intense 

absorption centred at ca. 3350 cm-1. Since the degree of red-shift was similar for both 

microporous and hierarchical SAPO-34, a comparable Brønsted acid strength was 

assessed. In the C–O stretching region (2220-2040 cm-1), at low CO coverage, both 

samples displayed a signal centred at 2170 cm-1, though of different intensity, due to 

the stretching mode of CO interacting with BAS. The observed blue-shift (32 cm-1) 

with respect to the CO stretching mode detected for free CO molecule (νCO liquid- 
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like at 2138 cm-1) was similar for both catalysts, again stressing their comparable 

acid strength. By progressively increasing the CO pressure, a low-frequency tail in 

the band at 2170 cm-1, ascribable to the stretching mode of CO interacting with Si–

OH and P–OH groups, was detected in the spectrum of HP-SAPO-34. 

Symmetrically, at high CO coverage, HP-SAPO-34 exhibited a shoulder at 3470 cm-

1, which can be assigned to the O–H stretching mode of P–OH defects interacting 

Figure 4.7. FT-IR difference spectra in the O–H (high frequency, 3800-3100 cm-1) and C–

O (low frequency, 2220-2040 cm-1) stretching region of CO adsorbed at 80 K on A) HP-

SAPO-34 and B) microporous SAPO-34 catalysts. Curves 1 to 21: decreasing CO doses 

from 15 mbar up to 1 × 10-4 mbar.  
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with CO.[48] Signals arising from O–H stretching mode of Si–OH groups with CO 

cannot be distinguished due to overlapping with the negative bands in the 3650-3590 

cm-1. As a conclusion, FT-IR spectroscopy of adsorbed CO provided strong 

confirmation of the retention of the acid characteristic of the CHA framework in HP-

SAPO-34 Nevertheless, due to its small kinetic diameter, CO is unable to 

discriminate acid sites based on their location within the hierarchical framework, 

thus providing no accessibility arguments. 

To assess the accessibility of the acid sites in HP-SAPO-34 catalyst, FT-IR 

spectroscopy coupled with the adsorption of bulky probe molecules was performed. 

Due to their inherent basicity and steric hindrance, which impedes diffusion through 

small pore apertures, substituted pyridines are suitable probe molecules for 

discriminating BAS located inside the micropores from those present on the 

mesopores surface, thus providing both qualitative and quantitative information on 

the enhanced accessibility of acid sites in hierarchical zeolites and zeotypes.[6,18,49-52] 

Specifically, pyridine (Py), 2,4,6-trimethylpyridine (2,4,6-TMP), 2,6-di-tert-

butylpyridine (2,6-dTBP), with kinetic diameter of 0.54 nm, 0.74 nm and 1.05 nm, 

are too bulky to enter the microporous framework of SAPO-34 (micropore diameter 

of 0.38 nm) and can interact only with BAS located on the mesopores surface or at 

the micropores mouths. This interaction, which results in the protonation of the basic 

probe as a result of a proton transfer at a BAS, can be promptly identified using FT-

IR spectroscopy by monitoring the frequency shift of the characteristic C–C aromatic 

ring mode of the probe molecule and its conjugate acid.  

The FT-IR spectra of adsorbed 2,4,6-TMP at room temperature on HP-SAPO-34 

catalyst are reported in Figure 4.8. In the O–H stretching region (Figure 4.8 A), bands 

at 3630 and 3600 cm-1, assigned to the O–H stretching mode of BAS, were only 

partially eroded upon contact (10 min) with 2,4,6- TMP vapour pressure (blue 

curve). Simultaneously, new signals at 3295 cm-1, attributed to N–H stretching mode 

of protonated 2,4,6-TMP, at 3040 cm-1, due to C–H stretching vibration of pyridine 

ring, and at 2975 and 2930 cm-1, related to νasym and νsym modes of CH3 groups, were 
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observed.[53] Overall, this experimental evidence suggested that only a fraction of the 

BAS in HP-SAPO-34 sample are accessible to bulky 2,4,6-TMP probe molecules. 

Figure 4.8. A) FT-IR absorbance spectra in the O–H stretching region and B) FT-IR 

difference spectra in the aromatic C–C ring vibration region of 2,4,6-TMP adsorbed on HP-

SAPO-34. The black curve is the spectrum of HP-SAPO-34 in vacuum, the red curve is the 

spectrum of HP-SAPO-34 upon 10 minutes of contact time with 2,4,6-TMP vapour pressure 

and the blue curve is the spectrum recorded after outgassing the probe molecule at 373 K. 

C) FT-IR difference spectra of 2,4,6-TMP desorption at increasing temperatures. D) 

Comparison of FT-IR difference spectra of HP-SAPO-34 (red curve) and microporous 

SAPO-34 (black curve) upon contact with 2,4,6-TMP vapour pressure.   
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The ν8a mode of 2,4,6-TMP, with its frequency changing in response of the acid site 

strength, was monitored in the aromatic C–C ring vibration region (Figure 4.8 B). 

When the ν8a mode, which in liquid phase is detected at 1611 cm-1, appears at 

wavenumbers > 1630 cm-1, the formation of the protonated species (2,4,6-TMPH+) 

is inferred, whereas a lower wavenumber indicates the formation of a hydrogen-

bonded adduct.[6,43,51] Upon contact with 2,4,6-TMP, signals at 1617 and 1574 cm-1, 

due to 2,4,6-TMP interacting with Si–OH groups via hydrogen bond, and a band at 

1638 cm-1 with a shoulder at 1650 cm-1, owning to ν8a and ν8b ring vibrations of 2,4,6-

TMPH+ were detected. After outgassing the catalysts at 373 K, signals at 1617 and 

1574 cm-1, related to H-bonded adducts disappeared; conversely, the band at 1638 

cm-1 was retained (Figure 4.8 C), indicating a relative resistance to thermal treatment 

(band at 1638 cm-1 was partially retained until 573 K) and confirming that a strong 

interaction had occurred between 2,4,6-TMP and accessible BAS. Notably, FT-IR 

spectrum of microporous SAPO-34 (Figure 4.8 D) exhibited only a signal at 1611 

cm-1, attributed to physisorbed 2,4,6-TMP. As a conclusion, the detection of the 

signal at 1638 cm-1 only in the spectrum of HP-SAPO-34 provided strong evidence 

that a fraction of Brønsted acid sites has been made accessible by the mesoporous 

network with respect to the microporous analogue. 

With the aim of gaining further insight into the fraction of accessible Brønsted 

acid sites, other strongly basic probe molecules, of different steric hindrance, were 

adsorbed on HP-SAPO-34 catalyst. Specifically, NH3 (0.26 nm kinetic diameter) 

was used to quantify the total amount of BAS, as it can readily enter both the 

micropores and mesopores of hierarchical SAPO-34 framework. Conversely, 

pyridine (0.54 nm kinetic diameter) and 2,6-dTBP (1.05 nm kinetic diameter), cannot 

enter the micropores and therefore can probe only the more accessible acid sites.  

The FT-IR difference spectra of NH3, pyridine and 2,6-dTBP adsorbed on HP-

SAPO-34, together with their desorption at increasing temperatures, are reported in 

the aromatic C–C ring vibration region (Figure 4.9 A-F). Upon NH3 adsorption (100 

mbar, Figure 4.9 A, red curve), a signal at 1619 cm-1, owning to the bending mode 
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of ammonia hydrogen bonded to Si–OH, was detected. Furthermore, a band at 1450 

cm-1, assigned to the δas of NH4
+ ions, indicated that a proton transfer had occurred 

Figure 4.9. FT-IR difference spectra of A) NH3, B) pyridine and C) 2,6-dTBP adsorption 

showed before (red curves) and after (black curves) outgassing the probe molecules at room 

temperature. FT.IR difference spectra of D) NH3, E) pyridine and F) 2,6-dTBP desorption 

at increasing temperatures. 
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between NH3 and the BAS. Upon adsorption of pyridine (vapour pressure, Figure 

4.9 B, red curve), bands due to the physisorbed molecule (ν8b at 1580 cm-1, ν19a at 

1481 cm-1 and ν19b at 1438 cm-1), pyridine H-bonded to Si–OH (ν8b at 1596 cm-1 and 

ν19b at 1445 cm-1), and protonated PyH+ from interaction with strong BAS (ν8a at 1634 

cm-1, ν8b at 1623 cm-1, ν19b at 1545 cm-1 and ν19a at 1488 cm-1) were observed.[54] 

Outgassing of the sample at 298 K removed the signal related to the physisorbed 

probe molecule (Figure 4.9 B, black curve). Finally, adsorption of 2,6-dTBP (vapour 

pressure, Figure 4.9 C, red curve) produced a signal at 1618 cm-1 (ν8a), attributed to 

protonated 2,6-dTBPH+ species, and a band at 1578 cm-1, due to hydrogen bonding 

interactions with silanols.[52] Upon outgassing HP-SAPO-34 at 298 K, bands due to 

2,6-dTBP H-bonded to silanols disappeared (Figure 4.9 C, black curve). Upon 

outgassing the sample at increasing temperatures, the intensity of the signals 

assigned to the protonated probe molecules was progressively reduced (Figure 4.9 

D-E), indicating a relative resistance to thermal treatment.  

The total number of accessible Brønsted acid sites (N) of HP-SAPO-34 catalyst, 

determined using the different probe molecules and estimated by means of Lambert-

Beer law (for further explanation refer to Chapter 9/Experimental section), is 

reported in Table 4.4, along with the nature and position of the IR bands of their 

corresponding protonated species. Spectroscopic quantifications strongly evidenced 

that, although only a fraction of the Brønsted acid sites was made accessible to 

sterically hindered probe molecules, by introducing additional mesoporosity within 

Probe 

molecules 

Protonated 

species 

Position of IR band of 

the protonated species 

[cm-1] 

N 

[μmol g-1] 
AF 

NH3 NH4
+[a] 1450 (δas) 59.1 1 

Py PyH+[b] 1545 (ν19b) 6.33 0.107 

2,4,6-TMP 2,4,6-TMPH+ [c] 1638 (ν8a) 2.24 0.038 

2,6-dTBP 2,6-dTBPH+ [d] 1618 (ν8a) 2.19 0.037 

[a] ε = 0.147 cm2 μmol-1.[55] [b] ε = 0.06 cm2 μmol-1.[56] [c] ε = 0.62 cm2 μmol-1.[51] [d] ε = 0.50 

cm2 μmol-1.[52] 

Table 4.4. The total number of accessible Brønsted acid sites (N) in HP-SAPO-34. 

 



Chapter 4 

68 
 

the CHA framework, the average micropore length was reduced and the number of 

accessible BAS increased accordingly. Unsurprisingly, pyridine was able to interact 

with a higher fraction of BAS than 2,4,6-TMP and 2,6-dTPB, reflecting the fact that 

the smaller the kinetic diameter of the probe molecule, the higher the fraction of BAS 

which can be detected. The accessibility factor (AF), defined as the number of sites 

detected by adsorption of the alkylpyridine, divided by the total number of Brønsted 

acid sites detected by NH3 adsorption, was also evaluated for the different probe 

molecules. The AF decreased with increasing alkylation of pyridine, thus with 

increasing steric bulk. Interestingly, SS NMR and FT-IR analyses strongly supported 

the successful preparation of a hierarchical framework, with comparable acidic 

properties with respect to the microporous analogue and concomitant enhanced 

accessibility of the strong BAS.  

4.2.4 Catalysis 

On the basis of the promising characterization results, the catalytic activity of the 

HP-SAPO-34 catalysts was evaluated in the vapour-phase Beckmann rearrangement 

of cyclohexanone oxime to ε-caprolactam and compared to that of the microporous 

SAPO-34 and MCM-41 (Figure 4.10). Notably, HP-SAPO-34 catalyst exhibited 

exceptional catalytic performances, with only 99 % conversion to the desired product 

over the course of the 6-h reaction (Figure 4.10 A). The selectivity of HP-SAPO-34 

(95 % over the course of the 6-h reaction) was comparable to the one of microporous 

analogue, thus providing further confirmation that the acidic properties of the CHA 

framework had been retained in the hierarchical system (Figure 4.10 B). Anyway, 

the overall acidity of HP-SAPO-34 was found to be even superior to its microporous 

SAPO-34, even at short contact time. Interestingly, microporous SAPO-34 achieved 

a maximum conversion of only 82 %, which then steadily declined over the course 

of the reaction, presumably as a result of the catalyst deactivation due to pore-

blockage.[19] This result suggested impeded diffusion of cyclohexanone oxime to the 
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internal acid active sites of microporous framework, reducing the number of acid 

catalytic centres which can participate in the catalytic reaction and limiting the 

catalysis to the more accessible BAS located on external surface of the catalyst or at 

the micropore mouths. As a consequence, the maximal conversion was restricted 

with respect to the hierarchical SAPO-34. With the aim of proving that the superior 

catalytic activity of HP-SAPO-34 was not solely due to an enhanced diffusion to 

indiscriminate acid sites, the catalytic activity of mesoporous MCM-41 was also 

evaluated. It is well known, indeed, that pendant silanol groups within the framework 

of MCM-41 can catalyse reactions requiring weak acid sites. Encouragingly, MCM-

41 exhibited a low conversion which successively declined over the course of the 

reaction, stressing the importance of the nature of BAS, as well as their accessibility, 

in facilitating the desired transformation in high yield. Moreover, the lower 

conversion achieved by a 50:50 physical mixture of microporous SAPO-34 and 

MCM-41 with respect to both hierarchical and microporous sample evidenced the 

importance of designing a single framework, which combines, at the same time, 

desired acid characteristics and enhanced mass-transfer capabilities.  

Figure 4.10. Comparison of A) the conversion of cyclohexanone oxime and B) the 

selectivity towards ε-caprolactam in the vapour-phase Beckman rearrangement, under acid 

heterogeneous catalysis, at 598 K and 0.79 h-1 WHSV. 
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4.3 Conclusions  

A distinctive bottom-up synthetic methodology for the preparation of a 

hierarchical SAPO-34 has been successfully performed. The use of CTAB 

encapsulated within ordered MCM-41, to serve as both silicon source as 

mesoporogen, has proven to be an effective soft-templating strategy in introducing 

secondary porosity without the need for a sophisticated mesoporogen. Hierarchical 

SAPO-34 exhibited superior textural properties, with respect to its microporous 

analogue, with substantial enhancement in mesopore volume and mesopore surface 

area. FT-IR of adsorbed CO, together with 1H SS-NMR, strongly confirmed the 

retention of the acidic characteristic of microporous CHA framework. FT-IR of 

adsorbed alkylpyridine evidenced that the introduction of additional mesoporous 

network had greatly enhanced the accessibility of the acid active site. Furthermore, 

results from catalytic tests further demonstrated that this bottom-up synthetic 

methodology effectively retains the desirable acid characteristic of the parent 

framework, whilst simultaneously improving mass-transfer, thus reinforcing the 

spectroscopic evaluation. HP-SAPO-34 showed outstanding catalytic activity in the 

vapour-phase Beckmann rearrangement of cyclohexanone oxime to ε-caprolactam 

with respect to both microporous SAPO-34 and MCM-41. In addition, the mediocre 

yield of caprolactam achieved using a physical mixture of mesoporous MCM-41 and 

microporous SAPO-34, stressed the importance of designing a single, harmonized 

hierarchical system which can host, contemporarily, both micro- and mesopores. 

Besides enhancing accessibility and ensuring retention of Brønsted acidity, this 

bottom-up synthetic strategy is a viable mean of introducing defecting pendant 

silanols within hierarchical framework. Defective Si–OH groups of HP-SAPO-34 

can indeed be used as anchoring point to graft organic moieties, to synthesise a 

hybrid material which combines the acidic properties of inorganic hierarchical 

framework with a tailored organic functionality, suitable for a particular application. 
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5 

Hierarchical 

silicoaluminophosphate SAPO-5 

architectures with tailored acid 

properties obtained from 

mesoporous silica scaffolds 

In the present chapter, novel bottom-up synthetic methodologies to prepare hierarchical 

SAPO-5, using pre-synthesised ordered mesoporous silica (MCM-41 or SBA-15), with the 

surfactant inside the mesopores (CTAB or Pluronic), serving as both silicon source and 

mesoporogen, have been investigated. Moreover, catalysts optimization has been performed 

by varying the silicon loading and/or the mesopores dimensions through the choice of the 

mesoporogen. A detailed physico-chemical characterization was performed to evaluate the 

structural, morphological, textural and spectroscopic properties of the catalysts, with a view 

in establishing preliminarily structure-property relationships.  

Introduction 

As already widely discussed in Chapter 4, great progress in the ability to discover 

new synthetic methodology to prepare hierarchical acid catalysts has been made 

recently, in order to overcome shortcomings, i.e. mass transport limitations, lack of 

suitable acid strength, catalyst deactivation due to coke deposition, peculiar to 

microporous frameworks.[1-6] Among the various heterogeneous acid catalysts that 

can be used, hierarchical silicoaluminophosphates (SAPOs) acid catalysts represent 

a viable candidate. Indeed, microporous SAPOs have been extensively employed in 

acid catalysed reactions of hydrocarbon conversion.[7,8] Particularly, SAPO-5, with 
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AFI topological structure, a pore diameter of 7.3 Å and moderate acidity, has been 

used as heterogeneous catalyst in methanol-to-olefin conversion, toluene 

alkylation[9] and xylene isomerization[10]. In the present chapter, a bottom-up 

synthetic strategy to obtain hierarchical SAPO-5 catalysts, akin to the one described 

in Chapter 4, will be investigate. This particular soft-templating method exploit the 

use of a pre-synthesised ordered mesoporous silica (MCM-41 or SBA-15), with the 

surfactant inside the mesopores (CTAB or Pluronic), serving as both silicon source 

and mesoporogen. This novel bottom-up synthetic strategy mitigates the use of 

expensive and sophisticated surfactants to induce mesoporosity in the microporous 

framework and benefits from a superior retention of the acid properties of 

microporous SAPOs, whilst simultaneously enhancing mass transfer. In addition, 

high degree of structural control can be achieved by controlling the micellar structure 

through the choice of the surfactant molecule and the use of additives, such as 

swelling agents. Moreover, when this synthetic strategy was performed to prepare a 

hierarchical SAPO-34[5] (for further details refer to Chapter 4), it has proven to be an 

effective means to introduce defective pendant Si–OH groups within the hierarchical 

network, with respect to different bottom-up strategies, such as the one described in 

Chapter 3, using mono- and disaccharides to introduce mesoporosity in the CHA 

framework[6]. If the same result can be achieved for hierarchical SAPO-5, this 

property could be exploited to synthesised organic-inorganic hybrid catalysts, 

combining specific organic functionalities with desirable Brønsted acid sites of AFI 

framework, made more accessible through the hierarchical network.  

5.1 Hierarchical SAPO-5 from mesoporous MCM-41 with 

variable silicon loading 

From literature, it is well known that structural and chemical properties of 

microporous SAPOs depend on the mechanism of silicon incorporation within the 

framework, specifically a variation in the silicon loading allow a modulation of the 
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acid density and strength.[11-14] For low Si concentration, SM2 substitution 

mechanism (partial substitution of the framework P with Si) results in the formation 

of isolated Brønsted acid sites of medium acid strength[15,16] An increase in the Si 

loading can induce the formation of silicon islands (aggregates) in SAPO framework 

by a combination of SM2 and SM3 mechanism (simultaneous substitution of 

framework P and Al with Si)[17,18] at the expense of a reduction of the total number 

of BAS, located in the SAPO domains. Nevertheless, BAS at the border of the islands 

benefit from higher acid strength.[19,20] Moreover, it is well-established that the 

number of defective Si–OH groups, which can be exploited to graft organic moieties 

onto SAPO architecture, increases accordingly to the silicon loading. Depending on 

the specific catalytic application, it is therefore necessary to find a compromise 

between density, strength of BAS sites and number of silanol groups in SAPO 

framework. With the aim of investigating the difference in the population of acid 

sites, a series of hierarchical SAPO-5 catalysts with variable Si loadings were 

prepared by a bottom-up soft-templating strategy, using cetyltrimethylammonium 

bromide (CTAB) encapsulated within MCM-41, serving both as silicon source and 

mesoporogen. As a comparison, corresponding microporous catalysts were also 

synthesised. A detailed physico-chemical characterization has been performed in 

order to establish a preliminary structure-property relationship, which might be 

helpful to further catalysts optimization. The catalytic activity of the hierarchical 

SAPO-5 obtained at different silicon loading was preliminarily evaluated in the aldol 

condensation/crotonization of furfural (FF) with methylisobutylketone (MIBK), an 

acid catalysed reaction.  

5.1.1 Experimental section 

5.1.1.1 General 

Aluminum isopropoxide (≥ 98%), triethylamine (≥ 99.5%), tetraethyl 

orthosilicate (≥ 99%) and phosphoric acid (85 wt% in H2O), all used for the synthesis 

of SAPO-5 catalysts, were supplied by Sigma-Aldrich (Milano, Italy). NH3 (≥ 
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99.7%), purchased from SIAD (Bergamo, Italy) and 2,6-di-tert-butylpyridine (≥ 

97%), purchased from Sigma Aldrich (Milano, Italy), were used as probe molecule 

in FT-IR experiments. 

5.1.1.2 Synthesis of SAPO-5 

Hierarchical SAPO-5 catalyst with variable Si loading were synthesised 

following a bottom-up soft-templating strategy, in which pre-synthesised MCM-41 

with the surfactant (CTAB) inside the mesopores was used as both the silicon source 

as mesoporous structure directing agent (SDAmeso). Microporous SAPO-5 materials 

were also prepared for comparison of the physico-chemical properties and the 

catalytic activity. After crystallization, recovering and washing, all the samples were 

calcined to remove the organic templates. 

Synthesis of hierarchical SAPO-5 with variable Si loading: hierarchical 

catalysts were synthesised according to the following hydrothermal procedure. 

Aluminium isopropoxide (7.0 g) was added slowly to deionized water (10 mL) and 

TEA (2.77 mL) under stirring, and the mixture was stirred for 1 h. CTAB-containing 

MCM-41 (1.03 g, 2.06 g and 3.09 g for Si=0.30, Si=0.60 and Si=0.90, respectively, 

prepared following the methodology reported in literature by Radu et al.[21]) was 

slowly added, and the mixture was further stirred for 2 h. Phosphoric acid (2.18 mL, 

85 wt% in H2O) was added dropwise under stirring. The mixtures with three variable 

Si content were vigorously stirred for 30 min to produce white gels of molar 

composition 1.0 Al/0.93P/x Si/yCTAB/0.58TEA/28 H2O, where x = 0.3 and y = 

0.033, x= 0.6 and y= 0.066 and x=0.9 and y=0.099, respectively. The gels were 

transferred to a Teflon-lined stainless-steel autoclave and crystallized at 473 K for 

60 h under autogenous pressure. The solid products from autoclave was then 

recovered by filtration and washed with water. The as-prepared products were dried 

in air at 373 K and calcined in a tube furnace under airflow at 873 K for 16 h to 

remove organic surfactant and micropore template, producing a white crystalline 

solid. For the sake of clarity, the nomenclature HP-SAPO-5/xSi, where “HP” stands 
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for hierarchical porous, will be hereinafter used, where ‘x’ refers to the molar Si 

content in the synthetic gels. 

Synthesis of microporous SAPO-5 with variable Si loading: microporous 

catalysts were synthesised according to the following hydrothermal procedure. 

Aluminium isopropoxide (7.0 g) was added slowly to deionized water (10 mL) and 

triethylamine (TEA, 2.77 mL) under stirring, and the mixture was stirred for 1 h. 

Tetraethylorthosilicate (TEOS, 2.31 mL, 4.62 mL and 6.92 mL for Si=0.30, Si=0.60 

and Si=0.90, respectively) was added dropwise under stirring, along with 7.29 ml of 

deionized water, and the mixture was further stirred for 2 h. Phosphoric acid (2.18 

ml, 85 wt% in H2O) was added dropwise under stirring. The gel was vigorously 

stirred for 30 min to produce a white gel of molar composition 1.0Al: 0.93 P: x Si: 

0.58 TEA: 28 H2O where x= 0.3, 0.6, and 0.9, respectively. The gel was transferred 

to a Teflon-lined stainless-steel autoclave and subjected to hydrothermal synthesis at 

473 K for 60 h under autogenous pressure. The solid product was then recovered 

from autoclave by filtration, washed with water, dried in air at 373 K and finally 

calcined in a tube furnace at 873 K for 16 h under airflow to generate a white 

crystalline solid. For the sake of clarity, the nomenclature SAPO-5/xSi will be 

hereinafter used, where ‘x’ refers to the molar Si content in the synthetic gels. 

5.1.1.3 Characterization 

Before undertaking volumetric and spectroscopic measurements, calcined 

samples were outgassed at 300 °C overnight and for 2 h, respectively, to remove 

physisorbed water. Further details on the experimental techniques are reported in 

Chapter 9/Experimental section.  

5.1.1.4 Catalysis 

The catalytic tests in the aldol condensation/crotonization reaction were 

performed by the Eco-Efficient Products and Processes Laboratory (E2P2L), UMI 

3464 CNRS-Solvay, one of the European project partners, under the supervision of 

Prof. M. Pera-Titus. The aldol condensation/crotonization reaction was conducted in 
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a stainless-steel autoclave reactor (30 mL) from Taiatsu. In a typical test, the 

autoclave was charged with 0.2 g (2 mmol) of distilled furfural (FF), 3.8 g (38 mmol) 

of methylisobutylketone (MIBK), and 40 mg of catalyst in the reactor with a 

magnetic stirring bar, which correspond to the optimized conditions. The mixture 

was heated to the desired temperature under a stirring speed of 1000 rpm. 

Preliminary experiments were conducted ensuring the absence of external mass 

transfer limitations on the reaction rate. 

5.1.2 Results and discussion 

5.1.2.1 Structural and textural characterization 

X-Ray powder diffraction (XRDP) was performed to investigate the structural 

properties of HP-SAPO-5/xSi and to contrast them with microporous analogues. 

XRD patterns of both HP-SAPO-5/xSi and microporous SAPO-5/xSi (Figure 5.1 A 

and B) exhibited the characteristic reflections of AFI framework[22], thus stressing a 

high phase purity and crystallinity of all the catalysts, irrespective to their Si loading 

and porous architecture. Moreover, the signals intensities of the hierarchical catalysts 

were found to be comparable with microporous analogues, indicating a retention of 

the structural order even at high silicon and mesoporogen loadings.  

The textural properties of HP-SAPO-5/xSi catalysts were investigated by N2 

adsorption/desorption volumetric analysis at 77 K (Figure 5.2).[23] All hierarchical 

catalysts exhibited Type IV isotherms with a hysteresis loop in the P/P0 range 0.6-

1.0 (Figure 5.2 A), suggesting the presence of mesopores with an average size of 

approximately 30 Å, as inferred from the NLDFT (non-localized density functional 

theory) method (Figure 5.2 B). In addition, a band centred at ca. 10 Å was detected, 

which is typical of tensile strength effect due to N2 adsorption.[24] Ar 

adsorption/desorption volumetric analysis at 87 K was carried out on HP-SAPO-

5/0.60Si with the aim of gaining a deeper insight in the textural properties of 

microporous framework. Indeed, it is well-established that the proper choice of the 

adsorptive used to perform volumetric analyses is crucial to obtain reliable surface 
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areas and pore volumes. Recently, it has become evident that nitrogen is not an 

entirely satisfactory adsorptive for assessing the micropore size distribution. 

Specifically, whit respect to many zeolites, the initial stage of physisorption, which 

is shifted to extremely low relative pressures (P/P0 ~ 10-7), where the rate of diffusion 

is extremely low, make it difficult measure equilibrated adsorption isotherms. Due 

to specific interactions with surface functional groups, the pore filling pressure is not 

Figure 5.1. The powder XRD pattern of A) microporous SAPO-5/xSi and B) HP-SAPO-

5/xSi, with x=0.30 (a, black curve), x=0.60 (b, red curve) and x=0.9 (c, blue curve).  

 



Chapter 5 

82 
 

correlated with the pore size in a straightforward way. Conversely, argon adsorbed 

at 87 K is able to fill micropores ranging from 5 to 10 Å at significantly higher 

relative pressure, resulting in accelerated diffusion and faster equilibration time, thus 

being more suited from microporous analyses.[25,26] Whilst isotherms obtained by N2 

and Ar adsorption/desorption analyses were found to be comparable (Figure 5.2 C), 

pore size distribution obtained using Ar as adsorptive and calculated by means of 

NLDFT, evidenced micropores at around 7.3 Å, as expected for the AFI structure. 

Details of the specific BET surface area, as well as the total, microporous and 

mesoporous specific surface area and pore volume, determined by the NLDFT  

Figure 5.2. A) The N2 adsorption/desorption isotherms at 77K of HP-SAPO-5/xSi with 

x=0.30 (black curve), x=0.60 (red curve) and x=0.90 (blue curve). B) Pore size distributions 

of the different samples in the mesopore range. C) Comparison between Ar (black curve) 

and N2 (red curve) adsorption/desorption isotherms on HP-SAPO-5/0.60Si. D) Pore size 

distribution of HP-SAPO-5/0.60Si obtained by Ar adsorption at 87 K (black curve) and N2 

adsorption at 77 K. 
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Table 5.1. Textural properties of HP-SAPO-5/xSi 

xSi 
SBET 

[m2g-1] 

SDFT 

[m2g-1] 

Smicro 

[m2g-1] 

Smeso 

[m2g-1][a] 

VDFT 

[cm3g-1] 

Vmicro 

[cm3g-1] 

Vmeso 

[cm3g-1][b] 

0.30 267 375 351 60 0.304 0.079 0.225 

0.60 340 450 327 123 0.323 0.077 0.246 

0.90 464 552 333 219 0.448 0.075 0.373 

[a]Smeso = SDFT – Smicro; [b]Vmeso = VDFT – Vmicro; 

method, are reported in Table 5.1. Both BET and NLDFT highlighted an increase of 

surface area with the silicon loading. The mesoporous surface area (Smeso) and 

mesopore volume (Vmeso), together with total pore volume (VDFT), also increased with 

the Si content, while the contribution of the microporous surface area (Smicro) and the 

micropore volume (Vmicro) were found to comparable in all samples, indicating that 

micropore textural features had not been affected by an increase of silicon and 

mesoporogen loading. Therefore, volumetric data strongly supported the successful 

synthesis of hierarchical architectures with superior textural properties, stressing the 

existence of multiple levels of porosity within the hierarchical frameworks, with 

simultaneous retention of microporous textural properties.   

5.1.2.2 Spectroscopic characterization 

The chemical environment of the framework atoms in HP-SAPO-5/xSi and 

microporous SAPO-5/xSi was investigated by 27Al, 31P, and 29Si MAS NMR 

spectroscopy (Figure 5.3-5.5). The 27Al NMR spectra of all the samples exhibited a 

single resonance signal at ca. 36 ppm, which can be unambiguously assigned to 

tetrahedrally-coordinated Al atoms of Al(PO4) (Figure 5.3 A and B). In both 

microporous and hierarchical catalysts, a peak at about –30 ppm in the 31P NMR 

spectra can be ascribed to tetrahedrally-coordinate P atoms.  (Figure 5.4 A and B) 

The presence of a single resonance peak in both 27Al and 31P NMR spectra confirmed 

the strict alternation of Al and P atoms at the T-positions of the aluminophosphates 

framework.[27] The 31P NMR spectra of both microporous and hierarchical materials 
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at higher silicon loading (i.e. x=0.9) revealed an additional broad foot beneath the 

main resonance peak at approximately –24 ppm, owning to P–OH groups or 

otherwise indicating changes in the second coordination sphere due to Al speciation. 

These changes were not reflected in the 27Al NMR spectra, probably because of the 

broadening beyond detection.[28] Finally, the 29Si MAS NMR spectra of microporous 

and hierarchical samples revealed multiple signals from –92 to –110 ppm, due to the 

tetrahedrally-coordinated Si atoms bonded to four, three, two, one and zero Al atoms 

(Figure 5.5 A and B). Notably, by increasing the Si loading, a decrease in the 

Figure 5.4. The 31P NMR spectra of A) HP-SAPO-5/xSi and B) microporous SAPO-5/xSi, 

with x=0.30 (a, black curves), x=0.60 (b, red curves) and x=0.90 (c, blue curves). 

 

Figure 5.3. The 27Al spectra of A) HP-SAPO-5/xSi and B) microporous SAPO-5/xSi, with 

x=0.30 (a, black curves), x=0.60 (b, red curves) and x=0.90 (c, blue curves). 
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intensities of resonance signal related to isolated silicon atoms (Si(4Al)) was 

detected, with concomitant enhancement of the intensities of signals ascribable to 

tetrahedrally-coordinated Si atoms bonded to a smaller number of Si atoms (Si(3Al) 

to Si(0Al)). Significantly, this experimental evidence strongly confirmed that, at high 

silicon concentration, Si incorporation within the SAPO framework via SM2 and 

SM3 mechanism leads preferentially to the formation of silicon island instead of 

isolated BAS.  

1H SS NMR and FT-IR spectroscopies were performed to investigate the nature 

and strength of the acid sites present in SAPO-5/xSi and HP-SAPO-5/xSi catalysts 

with different Si loadings. Indeed, FT-IR spectroscopy can help to unravel the 

differences between the proton species located within the SAPOs framework (Figure 

5.6 A and B). In the O–H stretching region, FT-IR spectra of HP-SAPO-5/xSi 

exhibited two distinctive bands centred at 3630 and 3513 cm-1 (Figure 5.6 A), owning 

to the O–H stretching mode of BAS with different acid strength, located in the 12-

ring and 6-ring channels of the AFI framework.[27,29-32] Additional signals arising 

from isolated Si–OH (3745 cm-1) and isolated P–OH (3678 cm-1) sites were also 

observed with increasing intensities from x=0.3 to x=0.9, indicating that the number 

Figure 5.5. The 29Si CP MAS NMR spectra of A) HP-SAPO-5/xSi and B) microporous 

SAPO-5/xSi, with x=0.30 (a, black curves), x=0.60 (b, red curves) and x=0.90 (c, blue 

curves). 
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of defects in the AFI framework has increased with Si loading. In the FT-IR spectra 

of microporous SAPO-5 (Figure 5.6 B), the bands due to the stretching of BAS were 

not detected due to the high scattering profile of the microporous SAPO-5 and only 

the contribution of Si–OH (3745 cm-1) can be appreciated, with the same intensity 

trend detected for HP-SAPO-5/xSi catalysts.[32]  

1H SS NMR spectra, together with quantitative analysis, rendered direct 

information on the nature and density of protonic species present in the samples 

(Figure 5.7 A and B, Table 5.2). Two well separated resonance peaks centred at 

around 3.5 and 4.6 ppm, owning to two different types of Brønsted acid sites (BAS1 

and BAS2) located respectively in the 12- and 6-membered ring channels within the 

AFI framework[27], were detected in the spectra of both HP-SAPO-5/xSi and 

microporous SAPO-5/xSi. The intensity of both bands decreased with the Si loading 

Figure 5.6. FT-IR spectra in the O-H stretching region of A) HP-SAPO-5/xSi and B) 

microporous SAPO-5/xSi, with x=0.30 (a, black curves), x=0.60 (b, red curves) and x=0.90 

(c, blue curves). 
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for HP-SAPO-5/xSi catalysts, whilst no definite trend was observed for their 

microporous counterparts. Whereas the intensity of both bands was found to be 

similar for HP-SAPO-5/0.6Si and SAPO-5/0.6Si, as well as for HP-SAPO-5/0.3Si 

and SAPO-5/0.3Si, HP-SAPO-5/0.9Si exhibited much lower intensity for both 

species compared to SAPO-5/0.9Si (21 vs. 12 for BAS1 at 3.5 ppm, and 14 vs. 5 for 

BAS2 at 4.6 ppm). Apart from Brønsted acid sites, a signal at ca. 1.7 ppm, attributed 

to isolated Si–OH groups, was observed in all 1H MAS NMR spectra, together with 

a band centred at around 2.6 ppm, due to Al–OH and/or P–OH defects with very 

weak acidity.[29-31] The intensity of the former band exhibited a neat increase with 

the Si loading for HP-SAPO-5/xSi catalysts from 4 (x = 0.3) to 19 (x = 0.9), whereas 

the increase was more moderate for SAPO-5/xSi catalysts (from 11 for x = 0.3 to 15 

for x = 0.9). When comparing the SAPO-5/xSi and HP-SAPO-5/xSi catalysts at the 

same Si loading, the intensity was found to be similar for x=0.6 and x=0.9, whereas 

a much lower intensity was observed for HP-SAPO-5/0.3Si compared to SAPO-5/ 

Figure 5.7. The 1H SS NMR spectra of A) HP-SAPO-5/xSi and B) microporous SAPO-

5/xSi, with x=0.30 (a, black curves), x=0.60 (b, red curves) and x=0.90 (c, blue curves). 
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Table 5.2. FT-IR frequencies and population distribution of the protonic species obtained 

from single-pulse 1H SS NMR spectroscopy HP-SAPO-5/xSi and microporous SAPO-5/xSi, 

with x = 0.3, 0.6, 0.9. 

0.3Si (11 vs. 4). In contrast, the latter bands were systematically enhanced for HP-

SAPO-5/xSi catalysts compared to the SAPO-5/xSi analogues (20 vs. 15 for x = 0.3, 

27 vs. 19 for x = 0.6 and 33 vs. 12 for x = 0.9). Furthermore, for HP-SAPO-5/xSi 

catalysts, the intensity increased monotonously with the Si loading from 20 for x = 

0.3 to 33 for x = 0.9. Overall, all these results pointed out that, by increasing the Si  

more defects such as Si–OH, Al–OH and/or P–OH were produced in HP-SAPO-

5/xSi catalysts at the expense of Brønsted acid sites.  

To assess the accessibility of the acid sites in HP-SAPO-5/xSi catalysts, FT-IR 

spectroscopy coupled with the adsorption of basic probe molecules, with variable 

steric hindrance, such as NH3 and 2,6-di-tert-butylpyridine (2,6-dTBP), was 

performed. The total amount of Brønsted acid sites was measured using NH3, which, 

due to its small kinetic diameter (0.26 nm), is usually considered a suitable probe 

molecule for titrating acid hydroxyl groups accessible through pores, channels or 

windows in zeolites with a size < 4 Å. This strong base can interact with weakly acid 

sites through its lone electron pair via hydrogen bond, e.g. Si–OH and P–OH species, 

or undergo a proton transfer with strong acid sites, e.g. Brønsted acid sites.[33,34] In 

contrast, 2,6-dTBP, with a kinetic diameter of 1.05 nm, is not expected to enter the 

νOH 

[cm-1] 

1H 

Chemical 

shift  [ppm] 

Assignment 

HP-SAPO-5/xSi Micro-SAPO-5/xSi 

x=0.3 x=0.6 x=0.9 x=0.3 x=0.6 x=0.9 

3745 1.7-2.1 SiOHiso 4 16 19 11 16 15 

3680 2.2-2.4 

AlOH, 

POH 

H-bonded 

20 27 33 15 19 12 

3630 3.5-3.9 BAS1 22 16 12 24 17 21 

3513 4.6-4.9 BAS2 19 11 5 13 9 14 
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micropores, and can therefore only probe the more accessible acid sites located on 

the mesopores surface or at the micropores mouths.[35] Difference FTIR spectra of 

NH3 and 2,6-dTBP adsorbed on HP-SAPO-5/xSi catalysts are reported in the low 

frequency zone, where the signals of protonated species are observed (Figure 5.8 A 

and Figure 5.9). For comparison, NH3 was also probed on microporous SAPO-5/xSi 

to compare the amount of Brønsted acid sites in microporous and hierarchical 

catalysts (Figure 5.8 B). Upon NH3 adsorption, a proton transfer from strong acid 

sites (BAS) occurs, resulting in the formation of NH4
+ protonated species. This 

interaction can be readily detected through the signal appearing at 1450 cm-1, 

assigned to the δas of NH4
+ ions. After outgassing the samples at room temperature, 

this bands were retained in both HP-SAPO-5/xSi and microporous SAPO-5/xSi, 

stressing the strength of this interactions. Conversely, weak interactions via 

hydrogen bond with silanols were almost completely lost, thus only a weak signal at  

Figure 5.8. The FT-IR difference spectra of NH3 adsorbed on A) HP-SAPO-5/xSi and B) 

microporous SAPO-5/xSi, with x=0.30 (a, black curves), x=0.60 (b, red curves) and x=0.90 

(c, blue curves) after outgassing the probe molecule at room temperature. 
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Table 5.3. Integrated area (A) of the δasym NH4
+ (1450 cm-1) band, calculated referring to the 

spectra of the catalyst outgassed at 298 K, and total number of Brønsted acid sites (N) 

determined by adsorbing NH3 on HP-SAPO-5/xSi and microporous SAPO-5/xSi.  

 

 

 

 

 

 

 

1619 cm-1 (δ NH3 H-bonded to Si–OH groups) was observed. The total number of 

Brønsted acid sites (N) of HP-SAPO-5/xSi and microporous SAPO-5/xSi, 

determined via NH3 adsorption and estimated by means of Lambert-Beer law (for 

further explanation refer to Chapter 9/Experimental section), is reported in Table 5.3.  

The density of accessible Brønsted acid sites (N) titrated by NH3 was found to be 

similar for microporous SAPO-5/0.3Si (46.80 μmol g-1) and SAPO-5/0.6Si (44.08 

μmol g-1), whereas it exhibited a higher value for SAPO-5/0.9Si (52.30 μmol g-1). In 

the case of hierarchical HP-SAPO-5/xSi catalysts, HP-SAPO-5/0.6Si and HP-

SAPO-5/0.9Si revealed a higher density of Brønsted acid sites with 46.25 and 45.32 

μmol g-1, respectively, compared to HP-SAPO-5/0.3Si, with 42.79 μmol g-1. 

However, HP-SAPO-5/0.9Si displayed a lower density of Brønsted acid sites than 

SAPO-5/0.9Si, as also evidenced by 1H MAS NMR (Table 5.2).  

A proton transfer with more accessible Brønsted acid sites in hierarchical 

catalysts also occurs when 2,6-dTBP is adsorbed and subsequently outgassed, and a 

band at 1618 cm-1 (ν8a), due to protonated 2,6-dTBPH+ species, can be clearly 

observed in the spectra of HP-SAPO-5/xSi (Figure 5.9). On the contrary, signal at 

1578 cm-1, due to hydrogen bonding interactions with silanols, almost totally 

disappeared.[35] The density of accessible Brønsted acid sites (N) in HP-SAPO-5/xSi 

catalysts titrated using 2,6-dTBP compared to the density of accessible sites titrated 

by NH3 are listed in Table 5.4. Spectroscopic quantifications evidenced that only a 

x 
HP-SAPO-5/xSi Micro-SAPO-5/xSi 

Aa [cm-1] Nb [μmol g-1] Aa [cm-1] Nb [μmol g-1] 

0.3 6.29 42.8 6.88 46.8 

0.6 6.80 46.2 6.48 44.1 

0.9 6.66 45.3 6.66 53.2 

aThe integrated area of band at 1450 cm-1. bε = 0.147 cm2 μmol-1.[37] 



Chapter 5 

91 
 

small fraction of Brønsted acid sites were accessible to the bulkier probe molecules. 

The accessibility factor (AF)[36], defined as the density of sites titrated by 2,6-dTBP 

divided by the density of Brønsted acid sites titrated by NH3, revealed a higher value 

for HP-SAPO-5/0.3Si (AF = 0.049), while HP-SAPO-5/0.6Si and HP-SAPO-5/0.9Si 

show a similar value (AF = 0.025). By assuming that the Brønsted acid sites titrated 

by 2,6-dTBP are preferentially located on the mesoporous surface, the density of 

Brønsted acid sites located in the micropores can be estimated by subtracting the 

density of acid sites titrated by 2,6-dTBP from that titrated by NH3. Interestingly, 

regardless of the Si loading, the density of Brønsted acid sites located in the 

micropores is similar in the different HP-SAPO-5/xSi catalysts, with a value of 0.13 

mol m-2
 or 0.08 sites nm-2

 of microporous surface area. This experimental evidence 

suggested that Brønsted acid sites located in the micropores of HP-SAPO-5/xSi have  

Figure 5.9. The FT-IR difference spectra of 2,6-dTBP adsorbed on A) HP-SAPO-5/xSi and 

B) microporous SAPO-5/xSi, with x=0.30 (a, black curves), x=0.60 (b, red curves) and 

x=0.90 (c, blue curves) after outgassing the probe molecule at room temperature. 
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Table 5.4. Integrated area (A) of the δasym NH4
+ (1450 cm-1) and ν8a 2,6-dTBPH+ bands, 

calculated referring to the spectra of the catalyst outgassed at 298 K and density of accessible 

Brønsted acid sites (N), density of the acid sites in micropores determined by adsorbing NH3 

and 2,6-dTBP on HP-SAPO-5/xSi catalysts.  

not been affected by an increase of the Si loading. Conversely, for high Si loading, 

silicon incorporation turned out to be facilitated on the mesoporous surface of the 

hierarchical catalyst, thus leading to an increase of Si–OH moieties within the 

mesopores at the expense of BAS.  

5.1.2.3 Catalysis 

The catalytic activity of HP-SAPO-5/xSi materials was preliminary tested in the 

aldol condensation/crotonization of FF with MIBK, an acid catalysed reaction, to 

obtain (E)-1-(furan-2-yl)-5-methylhex-1-en-3-one (ALD-1) as main product and 

(E)- and (Z)-3-(furan-2-ylmethylene)-4-methylpentan-2-one (ALD-2a and ALD-2b, 

respectively) as by-products (Scheme 5.1).   

 

Scheme 5.1. Main products obtained in the aldol condensation/crotonization reaction of FF 

with MIBK over acid HP-SAPO-5.  

 

x 
NH3 adsorption 2,6-dTBP adsorption 

AF 
Acid sites in 

micropores 

[μmol g-1]c 
Aa [cm-1] Nb [μmol g-1] Aa [cm-1] Nb [μmol g-1] 

0.3 6.29 42.8 1.04 2.08 0.049 40.7 (0.078) 

0.6 6.80 46.2 0.58 1.16 0.025 45.1 (0.083) 

0.9 6.66 45.3 0.58 1.16 0.025 44.2 (0.080) 

aThe integrated area of band at 1450 cm-1. bε = 0.147 cm2 μmol-1 for NH4
+ band[37] and ε = 

0.50 cm2 μmol-1 for 2,6-dTBPH+ band[35]. cIn parenthesis, acid sites per nm2 of microporous 

surface area. 
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Table 5.5. Summary of the catalytic properties for HP-SAPO-5/xSi. 

The alcohol intermediate issued from the aldol condensation was only observed at 

trace levels for a FF conversion higher than 10%. Besides, no products issued from 

the aldol self-condensation/crotonization of MIBK were detected. In Table 5.5 the 

FF conversion and ALD-1 and ALD-2a / ALD-2b selectivity are reported. HP-

SAPO-5/0.9Si (higher amount of silanols, lower amount of BAS) exhibited a higher 

conversion (73 %) with respect to HP-SAPO-5/0.6Si (49 %) and HP-SAPO-5/0.3Si 

(45%). The selectivity of HP-SAPO-5/0.9Si and HP-SAPO-5/0.6Si was comparable 

(62 and 61 %), but lower with respect to HP-SAPO-5/0.3Si (72 %, higher amount of 

BAS and lower amount of silanols). The selectivity of the aldolization by-products 

ALD-2a and ALD-2b was found to be similar for the different HP-SAPO-5/xSi 

samples with a value about 13%. Overall, the obtained results evidenced an 

important effect of the Si loading and the presence of a hierarchical architecture on 

the catalytic properties of acid SAPO-5 catalysts in the aldol 

condensation/crotonization reaction of FF with MIBK, due the interconnectivity of 

micro- and mesopores in HP-SAPO-5/xSi catalysts which favour the cooperativity 

between the Brønsted acid sites and Si–OH groups during acid-catalysed reactions.  

5.1.3 Conclusions  

Hierarchical SAPO-5 catalysts at variable Si loading have been successfully 

synthesised using a soft-templating bottom-up synthetic approach. HP-SAPO-5/xSi 

physico-chemical properties were investigated by means of a detailed physico-

chemical characterization and compared with SAPO-5/xSi microporous analogues. 

Besides confirming the coexistence of multiple levels of porosity, volumetric 

x Conversion FF (%) Selectivity FAAD (%) Selectivity byproducts (%) 

0.3 45 72 13 

0.6 49 61 13 

0.9 73 62 14 
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analysis evidenced that microporous textural features of HP-SAPO-5/xSi had not 

been affected by an increase of the silicon and mesopore structure directing agent 

concentration. To gain a deeper insight in the nature and density of the protonic 

species present in SAPO-5/xSi and HP-SAPO-5/xSi catalysts, 1H SS NMR and probe 

adsorbed FT-IR spectroscopies were performed. On the whole, 1H NMR results 

stressed that, by increasing the Si loading, more defects such as Si–OH, Al–OH 

and/or P–OH were produced in HP-SAPO-5/xSi catalysts at the expense of Brønsted 

acid sites, whereas no definite trend was observed for their microporous 

counterparts. In addition, probe-based FT-IR spectroscopy has pointed out a 

comparable density of BAS located in the micropores for HP-SAPO-5/xSi, 

regardless of the Si loading. This experimental evidence, together with results 

obtained by means of NMR, strongly support the hypothesis that the silicon 

incorporation, for high Si loadings, preferentially occurs on the mesopore surface of 

hierarchical samples, thus resulting in an increase of Si–OH moieties within the 

mesopores at the expense of BAS. This assumption might also explain the higher 

value of the accessibility factor of HP-SAPO-5/0.30Si compared to HP-SAPO-

5/0.6Si and HP-SAPO-5/0.9Si. Despite their different location on the catalyst, the 

interconnectivity of micro- and mesopores in HP-SAPO-5/xSi catalysts can favour 

the cooperativity between the Brønsted acid sites and Si–OH groups during acid-

catalysed reactions. Moreover, silanols groups, mainly located on the mesopore 

surface of HP-SAPO-5/xSi, can be exploited to graft bulky organic moieties, which 

could not be accommodated inside the microporous AFI framework, to obtain 

organic-inorganic hybrid materials with spatially-separated catalytic active sites 

(organic active site within the mesopores and BAS within the microporous 

framework). Overall, x=0.30 might be a more suitable Si loading to perform studies 

on the catalyst optimization, as HP-SAPO-5/0.30Si resulted to be more akin to the 

microporous counterpart. Conversely, HP-SAPO-5/0.60Si and HP-SAPO-5/0.90Si 

proved to be viable candidates for use as inorganic supports for the synthesis of 
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organic-inorganic hybrid catalysts, which can also operate in catalytic reactions 

requiring spatially-separated active sites.  

5.2 Hierarchical SAPO-5 with tuned mesopore size 

From literature, it is well-established that mesoporous M41S can vary 

considerably in their pore characteristic (geometry, diameter, size distribution, 

volume and specific surface area) depending on the synthesis procedure.[38,39] The 

precise tuning of pore sizes is among the many desirable properties that have made 

such materials the focus of great interest. In this perspective, several methods to 

enlarge the regular hexagonal array of uniform pore openings of MCM-41 have been 

developed over the years.[40-51] One the most common attempted procedure for tuning 

the size of MCM-41 pores is the use of suitable organic additives to expand the 

surfactant micelles. Substituted aromatic compounds,[44-48] alkanes,[49] amines,[50] 

tetraalkylammonium cations[51] or mixtures of two different additives[44,45,48] have 

been described as effective swelling agents. Due to its ability of distributing between 

core and palisade layer of road-like micelles and to stabilise them, 1,3,5-

trimethylbenzene (mesitylene) has proven to be one of the most suitable swelling 

agents to tune MCM-41 pores.[48]  

In light of the foregoing, a methodology to control the mesopore diameter of 

hierarchical SAPO-5 will be described in the present section. Swelling of CTAB 

surfactant micelles with varying amounts of trimethylbenzene was performed with 

the aim of tuning MCM-41 pores size. Indeed, by increasing the amount of swelling 

agent, a larger pore size should be obtained. The as-synthesised MCM-41 materials 

were then used to prepare hierarchical SAPO-5 catalysts, following the bottom-up 

synthetic methodology described in subsection 5.2.2. A detailed characterization 

using a multi-technique approach (XRDP, volumetric analyses, FT-IR and ss MAS 

NMR spectroscopies) was carried out, with the aim to assess whether or not swelled-

templated hierarchical SAPO-5 catalysts benefits from the retention of the physico-
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chemical properties of a hierarchical SAPO-5 analogue, whilst simultaneously 

enhance mass transport and accessibility of the acid sites. 

5.2.1 Experimental section 

5.2.1.1 General 

Sodium hydroxide (≥ 97%), hexadecyltrimethylammonium bromide (≥ 98%), 

1,3,5-trymethilbenzene (98 %), aluminum isopropoxide (≥ 98%), triethylamine (≥ 

99.5%), tetraethyl orthosilicate (≥ 99%) and phosphoric acid (85 wt% in H2O), all 

used for the synthesis of SAPO-5 catalysts, were supplied by Sigma-Aldrich 

(Milano, Italy). NH3 (≥ 99.7%), purchased from SIAD (Bergamo, Italy) and 2,6-di-

tert-butylpyridine (≥ 97%), purchased from Sigma Aldrich (Milano, Italy), were used 

as probe molecule in FT-IR experiments. 

5.2.1.2 Synthesis 

Pure MCM-41 was prepared following the methodology reported in literature by 

Radu et al.[21] MCM-41 materials with tailored pores size were obtained referring to  

the same procedure, by varying the swelling agent/TEOS ratio (SA/TEOS). 

Hierarchical SAPO-5 catalysts were synthesized following the bottom-up synthetic 

procedure described in subsection 5.2.2. 

Synthesis of MCM-41 with enlarged pores: MCM-41 nanoparticles were 

synthesised following a sol-gel methodology. In a 1000 mL r.b.f., 

hexadecyltrimethylammonium bromide (CTAB, 1.0 g) was dissolved in deionized 

water (480 mL) and the suspension was left to stir for 30 min. Sodium hydroxide 

solution (NaOH, 2M, 3.5 mL) was then added and the solution was further stirred 

for 30 min. Subsequently, 1,3,5-trimethylbenzene (mesitylene, 3.1 and 18.6 mL for 

SA/TEOS ratio = 1 and 6 respectively) was added under stirring. After 30 min, 

tetraethyl orthosilicate (TEOS, 5 mL) was added and the solution was further stirred 

for 2 h. Filtration, washing with deionized water and ethanol gave a white solid, 

which was cured in air at 80 °C overnight. Pure MCM-41 was synthesised following 
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the same procedure, omitting the addition of 1,3,5-trymethylbenzene. For the sake 

of clarity, the nomenclature MCM-41/x:1, will be hereinafter used, where ‘x:1’ refers 

to the molar SA/TEOS ratio used to synthesis MCM-41 precursor. 

Synthesis of hierarchical HP-SAPO-5/0.30Si with tuned mesopores: 

hierarchical SAPO-5 catalysts were synthesised following the bottom-up synthetic 

strategy described in subsection 5.2.2. MCM-41 materials with tailored pores, 

containing CTAB micelles swelled on the basis of the SA/TEOS ratio, were used 

both as silicon source as mesoporogen. 0.30 Si loading was selected, resulting in the 

following synthesis gel molar composition: 1.0 Al/0.93 P/0.3 Si/0.033 CTAB/0.58 

TEA/28 H2O. For the sake of clarity, the nomenclature HP-SAPO-5/x:1, will be 

hereinafter used, where ‘x:1’ refers to the molar SA/TEOS ratio used to synthesis 

MCM-41 precursor. 

5.2.1.3 Characterization 

Prior to volumetric and spectroscopic measurements, calcined samples were 

outgassed at 300 °C overnight and for 2 h, respectively, to remove physisorbed water. 

Further details on the experimental techniques are reported in Chapter 

9/Experimental section. 

5.2.2 Results and discussion 

5.2.2.1 Structural and textural characterization 

X-Ray powder diffraction (XRDP) was performed to investigate the structural 

features of MCM-41/x:1 and HP-SAPO-5/x:1 (Figure 5.10 A-C). The small-angle 

XRD pattern of MCM-41/0:1 (pure sample) exhibited four well-resolved signals 

(Figure 5.10 A), indexable as (100), (110), (200) and (210) reflections associated 

with p6mm hexagonal symmetry. The intense (100) signal reflected a d spacing of 

ca. 41 Å and a distance between the centre of adjacent pores of 47 Å (details on the 

calculations of these values have been reported in Chapter 9/Experimental section). 

The (100) reflection was detected, although with variable intensity, in the 
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diffractograms of MCM-41/x:1 swelled samples. By increasing the SA/TEOS ratio 

from 1:1 to 6:1, a small shift towards smaller 2θ values was observed, reflecting a d 

spacing of ca. 54 and 66 Å and a distance between adjacent pores of 62 and 76 Å, 

respectively, thus confirming that the MCM-41 pore enlargement has been 

successfully performed by using mesitylene as swelling agent. The wide-angle XRD 

patterns of HP-SAPO-5/6:1 and HP-SAPO-5/1:1 revealed all the characteristic 

reflections of AFI framework, thus confirming their phase purity and crystallinity 

(Figure 5.10 B). In addition, small-angle XRD measurements of HP-SAPO-5/x:1 

(Figure 5.10 C) evidenced the typical reflection associated with ordered 

mesoporosity, shifted towards smaller 2θ values with increasing SA/TEOS ratio.  

The textural properties of HP-SAPO-5/x:1 were investigated by N2 

adsorption/desorption volumetric analysis at 77 K.[23] All HP-SAPO-5/x:1 showed 

Type IV isotherms with a hysteresis loop in the P/P0 range 0.5-1.0 (Figure 5.11 A), 

which is typical of a mesoporous material. The pore size distributions of the 

hierarchical catalysts were determined by means of NLDFT method. HP-SAPO-

5/0:1 exhibited mesopores of approximately 30 Å (for further details refer to 

Figure 5.10. The small-angle powder XRD pattern of A) MCM-41/x:1, with x=0 (a, black 

curve), x=1 (b, blue curve) and x=6 (c, red curve). The B) wide-angle and C) small-angle 

powder XRD pattern of HP-SAPO-5/x:1, with  x=0 (a, black curve), x=1 (b, blue curve) and 

x=6 (c, red curve). 
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subsection 5.3.1, Figure 5.2 B) whereas HP-SAPO-5/1:1 and HP-SAPO-5/6:1 

revealed two family of mesopores at ca. 40 and 50 Å (Figure5.11 B). Moreover, the 

micropores volume and surface area of HP-SAPO-5-1:1 and HP-SAPO-5-6:1 were 

found to be comparable with the one of HP-SAPO-5/0:1, indicating that their 

micropores textural properties had not been affected by the swelling procedure of 

CTAB micelles.  

5.2.2.2 Spectroscopic characterization 

27Al, 31P and 29Si MAS NMR spectroscopy was carried out to confirm that the 

chemical environment of the framework atoms of HP-SAPO-5/1:1 and HP-SAPO-

5/6:1 catalysts had not been altered with respect to HP-SAPO-5/0:1 sample. For all 

the catalysts, the presence of a single resonance peak in both 27Al and 31P NMR 

spectra (at about 36 and –30 ppm) confirmed the strict alternation of Al and P atoms 

at the T-positions of the aluminophosphates framework (Figure 5.12 A and B).[27] 

Moreover, the 29Si MAS NMR spectra of HP-SAPO-5/x:1 revealed  multiple signals 

from –92 to –110 ppm, due to the tetrahedrally-coordinated Si atoms bonded to four, 

three, two, one and zero Al atoms (Figure 5.12 C).  

To assess that the nature of acid sites in HP-SAPO-5/1:1 and HP-SAPO-5/6:1 

was analogous to HP-SAPO-5/0:1, FT-IR and 1H SS NMR spectroscopies were 

Figure 5.11. A) The N2 adsorption/desorption isotherms at 77K of HP-SAPO-5/x:1, with  

x=0 (black curve), x=1 (blue curve) and x=6 (red curve). B) The pore size distribution in the 

mesopore range of HP-SAPO-5/1:1 (blue curve) and HP-SAPO-5/6:1 (red curve). 
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performed (Figure 5.13 A and B). Since the same signals were detected with 

comparable intensities, in FT-IR and 1H SS NMR spectra of all the catalysts (isolated 

Si–OH at 3745 cm-1 and 1.7 ppm, Al–OH and P–OH at 3680 cm-1 and 2.4 ppm, BAS1 

at 3630 cm-1 and 3.5 ppm, BAS2 at 3513 cm-1 and 4.6 ppm, respectively, for further 

details refers to subsection 5.3.2),[27,29-32] it was possible to conclude that the nature 

of the acid sites of the parent HP-SAPO-5/0:1 catalyst had been retained upon the 

use of swelling agents to prepare MCM-41 precursor.  

FT-IR spectroscopy of adsorbed basic NH3 and 2,6-dTPB was carried out to 

evaluate the accessibility of the acid sites in HP-SAPO-5/1:1 HP-SAPO-5/6:1 

catalysts. Upon the adsorption of 2,6-dTPB (vapour pressure) and NH3 (90 mbar) 

and subsequent outgassing at room temperature, the characteristic bands related to 

the protonate species 2,6-dTBPH+ at 1618 cm-1 (ν8a) and NH4
+ at 1450 cm-1 (δasymm) 

were detected (Figure 5.14 A and B). Quantifications of the accessible fraction of 

BAS in hierarchical swelled-templated HP-SAPO-5, estimated by means of 

Lambert-Beer law (for further explanation refer to Chapter 9/Experimental section), 

were compared with values obtained for HP-SAPO-5/0:1 (Table 5.6). Although the 

total number of BAS detected by ammonia adsorption was higher for HP-SAPO-

Figure 5.12. The A) 27Al, B) 31P and C) 29Si NMR spectra of HP-SAPO-5/x:1, with x=0 

(a), x=1 (b) and x=6 (c). 
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5/1:1 and HP-SAPO-5/6:1, the accessibility factor was found to be comparable with 

respect to the parent hierarchical SAPO-5.  

 

Figure 5.14. FT-IR difference spectra of A) 2,6-dTBP and B) NH3 of HP-SAPO-5/x:1, with 

x = 0 (a, black curves), x = 1 (b, blue curves) and x = 6 (c, red curves). 

Figure 5.13. The A) FT-IR and B) 1H SS NMR, of HP-SAPO-5/x:1, with x = 0 (a), x = 1 

(b) and x = 6 (c). 
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Table 5.6. The accessible fraction of Brønsted acid sites (N) in HP-SAPO-5/x:1 catalysts.  

 

5.2.3 Conclusions  

Swelled CTAB micelles, encapsulated in MCM-41 samples, had been used to 

direct the formation of the mesoporous architecture of hierarchical SAPO-5 

catalysts, aiming at increasing the mesopore size by enhancing the swelling agent 

loading. This strategy has proven to be successful for the enlarging the pore size of 

MCM-41 samples, indeed by progressively increasing the SA concentration, an 

increment of the d spacing and distance between two adjacent pores was detected. 

Nevertheless, the same trend was not observed for hierarchical catalysts. Actually, 

an increase in mesopores diameter from ca. 30 to 40-50 Å was detected by 

volumetric analyses moving from HP-SAPO-5/0:1 to HP-SAPO-5/1:1 and HP-

SAPO-5/6:1, but the latter two catalysts displayed the same two mesopores families, 

with similar dimensions, regardless of the concentration of the swelling agent. FT-

IR and SS NMR spectroscopic characterization highlighted the acidic characteristic 

of the HP-SAPO-5/0:1 had been retained in both the swelled-templated hierarchical 

SAPO-5 catalysts. Moreover, FT-IR spectroscopy of adsorbed basic probe molecules 

of different kinetic diameter evidenced the same accessibility factor for all HP-

SAPO-5/x:1 samples, with the majority of the BAS located within the microporous 

framework. Even though a modulation in the mesopore diameter of hierarchical 

SAPO-5 had not been achieved by increasing the swelling agent loading, the 

swelling of CTAB micelles nevertheless led to an increase in the mesopores 

x 
NH3 adsorption 2,6-dTBP adsorption 

AF 
Na [μmol g-1] Nb [μmol g-1] 

0:1 42.8 2.08 0.049 

1:1 60.2 2.53 0.042 

6:1 62.4 2.87 0.046 

aε = 0.147 cm2 μmol-1 for NH4
+ band[37]; ε = 0.50 cm2 μmol-1 for 2,6-dTBPH+ 

band[35]. 
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dimension of HP-SAPO-5/1:1 and HP-SAPO-5/6:1 with respect to parent 

hierarchical sample. Accordingly, with a view of grafting bulkier organic moieties 

within the mesopores of a hierarchical SAPO-5, this synthetic strategy should be 

taken into account.  

5.3 Hierarchical SAPO-5 from mesoporous SBA-15 

scaffold 

In the present section, a soft-templating bottom-up approach to obtain 

hierarchical SAPO-5 will be investigated.[22] This synthetic strategy differs from the 

one described in only for the silicon source and mesoporogen employed, Pluronic123 

encapsulated in mesoporous SBA-15 instead of CTAB encapsulated in mesoporous 

MCM-41. The aim of this methodology was to obtain a hierarchical SAPO-5 with 

increased mesopores dimensions with respect to HP-SAPO-5 from MCM-41, 

suitable to graft bulkier organic moieties, whilst simultaneous retention of the acidic 

properties of parent AFI framework.  

5.3.1 Experimental section 

5.3.1.1  General 

Sodium hydroxide (≥ 97%), Pluronic123, aluminum isopropoxide (≥ 98%), 

triethylamine (≥ 99.5%), tetraethyl orthosilicate (≥ 99%) and phosphoric acid (85 

wt% in H2O), all used for the synthesis of SAPO-5 catalysts, were purchased by 

Sigma-Aldrich (Milano, Italy). 

5.3.1.2  Synthesis  

Hierarchical SAPO-5 was synthesised according to the following hydrothermal 

procedure, using Pluronic123 encapsulated within ordered mesoporous silica SBA-

15 both as silicon source and as mesoporogen.[22] Aluminium isopropoxide (7.00 g, 

Sigma Aldrich) was added slowly to deionized water (10 ml) under stirring. Then, 

triethylamine (TEA, 2.76 ml) was added and the mixture was stirred for 1 h. 
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Pluronic123-containing SBA-15 (1.5 g, prepared following the methodology 

reported in literature by Balantseva et al.[52]) was slowly added with deionized water 

(5 mL) and the mixture was further stirred for 2 h. Phosphoric acid (2.18 mL) was 

added dropwise under stirring. The gel was vigorously stirred for 30 min to produce 

a white gel with the following composition: 1.0 Al/0.93 P/0.58 Si/0.068 

Pluronic123/0.58 TEA/28 H2O. The gel was transferred to a Teflon-lined stainless-

steel autoclave and crystallized at 473 K for 60 h under autogenous pressure. The 

solid product from autoclave was then recovered by filtration and washed with water. 

The as-prepared white solid product was dried in air at 373 K and calcined in a tube 

furnace under air flow at 873 K for 16 h to remove organic surfactant and micropore 

template, producing a white crystalline solid. For the sake of clarity, the 

nomenclature HP-SAPO-5/SBA-15 will be hereinafter used, in order to distinguish 

this catalyst from HP-SAPO-5/0.6Si (for further details refer to section 5.1-5.4), 

characterized by the same Si loading but different mesoporogen (CTAB 

encapsulated in MCM-41). HP-SAPO-5/0.6Si will be hereafter named HP-SAPO-

5/MCM-41.  

5.3.1.3 Characterization 

Before performing volumetric and spectroscopic measurements, calcined 

samples were outgassed at 300 °C overnight and for 2 h, respectively, to remove 

physisorbed water. Further details on the experimental techniques are reported in 

Chapter 9/Experimental section. 
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5.3.2 Results and discussion 

5.3.2.1  Structural and textural characterization 

X-Ray powder diffraction (XRDP) was carried out to compare the structural 

features of HP-SAPO-5/SBA-15 catalyst with HP-SAPO-5/MCM-41 and a 

microporous analogue (Figure 5.15). Typical reflection of AFI framework were 

detected in the diffractograms of all the sample, thus confirming phase purity and 

crystallinity also for HP-SAPO-5/SBA-15. 

The textural properties of HP-SAPO-5/SBA-15 catalyst were investigated by N2 

adsorption/desorption volumetric analysis at 77 K.[23] HP-SAPO-5/SBA-15 

exhibited Type IV isotherm with a hysteresis loop (Figure 5.16 A), typical of 

mesoporous materials. With respect to HP-SAPO-5/MCM-41, which was 

characterized by mesopores of ca. 30 Å (for further details, refer to subsection 5.3.1, 

Figure 5.2 B), HP-SAPO-5/SBA-15 displayed two families of mesopores centred 

Figure 5.15. The wide-angle powder XRD pattern of microporous SAPO-5 (a, black curve), 

HP-SAPO-5/MCM-41 (b, red curve) and HP-SAPO-5/SBA-15 (c, blue curve). 
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approximately at 35 and 50 Å (Figure 5.16 B). Therefore, volumetric analyses 

confirmed the coexistence of multiple level of porosity within HP-SAPO-5/SBA-15, 

together with the presence of wider mesopores with respect to HP-SAPO-5/MCM-

41 sample.  

5.3.2.2  Spectroscopic characterization 

27Al, 31P and 29Si MAS NMR spectroscopy was performed to confirm that the 

chemical environment of the framework atoms of HP-SAPO-5/SBA-15 had not been 

altered with respect to HP-SAPO-5/MCM-41 and microporous analogue. For all the 

samples, the presence of a single resonance signal in both 27Al and 31P NMR spectra 

(at about 36 and –30 ppm) confirmed the strict alternation of Al and P atoms at the 

T-positions of the aluminophosphates framework (Figure 5.17 A and B).[27] In 

addition, the 29Si MAS NMR spectra of HP-SAPO-5/x:1 revealed  multiple signals 

from –92 to –110 ppm, due to the tetrahedrally-coordinated Si atoms bonded to four, 

three, two, one and zero Al atoms (Figure 5.17 C).  

The nature of acid sites within HP-SAPO-5/SBA-15 catalyst was investigated by 

means of FT-IR and 1H SS NMR spectroscopies. FT-IR and 1H SS NMR spectra of 

HP-SAPO-5/SBA-15 (Figure 5.18 A and B) exhibited the same signal detected for 

both HP-SAPO-5/MCM-41 and microporous SAPO-5 samples (Figure 5.6 A and B, 

Figure 5.16. A) The N2 adsorption/desorption isotherm at 77K and B) the pores size 

distribution of HP-SAPO-5/SBA-15. 
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Figure 5.7 A and B), thus confirming the retention of acidic properties of the AFI 

framework. Specifically, isolated Si–OH were detected at 3745 cm-1 and 1.7 ppm, 

Al–OH and P–OH at 3680 cm-1 and 2.4 ppm, BAS1 at 3630 cm-1 and 3.5 ppm, BAS2 

 

Figure 5.18. The A) FT-IR in the OH stretching region and B) 1H SS NMR spectra of HP-

SAPO-5/SBA-15. 

Figure 5.17. The A) 27Al, B) 31P and C) 29Si NMR spectra of microporous SAPO-5 (a), 

HP-SAPO-5/MCM-41 (b) and HP-SAPO-5/SBA-15 (c). 
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Table 5.7. Proton population distribution obtained from 1H SS NMR spectra of calcined 

microporous SAPO-5, HP-SAPO-5/MCM-41 and HP-SAPO-5/SBA-15. FT-IR frequencies 

of the corresponding OH groups are also reported.  

at 3513 cm-1 and 4.6 ppm.[27,29-32] Quantitative analysis obtained by means of 1H SS 

NMR is reported in Table 5.7. Surprisingly, HP-SAPO-5/SBA-15 displayed a higher  

intensity for both BAS1 and BAS1 species with respect to HP-SAPO-5/MCM-41 

and microporous SAPO-5 analogue (32 vs. 16 and 17 for BAS1 at 3.5 ppm, and 26 

vs. 11 and 9 for BAS2 at 4.6 ppm). The intensity of the signal related to isolated 

silanols was found to be comparable for all the catalysts (15 vs 16 and 16 at 1.7 ppm).  

5.3.3 Conclusions  

A distinctive bottom-up method for the synthesis of a hierarchical SAPO-5 has 

been successfully performed. Compared to the use of CTAB encapsulated in MCM-

41, the use of Pluronic, encapsulated within ordered SBA-15, has turned out as an 

equally valid method to introduce a secondary porosity within the AFI framework. 

The retention of the Brønsted acidic properties of the AFI framework was assessed 

by means of FT-IR and SS NMR spectroscopies, together with a comparable number 

of Si–OH groups with respect to HP-SAPO-5/MCM-41. Moreover, volumetric 

analysis confirmed the coexistence of multiple levels of porosity within HP-SAPO-

5/SBA-15, with mesopores of larger diameter than HP-SAPO-5/MCM-41. In light 

νOH 

[cm-1] 

1H Chemical 

shift [ppm] 
Assignment 

Microporous 

SAPO-5 

HP-SAPO-5/ 

MCM-41 

HP-SAPO-5/ 

SBA-15 

3745 1.7-2.1 SiOHiso 16 16 15 

3680 2.2-2.4 

AlOH, 

POH 

H-bonded 

19 27 22 

3630 3.5-3.9 BAS1 17 16 32 

3513 4.6-4.9 BAS2 9 11 26 
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of the foregoing, HP-SAPO-5/SBA-15 should be considered a noteworthy inorganic 

support to anchor bulkier organic molecule, which may not be accommodated in the 

mesopores of HP-SAPO-5/MCM-41.  
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6 

Hybrid catalysts based on N-

heterocyclic carbene 

In the present chapter, various organic-inorganic hybrid materials based on N-

heterocyclic carbene have been investigated. N-heterocyclic carbene (NHC) precursor has 

been anchored on a range of inorganic supports (Davisil silica, mesoporous MCM-41 and 

hierarchical SAPO-5 and ZSM-5) with varying textural properties, to obtain hybrid 

heterogeneous catalysts. The as-synthesised hybrid catalysts were deeply characterised 

using a multi-technique approach (XRD, volumetric and thermogravimetric analyses, SS 

NMR and FT-IR spectroscopies), with the aim of establishing structure-property 

relationship. Moreover, the catalytic activity of the organic-inorganic hybrid materials has 

been tested in the benzoin condensation reaction of furfural, a base-catalysed reaction.  

Introduction 

Due to the possibility of combining the advantages of organic and inorganic 

individual builders, organic inorganic Class II hybrid materials have recently 

emerged as an important new class of heterogeneous catalysts, rendering solids with 

high mechanical, structural and hydrothermal stability, together with the flexibility 

and functionality characteristic of organic compound and polymers.[1-8] With the aim 

of combining the soft reaction conditions of organocatalytic chemistry with the 

recyclability of heterogeneous chemistry, N-heterocyclic carbene organocatalyst 

was designed and heterogenized on various inorganic supports, for catalysing the 

benzoin condensation of furfural. Benzoin condensation is an effective strategy to 

convert biomass into useful chemicals for a range of applications.[9] Indeed, furfural, 

hydroxymethilfurfural (HMF) and derivatives can be easily obtained from sugars via 

hydrolysis and dehydration (Scheme 6.1).[10] Then, the benzoin condensation of 
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furfural renders furoin, which can be oxidised to furyl, a key intermediate with 

potential applications in the synthesis of chemicals, sustainable materials and jet or 

diesel liquid fuels (Scheme 1).[9] 

 

Scheme 6.1. Benzoin condensation for the synthesis of the key intermediate from furfural. 

In this perspective, N-heterocyclic carbene pre-catalyst derived from 

benzimidazolium salt has been anchored on different inorganic supports, to obtain 

robust organic-inorganic hybrid catalysts.[11-13] Initially, NHC moieties were grafted 

onto a non-ordered mesoporous silica (Davisil), which had been reported by Wang 

et al.[14]  to exhibit remarkable catalytic activity in the benzoin condensation reaction. 

Subsequently, mesoporous ordered MCM-41, synthesised following the procedure 

reported by Radu et al.,[15] was employed and compared to a commercial MCM-41. 

With respect to commercial MCM-41, as-synthesised silica can be obtained both in 

the calcined form and with surfactant molecules entrapped inside the mesopores, thus 

paving the way for selective grafting of the NHC precursor on the external or internal 

mesoporous surface. Lastly, with the aim of combining the Brønsted acidity of 

zeolite framework with the basic functionality of anchored NHC, hierarchical ZSM-

5 and SAPO-5 were used as inorganic support.[16] This strategy allowed to synthesise 

a bifunctional acid-base heterogeneous catalyst, with enhanced accessibility of the 

acid sites through the hierarchical framework, for cascade reactions. The role of the 

inorganic support, together with the nature of organic-inorganic interface, has been 

investigated by means of a detailed physico-chemical characterization, using a multi 

technique approach. Moreover, preliminary catalytic tests in the benzoin 

condensation of furfural have been also performed to evaluate the catalytic activity 

of the NHC basic sites. For the sake of clarity, physico-chemical characterization of 

the various hybrid catalysts will be discussed separately for each one, except for 

hierarchical materials. After evaluating the catalytic activity, the whole reason some 
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catalysts exhibited inferior catalytic performances will be investigated. A 

comparison between the physico-chemical properties of the different catalysts will 

be made in the Conclusion paragraph, with the aim of establishing preliminary 

structure-property relationships. 

6.1 Experimental section 

6.1.1 General 

Davisil silica (pore size 150 Å), MCM-41, benzimidazole (98%), NaH (60 % in 

mineral oil), 1-bromododecane (97%), (3-iodopropyl)trimethoxysilane (95 %) 

Pluronic123, solvents were purchased from Sigma-Aldrich and used as received. 

Commercial NH4-ZSM-5 zeolite was supplied by Zeolyst International with 

SiO2/Al2O3 = 80 (CBV 8014).  

6.1.2 Synthesis of inorganic supports 

The synthesis of the inorganic supports was performed at the University of 

Piemonte Orientale. 

Synthesis of MCM-41 nanoparticles: MCM-41 sample was prepared following 

the methodology reported in literature by Radu et al.[15] and described in Chapter 5, 

subsection 5.6.2. The as-synthesised material was calcined in a tube furnace in air at 

600°C for 10 h to remove the organic surfactant. For the sake of clarity, the 

nomenclature MCM-41-NPs will be used hereafter, to distinguish this inorganic 

support from the commercial MCM-41. 

Synthesis of hierarchical SAPO-5: hierarchical SAPO-5 catalyst was prepared 

according to the bottom-up soft-templating strategy described in Chapter 5, 

subsection 5.10.2, using Pluronic123-containing SBA-15 as both silicon source as 

mesoporogen.[16] The as-obtained material was calcined in air at 600 °C for 10 h to 

remove the organic template. 

Synthesis of hierarchical ZSM-5: hierarchical ZSM-5 catalyst was synthesised 

following a top-down approach, consisting in desilication under basic condition to 
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induce the mesoporosity after the zeolite crystallization.[17-20] Commercial NH4-

ZSM-5 zeolite was protonated through calcination at 550 °C for 16 h under airflow. 

Subsequently, the zeolite was treated in a 0.2 M NaOH solution (solid/liquid ratio = 

22 g L-1) for 3h. In a r.b.f. under stirring, the basic solution was heated at 65°C, the 

zeolite was subsequently added and the mixture let to stir for 3h. Subsequently, the 

flask was cooled down with an ice bath and washed with deionized water until pH 7. 

The as obtained white solid was dried overnight at 80°C. Na-ZSM-5 was then 

converted to the acidic form by performing a three-times ion exchange with NH4NO3 

solution (solid/liquid ratio = 6.7 g L-1) at 80°C for 12 h. Finally, H-ZSM-5 was 

calcined in air at 600 °C for 16 h.  

6.1.3 Synthesis of the N-heterocyclic carbene precursor 

The synthesis of N-heterocyclic carbene (NHC) precursor was performed at the 

University of Southampton, under the supervision of Professor R. Raja and Professor 

R. Rios.  

The first step in the synthesis of the NHC precursor was the 1-alkylation of 

benzimidazole (Scheme 6.2).  

 

Scheme 6.2. Synthesis of 1-dodecylbenzimidazole. 

In a 50 mL r.b.f. under inert atmosphere (Ar), benzimidazole (8.5 mmol) was 

slowly added to a suspension of NaH (1 eq.) in THF (6 mL) at 0-5 °C under stirring 

and the solution was further stirred for 30 min at room temperature. Subsequently, 

dodecyl bromide (8.5 mmol) was added dropwise and the solution was left to reflux 

for 24 h. The solution was filtered and washed with CH2Cl2 over a pad of celite. Then 

the solvent was evaporated, and the product was purified via chromatographic 

column. Yield: 97 %. 1H-NMR (CDCl3, 500 MHz, ppm): 0.90 (t, –CH2–CH3), 1.25–

1.35 (m, N–CH2–CH2–(CH2)9 –CH3), 1.89 (q, N–CH2–CH2 –(CH2)9–CH3), 4.17 (t, 
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N–CH2 –CH2–(CH2)9–CH3), 7.83 (m, Ar), 7.90 (s, N–CH–N). 13C-NMR (CDCl3, 

125 MHz, ppm): 14 (–N–(CH2)11–CH3), 22 (–N–(CH2)10–CH2 –CH3), 26.8, 29.1, 

29.3, 29.4, 29.58, 29.6, 29.85 (aliphatic chain), 31.9 (N–CH2–CH2 –(CH2)9), 45.12 

(N–CH2–CH2–(CH2)9), 109.65, 120.38, 121.98, 122.75, 133.84, 143.90 (aromatic 

except N–CH–N), 142.93 (N–CH–N). 

The second step in the preparation of NHC precursor was the silylation of 

benzimidazole with an appropriate silane, bearing alkoxy hydrolysable moieties 

which can condense with Si–OH groups on the inorganic support, thus forming 

siloxane bridges. The 3-alkylation of benzimidazole was performed following the 

procedure reported in literature by Wang et al. (Scheme 6.3).[14]  

 

Scheme 6.3. 3-alkylation of benzimidazole. 

In a r.b.f under inert atmosphere (Ar) and stirring, 1-alkylated benzimidazole (8.2 

mmol) was dissolved in ACN (12 mL). 1-iodo-3-(methilysilyl)propane (12.3 mmol) 

was then slowly added. After 30 min of stirring at room temperature, the solution 

was left to reflux for 24 h under inert atmosphere. Then, the solution was washed 

with anhydrous pentane. Yield: 95%. 1H-NMR (CDCl3, 500 MHz, ppm): 0.80 (t, –

CH2–CH3), 0.699 (O–Si–CH2 –CH2), 1.11–1.41 (m, N–CH2–CH2–(CH2)9 –CH3), 2 

(q, N+–CH2–CH2 –CH2–Si), 2.11 (q, N–CH2–CH2 –(CH2)9–CH3), 3.55 (O–CH3), 

4.53 (t, N–CH2–CH2– (CH2)9–CH3), 4.58 (t, N+–CH2 –CH2–CH2–Si), 7.58–7.69 (m, 

Ar), 11.1 (s, N–CH–N). 13C-NMR (CDCl3, 125 MHz, ppm): 14 (–N–(CH2)11–CH3), 

22.3, 22.7, 23.3, 26.6, 29, 29.31, 29.37, 29.49, 29.5, 29.57, 31.9, 34.1 (aliphatic 

chain), 50.8 (CH2–Si–O–(CH3)3), 113, 113.24, 127.21, 127.24 (aromatic except N–

CH–N), 141.94 (N–CH –N). 
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6.1.4 Synthesis of hybrid catalysts 

NHC-MCM-41, NHC-HP-SAPO-5 and NHC-ZSM-5 catalysts were synthesised 

during the research period at the University of Southampton. NHC-Davisil silica was 

synthesised by M. Meazza at the University of Southampton.  

Hybrid materials were prepared by post-synthesis grafting with 3-alkylated 

NHC-precursor (Scheme 6.4).  

 

Scheme 6.4. Graphic representation of NHC grafting on the inorganic support.  

In a r.b.f, under stirring and inert atmosphere (Ar), the sylilated NHC precursor 

(0.5 mmol) was dissolved in anhydrous toluene, then the inorganic support (Davisil 

silica, MCM-41, HP-SAPO-5 and HP-ZSM-5, 0.5 g) was added, and the mixture 

was let to reflux and stir for 24 h. The reaction was filtered and washed with toluene, 

giving a yellow solid, which was cured in air at 80 °C overnight.  

6.1.5 Characterization 

Before performing volumetric analyses and ss NMR and FT.IR spectroscopic 

measurements, all the samples were outgassed at 200°C for 1h. Further details on the 

experimental techniques are reported in Chapter 9/Experimental section. The 

characterization of the hybrids was entirely performed at the University of Piemonte 

Orientale.  
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6.1.6 Catalysis 

The catalytic tests of the NHC hybrids, with exception of NHC-Davisil silica, 

were carried out during the research period at the University of Southampton. The 

catalytic activity of NHC-Davisil silica was evaluated by M. Meazza at the 

University of Southampton.  

The catalytic activity of the NHC hybrids was evaluated in the benzoin self-

condensation of furfural to render furoin (Scheme 6.5). 

 

Scheme 6.5. Graphic representation of benzoin condensation reaction.   

In a glass vial, at room temperature, were added in sequence the heterogeneous 

catalyst (10 mol %), anhydrous DMF (0.5 ml), furfural (1 equiv, 0.2 mmol) and DBU 

(10 mol%). Once the additions were completed, argon was bubbled for 20 minutes, 

then the vial was closed and left at room temperature without stirring for 20 h. The 

crude mixture was treated with HCl (0.4 μmol, 37 %) to regenerate the catalyst 

precursor (benzimidazolium salt). The crude was then filtered and washed with 

methanol, dried under vacuum and reused in the next reaction. The conversion of the 

reaction was monitored by 1H NMR.  

6.2 Results and discussion 

6.2.1 Materials 

Silylated N-heterocyclic carbene precursor was anchored on the Si–OH groups 

of different calcined inorganic supports (Davisil silica, HP-ZSM-5, HP-SAPO-5, 

commercial MCM-41 and MCM-41-NPs) to obtain the corresponding hybrid 

catalyst (NHC-Davisil silica, NHC-HP-ZSM-5, NHC-HP-SAPO-5, NHC-MCM-41 

and NHC-MCM-41-NPs). The role of the long alkyl chain (C12) substituent at the N 

atom was to prevent NHC deactivation by dimerization and to sterically protect the  
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Table 6.1. Acronyms, elemental analysis and organic loading of the hybrid catalysts. 

NHC catalytic site.[14] The acronyms of the hybrid catalyst, along with their organic 

loadings determined from elemental analyses, are reported in Table 6.1. The organic 

loading was found to be similar for hierarchical hybrid materials but lower with 

respect to NHC-Davisil silica and NHC-MCM-41.  

6.2.2 Characterization of NHC-Davisil silica 

Thermogravimetric analysis was performed to estimate the organic content and 

thermal stability of the grafted NHC precursor (Figure 6.1). The thermogram and 

derivative of NHC-Dav150 exhibited a first weight loss between 30-180 °C, which 

can be related to the removal of physisorbed water. At higher temperatures, the flat 

weight loss changed into a rapidly declining profile, ascribable to the decomposition 

of N-heterocyclic carbene precursor. Moreover, DTG curve revealed that 

decomposition of NHC precursor started at around 200 °C. The organic content, 

calculated from the weight loss in the range 180-1100 °C, is reported in Table 6.2 

and was found to be consistent with the value obtained from the elemental analysis.  

Table 6.2. Weight loss (%) due to physisorbed water and organic content calculated from 

TGA analysis. 

Catalyst Δw % due to H2Oa Δw % due to NHCb 

Dav150 2.4 - 

NHC-Dav150 1.9 16.1 

aCalculated in the range 30-180 °C. bCalculated in the range 180-1100 °C 

Acronym of the hybrid 
Organic loading 

[mmol g-1] 

NHC-Dav150 0.49 

NHC-HP-ZSM-5 0.20 

NHC-HP-SAPO-5 0.25 

NHC-MCM-41 0.46 
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N2 adsorption/desorption volumetric analysis at 77 K on NHC-Dav150 and plain 

Davisil silica was performed to evaluate the textural properties upon the anchoring 

procedure of NHC precursor.[21] Both samples revealed type IV isotherms, typical of 

mesoporous materials (Figure 6.2 A).[22,23] Pore size distributions, obtained by means 

of NLDFT (non-localized density functional theory),[24,25] are reported in Figure 6.2 

B, whereas details of the specific surface area and pores volume are listed in Table 

6.3. Upon NHC grafting, the N2 adsorption capacity decreased along with the 

specific surface area, pore diameter and pore volume, thus confirming the success of 

the anchoring procedure.  

Table 6.3. Textural properties of NHC-Dav150 and plain Dav150. 

Sample 
SSADFT 

[m2g-1] 

Pore volume 

[cm3g-1] 

Average pore diameter 

[nm] 

Dav150 300 0.98 14 

NHC-Dav150 200 0.54 11 

 

Figure 6.1. TGA/DTG curves of plain Dav150 (black curve) and NHC-Dav150 (red curve). 
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FT-IR spectroscopy at variable temperature was performed with the aim of further 

investigate the thermal stability of the NHC precursor anchored on the Davisil silica 

(Figure 6.3 A and B). Upon outgassing the sample at 30 °C, in the high frequency 

region (4000-2700 cm-1), a broad absorption between 3700 and 3200 cm-1 was 

recorded, related to the O–H stretching mode of isolated residual silanols and to 

hydrogen-bonding interactions between surface groups.[26] Between 3100 and 3000 

cm-1, aromatic C–H stretching modes of NHC precursor were detected with very low 

intensity. In the region 3000-2800 cm-1, the FT-IR spectrum of NHC-Dav150 

exhibited the characteristic bands attributed to aromatic C–H stretching vibrations of 

CH3 and CH2 groups of the alkyl chains of NHC precursor. Specifically, signal at 

2960 cm-1 can be assigned to νasym modes of CH3 groups, whilst bands at 2926 and 

2853 cm-1 are related to the asymmetric and symmetric stretching vibration of 

methylene groups.[27] In the low frequency region (1700-1300 cm-1), three/four 

signals due to C=N and C=C stretching modes of aromatic ring are usually detected 

between 1660-1430 cm-1 for imidazoles. In the spectrum of NHC-Dav150, a band 

related to the νC=N of benzimidazole ring was identified at 1565 cm-1, whereas signal 

at 1620 (very low intensity) and 1478 cm-1 might be assigned to νC=C ring vibrations. 

[16,27,28] Additional νC=C ring modes might be the band detected at 1428 cm-1 or might 

fall beneath the signal at 1460 cm-1. Moreover, bands due to the C–H bending 

Figure 6.2. A) N2 adsorption/desorption isotherms at 77 K and B) pore size distribution in 

the mesopore range of plain Dav 150 (black curve) and NHC-Dav 150 (red curve). 

 



Chapter 6 

123 
 

vibrations were also detected between 1470 and 1300 cm-1. In particular, between 

1470 and 1440 cm-1, overlapping of bands related to asymmetric deformation modes 

of CH3–C (1460 cm-1), symmetric deformation mode of CH3–O (1455 cm-1) and 

scissoring of CH2 groups (1450 cm-1) made the assignment difficult.[29] Conversely, 

signal due to symmetric bending modes of CH3–C was identified at 1378 cm-1, 

whereas band at 1348 cm-1 can be assigned to C–H in plane deformation of aromatic 

ring.[27] By increasing the outgassing temperature, the intensities of the IR signals 

between 3000-2800 cm-1 and 1470-1300 cm-1 started decreasing between 200 and 

250 °C and almost totally disappeared at 310 °C, thus stressing, in accordance with 

TGA/DTG data, the progressive decomposition of the NHC precursor in this 

temperature range (Figure 6.3 A). In particular, the thermal stability of NHC 

precursor can be monitored by following the reduction in intensity of the 

unambiguous νC=N stretching mode of the benzimidazole ring. Upon outgassing the 

sample at 500 °C, signal related to isolated silanols (3745 cm-1) was not detected, 

indicating that organic decomposition products are deposited on the silica surface. 

Only band at 1620 cm-1, together with two blue-shifted signals at 1495 and 1452 cm-

Figure 6.3. A) Variable temperature FT-IR spectra of NHC-Dav150 and B) magnification 

in the temperature range 200-500 °C. 
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1 can be appreciate at 500 °C, thus possibly confirming their previous assignation to 

νC=C stretching modes of benzimidazole ring. Indeed, upon thermal treatment, the 

aromatic ring should be the last portion of the molecule to be decomposed.  

Along with FT-IR spectroscopy, 1H MAS NMR spectroscopy can provide direct 

information on the different proton sites within the inorganic support (Figure 6.4 A). 

Figure 6.4. A) 1H, B) 29Si and C) 13C CPMAS NMR spectra of plain Davisil silica (a) and 

NHC-Dav150 (b). 
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The 1H NMR spectrum of plain Davisil silica (curve a) exhibited a sharp signal at 

ca. 1.8 ppm,, ascribable to isolated Si–OH groups and a broad resonance in the 1.8-

3 ppm range due to silanol groups interacting via hydrogen bond. Upon NHC 

grafting (curve b), the resonance peak at 1.8 ppm disappeared, together with the 

broad resonance due to H-bonded species, indicating that all available Si–OH groups 

had condensed with alkoxy groups of NHC moieties, as already highlighted by 

variable temperature FT-IR spectroscopy. Moreover, signal in the 0-3 ppm range, 

assigned to the aliphatic chain of the N-pyrrolic ring and a broad resonance from 6.5 

to 11 ppm, were also detected for NHC-Dav150 catalyst. The successful grafting of 

NHC precursor was also confirmed by means of 29Si and 13C CPMAS NMR 

spectroscopy (Figure 6.4 B and C). The 29Si NMR spectrum of plain Davisil silica 

revealed signals due to Q4 (Si(OSi)4) silicon sites at –110 ppm and Q3 (Si(OSi)3OH) 

sites at –101 ppm (isolated silanols).[30,31] Upon anchoring of NHC precursor, the 

resonance peaks due to Q3 sites disappeared, whilst a signal due to T3 (RSi(OSi)3) 

sites was detected at –65 ppm. In addition, 13C NMR spectrum of NHC-Dav150 

exhibited signals due to the terminal CH3 and CH2 carbons in the 5-15 ppm range, 

resonances related to the carbons in aliphatic chains of the NHC moieties in the 20-

35 ppm range, signals ascribable to aromatic carbons between 110 and 140 ppm and 

signal attributed to N–CH2 groups at around 50 ppm, thus further proving that NHC 

moieties were covalently bonded to the silica surface. 

6.2.3 Characterization of NHC-MCM-41 and NHC-MCM-41-NPs 

X-Ray powder diffraction (XRDP) was performed to gain insight into the 

structural features of nanoparticles and commercial MCM-41 samples, before and 

after the grafting procedure (Figure 6.5 A and B). The small-angle XRD pattern of 

both plain nanoparticles and commercial MCM-41 inorganic supports exhibited 

three well-resolved signals, indexable as (100), (110), and (200) reflections 

associated with p6mm hexagonal symmetry. In addition, MCM-41-NPs sample 

revealed additional (210) reflection, indicating a higher degree of crystallinity with 



Chapter 6 

126 
 

respect to commercial MCM-41. Upon grafting NHC precursor, a decrease in the 

intensity of all the characteristic reflections was detected for both NHC-MCM-41-

NPs and NHC-MCM-41 hybrid catalysts, corresponding to a lower degree of 

crystallinity due to the anchoring procedure. Moreover, the small shift towards 

higher 2θ values detected for (100) reflection, reflecting a lower d spacing, suggested 

that NHC precursor had been successfully anchored inside the mesopores of MCM-

41 in addition to the external surface.  

The thermal stability of NHC precursor grafted onto MCM-41-NPs and 

commercial MCM-41 supports was investigated by means of variable temperature 

FT-IR spectroscopy (Figure 6.6 A-D). The assignment of the detected bands has 

already been provided in subsection 6.2.2. In addition, upon outgassing the samples 

at room temperature, signal related to the νO–H of isolated silanol was detected at 

3745 cm-1, at higher intensity for commercial NHC-MCM-41, indicating that a 

higher fraction of silanol groups had been consumed upon NHC grafting on MCM-

41-NPs inorganic support. Nevertheless, a fraction of Si–OH groups was found to be 

Figure 6.5. The small-angle powder XRD pattern of A) MCM-41-NPs and B) commercial 

MCM-41 before (a, black curve) and after the NHC precursor grafting (b, red curve). 
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still available to graft organic moieties for both the catalysts. By increasing the 

outgassing temperature, νC=N vibration of benzimidazole ring started decomposing at 

around 290 °C for both the catalysts, and was almost totally vanished at ca. 350 °C. 

Noteworthy, NHC precursor was found to be more thermally-stable in NHC-MCM-

41-NPs and NHC-MCM-41 catalysts with respect to NHC-Dav150 sample, probably 

as a result of the confinement effect of NHC moieties grafted inside the mesopores. 

Furthermore, with respect to Davisil silica (subsection 6.2.1), signal at 3745 cm-1 was 

Figure 6.6. Variable temperature FT-IR spectra of A) NHC-MCM-41-NPs and C) 

commercial NHC-MCM-41 catalysts, with B), D) their respective magnifications in the 

temperature range 200-500 °C. 
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detected in the spectra of both MCM-41 samples upon outgassing the sample at 500 

°C. In this respect, it is be possible that ordered mesoporosity can promote the 

diffusion of decomposition products within the framework, thus preventing their 

depositing on the silica surface. 

1H, 29Si and 13C MAS NMR spectroscopy was carried out to confirm the 

successful grafting of NHC precursor on the different MCM-41 inorganic supports 

(Figure 6.7 A-C). Upon NHC anchoring, 1H SS NMR spectra of both NHC-MCM-

41-NPs and NHC-MCM-41 catalysts (Figure 6.7 A) exhibited signals between 0 and 

3 ppm, ascribable to the aliphatic chain on the N-pyrrolic ring and a broad resonance 

in the range 6.5-11 ppm, due to aromatic protons. In addition, signal at 1.8 ppm, 

associated to isolated silanols, was also detected in the NMR spectrum of NHC-

MCM-41, thus confirming FT-IR findings. Additionally, 29Si CPMAS NMR spectra 

of both the sample (Figure 6.7 B) revealed resonance peaks due to Q4 (Si(OSi)4) and 

Q3 (Si(OSi)3OH) silicon sites at –110 and –101 ppm,[30,31] with the latter more intense 

than the former. Apart from the characteristic signals of MCM-41 support, 

resonances arising from T3 (RSi(OSi)3) and T2 (RSi(OSi)2OH) sites at –65 and –57 

ppm were detected, proving the covalent linkage between NHC precursor and the 

Figure 6.7. Cont. 
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silica surface. Lastly, 13C CPMAS NMR analysis on both the samples (Figure 6.7 C) 

evidenced the typical signals due to the aliphatic C12 substituent (20-35 ppm), to 

propylic linker (5-15 ppm), to N–CH2 groups (50 ppm) and to aromatic carbons of 

benzimidazole (110-140 ppm).  

6.2.4 Characterization of NHC-HP-ZSM-5 and NHC-HP-SAPO-5 

X-Ray powder diffraction was performed to assess that the structural properties 

of hierarchical inorganic supports had not been altered upon the anchoring of NHC 

moieties (Figure 6.8 A and B). Both NHC-HP-ZSM-5 and NHC-HP-SAPO-5 

catalysts exhibited the characteristic reflections of MFI and AFI frameworks with 

respect to either hierarchical inorganic supports and microporous analogues, thus 

Figure 6.7. A) 1H SS NMR, B) 29Si and C) 13C CPMAS NMR spectra of NHC-MCM-41-

NPs (a) and NHC-MCM-41 (b). 

 



Chapter 6 

130 
 

confirming phase purity and crystallinity of the hybrids, together with retention of 

the parent structural features.[16]  

Figure 6.8. XRD patterns of A) microporous ZSM-5 (a, black curve), HP-ZSM-5 (b, red 

curve) and NHC-HP-ZSM-5 (c, blue curve) and B) microporous SAPO-5 (a, black curve), 

HP-SAPO-5 (b, red curve) and NHC-HP-SAPO-5 (c, blue curve). 
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Table 6.3. Textural properties of HP-ZSM-5 and HP-SAPO-5 catalysts. 

Sample 
SBET 

[m2 g-1] 

SDFT 

[m2 g-1] 

Smicro 

[m2 g-1] 

Smeso
[a] 

[m2 g-1] 

VDFT 

[cm3 g-1] 
Vmicro 

[cm3 g-1] 

Vmeso
[b] 

[cm3 g-1] 

HPZSM-5 500 731 516 215 0.82 0.10 0.70 

HPSAPO-5 573 508 215 293 0.49 0.05 0.44 

[a]Smeso = SDFT – Smicro; [b]Vmeso = VDFT – Vmicro. 

The textural properties of plain and NHC-grafted HP-ZSM-5 and HP-SAPO-5 

hybrid catalysts were investigated by means of N2 adsorption/desorption at 77 K.[21] 

Both the hierarchical inorganic supports exhibited Type IV isotherms, with 

hysteresis loop in the the P/P0 range 0.5-1.0 (Figure 6.9 A), characteristic of   

mesoporous materials, whereas microporous analogues revealed type I isotherms 

(volumetric analysis on microporous SAPO-5 has been shown in Chapter 5, 

subsection 5.3.1).[22,23] Pore size distribution, obtained by applying NLDFT method 

to the adsorption branch of the isotherms,[24,25] revealed, apart from the micropores 

typical of MFI and AFI frameworks, additional mesoporosity at 35 and 50 Å (Figure 

Figure 6.9. Cont. 



Chapter 6 

132 
 

6.9 B). Details of the specific surface area and pores volume are listed in Table 6.3. 

Compared to HP-SAPO-5, HP-ZSM-5 exhibited a higher mesopore volume (Vmeso) 

and total pore volume (Vtot). Upon NHC grafting, for both hierarchical hybrids 

catalysts a decrease of the N2 adsorption capacity, specific surface area and pore 

volume was recorded (Figure 6.9 C and D). Nevertheless, the textural properties of 

NHC-HP-ZSM-5 were less affected by the NCH presence with respect to NHC-HP-

SAPO-5, as a result of the different framework topologies and synthetic 

methodologies performed to obtain the hierarchical supports.  

Thermogravimetric analysis was performed in order to evaluate the thermal 

stability and organic content of NHC precursor grafted on HP-ZSM-5 and HP-

SAPO-5 hybrid catalysts (Figure 6.10 A and B). The thermograms and derivatives 

of the two hybrid catalysts and parent hierarchical supports exhibited a first weight 

loss in the 30-180 °C range, due to the removal of physisorbed water. Notably, HP-

SAPO-5 revealed a more hydrophilic character with respect to HP-SAPO-5. 

Figure 6.9. A) N2 adsorption/desorption isotherms of HP-ZSM-5 and HP-SAPO-5 and B) 

their pore size distributions in the mesopore range with pore size distributions in the 

micropore range (inset). Comparison between N2 adsorption/desorption isotherms of C) 

NHC-HP-ZSM-5 and HP-ZSM-5 and B) NHC-HP-SAPO-5 and HP-SAPO-5. 
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However, upon NHC grafting, both hybrid catalysts lost a comparable amount of 

water. At higher temperatures, the flat weight loss of the hybrid catalysts changed 

into rapidly declining profiles, corresponding to the decomposition of the organic 

NHC precursor. In addition, DTG curve revealed that decomposition of NHC 

precursor started at higher temperature (above 250 °C) with respect to NHC-Dav150.  

The organic content, estimated from the weight loss in the 180-1000 °C range, is 

reported in Table 6.4. Notably, TGA results were found to be consistent with data 

from elemental analysis.  

Figure 6.10. TGA/DTG curves of A) HP-ZSM-5 (black curve) and NHC-HP-ZSM-5 (red 

curve) and B) HP-SAPO-5 (black curve) and NHC-HP-SAPO-5 (red curve) 
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Table 6.4. Weight loss (%) due to physisorbed water and organic content calculated from 

TGA analysis. 

Catalyst Δw % due to H2Oa Δw % due to NHCb 

HP-ZSM-5 5 - 

NHC-HP-ZSM-5 7 13.5 

HP-SAPO-5 12 - 

NHC-HP-SAPO-5 6 14 

aCalculated in the range 30-180 °C. bCalculated in the range 180-1000 °C 

To further investigate the thermal stability of N-heterocyclic carbene precursor 

anchored on hierarchical inorganic supports, FT-IR spectroscopy at variable 

outgassing temperature was performed (Figure 6.11 A-D). For further details on the 

assignment of the detected bands, refer to subsection 6.2.2. The decomposition of 

NHC precursor was evaluated by monitoring the band at 1565 cm-1, due to the C=N 

stretching mode of the imidazole ring, during the thermal treatment.[16,27] For both 

the hybrids, the signal started decreasing in intensity upon outgassing the samples at 

270 °C and totally disappeared at around 400 °C for NHC-HP-SAPO-5 and at ca. 

450 for NHC-HP-ZSM-5. 

With the aim of establishing whether or not the Si–OH groups had been totally 

consumed upon the NHC anchoring, and if the bridging Si–OH–Al groups (Brønsted 

acid sites) of the MFI and AFI frameworks had been retained after the grafting 

procedure, FT-IR spectra in the O–H stretching region of NHC-HP-ZSM-5 and 

NHC-HP-SAPO-5 were recorded and compared to their respective hierarchical 

inorganic support (Figure 6.12 A and B). In the FT-IR spectra of both plain inorganic 

supports (black curves), a band at 3745 cm-1, assigned to the O–H stretching mode 

of isolated silanol groups, was detected. Upon NHC grafting (red curves), this signal 

disappeared, indicating that all Si–OH anchoring sites had been consumed. 

Moreover, both HP-ZSM-5 and HP-SAPO-5 supports displayed bands related to the 

O–H stretching mode of Brønsted acid sites. The former exhibited a broad band 
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centred 3611 cm-1,[20] the latter two distinct signals at 3630 and 3513 cm-1, associated 

to BAS located at different position within the AFI framework.[32-34] Characteristic 

bands of BAS were still detected in the spectra of NHC-HP-ZSM-5 and NHC-HP-

SAPO-5, thus confirming the retention of the potential catalytic acid sites upon the 

anchoring procedure.  

Figure 6.11. Variable temperature FT-IR spectra of A) NHC-HP-ZSM-5 and C) NHC-HP-

SAPO-5 catalysts with B), D) their respective magnifications in the temperature range 200-

500 °C. 
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Together with FT-IR spectroscopy, 1H SS NMR provided direct information 

about the different proton sites present in the hierarchical supports (Figure 6.13 A). 

The 1H NMR spectra of hierarchical supports revealed contributions from isolated 

Si–OH groups (1.8-2 ppm), hydroxyl units bound to Lewis acid sites (LAS) and extra 

framework aluminium species (EFAl) through hydrogen bonding (2.4-2.8 ppm), 

BAS (3.8-5.0 ppm) and H-bonded hydroxyls (5.8 ppm).[35-37] In accordance with FT-

IR measurements, HP-SAPO-5 exhibited two different resonance peaks due to 

Brønsted acid sites. Quantitative representations of various protonic species are 

reported in Table 6.5. In order to separate contributions from silanols and BAS, 27Al 

TRAPDOR NMR spectra were collected (Figure 6.13 B and C). The 1H/27Al 

TRAPDOR NMR method allows to differentiate protons that are dipolar coupled to 

nearby Al atoms, such as Brønsted and Lewis acid sites as well as Al–OH, from all 

other protons.[38] In this perspective, two 1H spin-echo NMR spectra were recorded, 

without and with 27Al irradiation. While the former reveals all the protons in the 

Figure 6.12. FT-IR spectra in the O–H stretching region of A) HP-ZSM-5 (black curve) 

and NHC-HP-ZSM-5 (red curve) and B) HP-SAPO-5 (black curve) and NHC-HP-SAPO-5 

(red curve). 
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sample, a difference spectrum will show only protons in close vicinity to 27Al. This 

experiment allowed to demonstrate that HP-ZSM-5 was characterized by a higher 

amount of available silanols groups and lower amount of BAS with respect to HP-

SAPO-5. 

Figure 6.13. A) 1H MAS NMR spectra of calcined and dehydrated HP-ZSM-5 (a, top) and 

HP-SAPO-5 (b, bottom). Both experimental and its fitted spectrum with individual 

contribution from each 1H sites are shown. 1H rotor synchronized spin-echo NMR spectra 

of calcined A) HP-ZSM-5 and C) HP-SAPO-5 recorded without (a, top) and with (b, middle) 
27Al irradiation. The difference spectra are shown at the bottom (c).  
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Table 6.5. Proton population distribution obtained from 1H SS NMR spectra of calcined HP-

ZSM-5 and HP-SAPO-5 supports. FT-IR frequencies of the corresponding OH groups are 

also reported.  

νOH 

[cm-1] 

1H 

Chemical 

shift [ppm] 

Assignment 
HP-ZSM-5 

 

HP-SAPO-5 

 

3745 1.7-2.1 Isolated SiOHiso 29 15 

 2.4-2.4 
OH bound to LAS and 

EFAl species 
26 22 

3618-3615 3.8 BAS 26 32 

3630 4.8 BAS in small cages - 26 

3513 5.8 H-bonded species 19 5 

According to FT-IR evidence, upon N-heterocyclic carbene precursor grafting, 

resonance peaks at 1.8 ppm due to isolated silanols groups disappeared from the 1H 

NMR spectra of NHC-hybrid catalysts, whilst signals related to BAS were retained 

(Figure 6.14 A), thus providing further confirmation that Si–OH groups had been 

Figure 6.14. A) 1H MAS NMR and B) 13C CPMAS NMR spectra of calcined and 

dehydrated HP-ZSM-5 (a, top) and HP-SAPO-5 (b, bottom).  
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consumed to anchor NHC precursor and BAS had not been affected by its presence. 

Moreover, signals in the 0-3 ppm range, arising from the aliphatic chain on the N-

pyrrolic ring, and a broad resonance from 6.5 to 11 ppm due to aromatic protons 

were also detected. The successful grafting of NHC organic moieties onto 

hierarchical supports was further assessed by means of 13C CPMAS NMR 

spectroscopy (Figure 6.14 B). Indeed, 13C NMR spectra of NHC-HP-ZSM-5 and 

NHC-HP-SAPO-5 exhibited resonance peaks due to the aliphatic C12 substituent (20-

35 ppm), to propylic linker (5-15 ppm), to N–CH2 groups (50 ppm) and to aromatic 

carbons of benzimidazole (110-140 ppm). 

With the aim of probing the chemical environment of the framework atoms in 

NHC-containing hybrids, 27Al, 31P and 29Si MAS NMR spectroscopy was carried out 

(Figure 6.15 and Figure 6.16). The 29Si CPMAS NMR spectrum of NHC-HP-ZSM-

5 (Figure 6.15 A) revealed resonance peaks related to Q sites at –112 (Q4 (0Al)), –

105 (Q4 (1Al)), –101 (Q3 (0Al)) and –90 (Q2 (0Al)) ppm, owning to tetrahedral Si 

bound to four, three and two Si atoms and signals due to T sites at –65 (T3, RSi(OSi)3) 

and –57 (T2, RSi(OSi)2OH) ppm, confirming the success of the anchoring 

procedure.[31] The 27Al MAS NMR spectrum of NHC-HP-ZSM-5 (Figure 6.15 B) 

exhibited a broad resonance between 1 and 9 ppm, related to six-coordinated Al sites 

Figure 6.15. A) 29Si and B) 27Al NMR spectra of HP-ZSM-5 (a, bottom curve) and NHC-

HP-ZSM-5 (b, top curve).  
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(AlIV) created by the desilication process to obtain a hierarchical framework. Signals 

related to Q and T sites were detected in the 29Si CPMAS NMR spectrum of NHC-

HP-SAPO-5 (Figure 6.16 A), with Q sites characterized by different relative 

intensities with respect to NHC-HP-ZSM-5, suggesting a different degree of 

defectivity of the two hybrid catalysts. The 27Al NMR spectrum of NHC-HP-SAPO-

5 (Figure 6.16 B) exhibited a resonance peak at ca. 37 ppm, attributed to 

tetrahedrally-coordinate Al atoms, whilst no signal due to six-coordinated Al was 

detected. Finally, a single resonance peak at –130.5 ppm, assigned to tetrahedrally-

coordinated P atoms, was recorded in 31P MAS NMR spectrum of NHC-HO-SAPO-

5 (Figure 6.16 C). Since both 27Al and 31P MAS NMR spectra displayed only a single 

resonance, it was possible to confirm strictly alternation of Al and P atoms at the T-

positions of the AFI framework.[39] 

6.2.5 Catalysis 

The catalytic activity of NHC-based hybrids was evaluated in the NHC-catalysed 

omo-coupling of furfural into furoin.[9,40] The proposed mechanism for the benzoin 

condensation reaction is reported in Scheme 6.6. Firstly, the carbene catalyst is 

activated through in situ deprotonation of the corresponding azolium salt with a base 

Figure 6.16. A) 29Si, B) 27Al and C) 31P NMR spectra of HP-SAPO-5 (a, bottom curve) and 

NHC-HP-SAPO-5 (b, top curve). 
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(1,8-diazabicyclo[5.4.0]undec-7-ene, DBU).[41-43] Then, nucleophilic attack of one 

molecule of the furfural by the carbene catalyst generates the carbene-aldehyde 

zwitterionic adduct. Next, a proton transfer occurs, leading to the formation of the 

Breslow/Enders intermediate that attacks a second molecule of furfural.[44-45] After a 

proton transfer and the release of the carbene catalyst, the furoin product is obtained. 

Preliminary results (Figure 6.17) evidenced that NHC-Dav150 gave quantitative 

conversion in the first reaction, as well as in the first and second recycle, and the 

third recycle maintained high conversion (85%). When MCM-41-NPs was used as 

inorganic support, full conversion was achieved in the first reaction and first recycle, 

then the catalytic activity was found to decrease in the second and third recycle (83% 

and 73%, respectively). Notably, almost 98% conversion was reached in the first 

Scheme 6.6. Catalytic cycle of benzoin condensation reaction.   

 



Chapter 6 

142 
 

reaction when NHC-HP-ZSM-5 was used as heterogeneous catalyst, then its 

catalytic activity slight decreased in the first and second recycle and was completely 

lost in the third recycle. Conversely, fresh NHC-HP-SAPO-5 revealed a lower 80 % 

conversion after 20 h of reaction. Similarly to NHC-HP-ZSM-5, the conversion 

dropped in the first and second recycle (78% and 73%, respectively), loosing 

completely the activity in the third recycle. Control experiments with plain inorganic 

supports were performed and no reactivity in the benzoin condensation reaction was 

observed, stressing the role of the anchored N-heterocyclic carbene in the catalytic 

process. 

6.2.6 Unravelling the inferior catalytic performance of NHC-HP-

SAPO-5 catalyst 

With the aim of clarify the reason of the inferior catalytic activity displayed by 

NHC-SAPO-5 with respect to the other NHC-based catalysts and in order to explain 
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the deactivation NHC-based hierarchical supports after the second recycle, a 

physico-chemical characterization using a multi-technique approach (XRDP, SS 

NMR and FT-IR spectroscopies) was carried out on the recycled catalyst.  

XRDP and 27Al and 31P MAS NMR spectroscopies were performed to confirm 

that hierarchical AFI framework had not collapsed after the recycling of NHC-HP-

SAPO-5 (Figure 6.18 A-C). The XRD pattern of recycled NHC-HP-SAPO-5 showed 

the characteristic reflections of AFI, also detected with comparable intensities in 

fresh NHC-HP-SAPO-5 and HP-SAPO-5 samples (Figure 6.18 A). Furthermore, the 

presence of a single resonance peak in both 27Al and 31P NMR spectra (Figure 6.18 

B and C), due to tetrahedrally-coordinated Al and P atoms, at ca. 36 and –30 ppm 

respectively, confirmed the strict alternation of Al and P atoms at the T-positions of 

the aluminophosphates framework.[39] Thus, both XRDP and NMR characterization 

indicated a retention of the structural properties of plain inorganic support in the 

recycle catalyst.   

1H MAS NMR spectroscopy was used to assess whether or not the acid properties 

of parent HP-SAPO-5 framework had been retained even after the recycling of the 

catalyst (Figure 6.19 A). The 1H NMR spectrum of HP-SAPO-5 (curve a) revealed 

resonance signals related to isolated silanols (1.8 ppm), Al–OH and P–OH H-bonded 

(2.4-2.8 ppm) and BAS located at different position of AFI framework (3.8 and 4.6 

Figure 6.18. A) XRD pattern, B) 27Al and C) 31P NMR spectra of HP-SAPO-5 (a, top curve), 

fresh NHC-HP-SAPO-5 (b, middle curve) and recycled NHC-HP-SAPO-5 (c, bottom curve).   
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ppm). As already evidenced in subsection 6.2.4, resonance peaks related to isolated 

Si–OH groups disappeared upon NHC anchoring on the hierarchical support, 

whereas signals arising from BAS were still detected. Moreover, NHC-HP-SAPO-5 

also displayed resonance peaks related to aliphatic (0-3 ppm) and aromatic (6.5-11 

ppm) protons of NHC moieties (curve b). Upon recycling, the two well separated 

resonance bands arising from BAS totally disappeared (curve c), suggesting that the 

characteristic strong acid sites of AFI framework had been altered over the course of 

the benzoin condensation reaction. With the aim of getting a deeper insight into the 

deactivation mechanism of BAS, 13C CPMAS spectroscopy was performed on fresh 

and recycled NHC-HP-SAPO-5 (Figure 6.19 B). The 13C NMR spectrum of recycled 

NHC-HP-SAPO-5 exhibited a more complicated pattern (curve b) with respect to 

the fresh catalyst (curve a), due to the presence of unreacted and product species 

probably entrapped within the pores architecture. Nevertheless, resonance peaks 

Figure 6.19. A) 1H MAS NMR spectra of HP-SAPO-5 (a, top curve), fresh NHC-HP-SAPO-

5 (b, middle curve) and recycled NHC-HP-SAPO-5 (c, bottom curve). B) 13C CP MAS NMR 

of fresh NHC-HP-SAPO-5 (a, top curve) and recycled NHC-HP-SAPO-5 (b, bottom curve). 
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arising from the protonated based (DBUH+) were identified, specifically quaternary 

carbon at ca. 166 ppm and all the other carbons in the range 20-50 ppm.[46,47]  

According to NMR data, FT-IR spectroscopy carried out on fresh and recycled 

catalysts (Figure 6.20 A and B), evidenced that deprotonation of Brønsted acid sites 

by DBU had occurred after recycling. In the O–H stretching region (Figure 6.20 A, 

curve b), bands related to BAS at 3630 and 3513 cm-1 were not detected in the FT-

IR spectra of recycled NHC-SAPO-5. In the low frequency region (Figure 6.20 B, 

curve b), in addition to signals evidenced for fresh NHC-HP-SAPO-5 (the νC=N of 

benzimidazole ring was identified at 1565 cm-1, νC=C ring vibrations at 1478 and 1428 

cm-1, C–H bending vibrations between 1470 and 1440 cm-1), recycled NHC-HP-

SAPO-5 displayed also an intense band at 1677 cm-1, assigned to C=O stretching 

mode of residual furfural or furoin molecules, and a signal at 1645 cm-1, due to νC=N 

of DBUH+.[47,48] Notably, these latter bands were not identified in the FT-IR spectra 

of recycled NHC-MCM-41-NPs and NHC-Dav150 (Figure 6.21 A and B). All the 

Figure 6.20. FT-IR spectra A) in the O–H stretching region and B) in the low frequency 

region of fresh NHC-HP-SAPO-5 (a, black curve) and recycled NHC-HP-SAPO-5 (b, red 

curve). 

 



Chapter 6 

146 
 

previous experimental evidence emphasized that, besides activating the carbene 

precursor, DBU can also deprotonate and deactivate BAS on the mesopores and 

within microporous AFI framework of HP-SAPO-5 (Scheme 6.7). Consequently, the 

Figure 6.21. FT-IR spectra in the low frequency region of A) fresh NHC-Dav150  (a, black 

curve) and recycled NHC-Dav150 (b, red curve) and B) fresh NHC-MCM-41-NPs (a, black 

curve) and recycled NHC-MCM-41-NPs (b, red curve). 

 

Scheme 6.7. Graphical representation of activation of NHC precursor (top) and deactivation 

of Brønsted acid site (bottom). 
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number of activated NHC precursors might decrease at each recycle, leading in a 

reduction in the catalytic activity of NHC-based hierarchical catalysts with respect 

to Davisil silica and MCM-41. These data could also explain why the catalytic 

activity of NHC-SAPO-5 was found to be inferior with respect to NHC-HP-ZSM-5: 

for comparable NHC-loading, since the former catalysts exhibited a higher amount 

of BAS (for further details, refer to subsection 6.2.4), a lower fraction of NHC 

precursors must have been activated by DBU. Furthermore, since the molecular 

dimensions of DBU (length 5.90 Å, width 3.66 Å, diameter 6.94 Å, approximately) 

are comparable to micropores diameter of AFI framework (7.3 Å), but larger than 

the micropore apertures of MFI framework (5.5 Å), DBU within HP-ZSM-5 

framework might have deactivated only those BAS located on the mesopore surface 

or at the micropore mouths.  

6.3 Conclusions  

N-heterocyclic carbene (NHC) pre-catalyst have been successfully grafted on 

different inorganic supports. The as-obtained hybrid catalysts have been 

characterised using a multi-technique approach to establish preliminary structure-

property relationships. X-Ray powder diffraction evidence the retention of the 

structural properties of inorganic supports upon NHC precursor anchoring. 29Si and 

13C SS NMR were used to confirm the success of the grafting procedure. 

Thermogravimetric analyses and variable-temperature FT-IR spectroscopy revealed 

a different thermal stability of the NHC organic moiety. Specifically, pre-catalyst 

grafted onto hierarchical supports exhibited a higher thermal stability (at around 300 

°C), whereas the NHC decomposition within MCM-41 and Davisil silica was 

estimated at around 290 and 250 °C, suggesting a dependence on the pore 

confinement effect. Volumetric analysis performed on hierarchical supports 

evidenced the existence of multiple levels of porosity within the hierarchical 

inorganic supports and a retention of the textural properties upon NHC anchoring. 

Quantification of the proton species via 1H SS NMR revealed that all the available 
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silanol groups had been consumed when Davisil silica and hierarchical zeotypes had 

been used as inorganic supports, whereas NHC-MCM-41 exhibited a fraction of Si–

OH groups still available for grafting. Accordingly, an optimization in the NHC 

loading could be performed on MCM-41 in order to consume all the anchoring 

groups. In addition, fresh NHC-HP-SAPO-5 and NHC-HP-ZSM-5 also displayed 

characteristic signals related to BAS, thus proving the retention of the acidic 

properties of hierarchical framework upon NHC grafting. Then, the catalytic activity 

of the hybrid materials was evaluated in the benzoin condensation reaction of furfural 

to render furoin. Notably, NHC-Dav150 and NHC-MCM-41 exhibited full 

conversion in the first reaction, and good recyclability, whereas HP-ZSM-5 and HP-

SAPO-5 showed a 98 % and 80 % conversion after 20 h of reaction. In addition, 

hierarchical catalysts appeared to be more affected by recycling with respect to 

mesoporous hybrids. With the aim of unravelling the reason for the inferior catalytic 

activity of NHC-HP-SAPO-5, SS NMR and FT-IR characterization was performed 

on the fresh and recycle catalyst. FT-IR and NMR data highlighted that DBU can 

interact with BAS located within the micropores and on the mesopore surface, 

deprotonating them instead of activating the NHC pre-catalyst. This mechanism, 

besides deactivating the acid sites useful to perform tandem reactions, might have 

led to a decrease in the catalytic activity of NHC-HP-SAPO-5. With a view of 

exploiting the full potential of hierarchical supports, these drawbacks might be 

overcome by using a base with larger kinetic diameter, which cannot enter the 

micropore and deprotonate the BAS ivi located. Alternatively, hierarchical supports 

with smaller micropores, such as hierarchical SAPO-34, might be used to anchor 

NHC precursor and perform the benzoin condensation reaction.    
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7 

Influence of silicodactyly and 

silicopodality in the design of 

hybrid materials 

In the present chapter, the influence of silicodactyly and silicopodality in the design of a 

silica-based hybrid catalyst has been deeply investigated by a combined experimental and 

computational study. With the aim of clarifying how the architecture of anchored 

organosilane may affect the conformation of organic chains, determining whether or not an 

interaction between the organic moiety and the inorganic surface, different types of 

silicodactyl and silcopodal platforms were grafted onto a silica inorganic support. The as-

synthesised hybrid materials were characterised using a multi-technique approach (XRD, 

TGA, 29Si, 1H and 13C solid-state NMR and FT-IR spectroscopies). Computational studies 

(molecular dynamics calculations) were carried out to forecast how the different grafting 

configurations (dactyly) and the variable number of alkyl chains used by the organic 

platform to grab the inorganic surface (podality) may influence the tendency of the 

organosilane to lay on the silica surface. 

Introduction 

In recent years, great progress in the ability to engineer new organic-inorganic 

hybrid materials, with tailored properties, has been made.[1-5] Among hybrid silica-

based materials, ordered mesoporous silicas such as MCM-41 have been widely used 

as inorganic supports, thanks to the large specific surface areas and tunable ordered 

pore arrays with controlled size. Moreover, the huge pores volumes together with the 

possibility of easy surface functionalization (e.g. post-synthetic grafting)[6], make 

mesoporous materials extremely suitable for various applications, such as catalytic 

reactions, molecular capture, enzyme immobilization[7] and drug delivery[8,9]. 
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Besides enabling the embedment of a wide variety of organic moieties within the 

inorganic framework, surface functionalization also ensures a good dispersion of the 

organic active sites inside the internal surface of MCM-41, thus minimizing their 

aggregation and migration. Moreover, post-synthetic grafting prevents the leaching 

of the organic counterpart, which can affect the traditional physical entrapment 

methods.[10] Despite the importance of organic-inorganic hybrid materials in 

heterogeneous catalysis, the factors (degree of hydrolysis and condensation during 

the grafting procedure, hydrophilicity of the silica surface, confinement effects, 

length of the anchoring groups) influencing the conformation of the organic moiety 

grafted onto a silica surface have not been systematically studied. Specifically, with 

the view to design a class II hybrid, it should be considered that the reactive organic 

moiety, covalently bonded to the inorganic support through a linker, may interacts 

with its surface, thus possibly hampering the catalytic activity. Evidently, the best 

catalytic performances are expected when the organic moiety is able to stick out from 

the surface, fully available for interactions with substrates. If the catalytic active site 

gives a specific spectroscopic signal when interacting with the silica surface, it is 

possible to monitor the behaviour of the system when changing the nature and the 

length of the linker (Figure 7.1). 

In light of the foregoing, the research study described in the present chapter aims 

at investigating how the architecture of organosilane grafted onto a silica surface 

Figure 7.1. Proof of concept of an ideal probe which gives a specific signal when interacting 

with the inorganic surface.  
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affects the conformation of organic chains, determining whether or not an interaction 

between the organic moiety and the inorganic surface.[11] In the design of a hybrid 

organic-inorganic silica-based material, two important parameters can be easily 

controlled and varied during the synthesis procedure, as schematized in Figure 7.2. 

Firstly, each alkoxysilane can bear 1 to 3 hydrolysable groups (typically methoxy or 

ethoxy groups) which can condense with surface silanols to form siloxane bridges. 

The number of these covalent bonds depends on the number of hydrolysable tails 

and on the concentration of surface silanols. This property has been named 

silicodactyly, since it describes the number of dactyls (from the Greek word meaning 

fingers) used by the alkoxysilane to grab the silica surface. In Figure 7.2, examples 

of di-dactyl (a) and tri-dactyl (b) alkoxysilane are reported. Secondly, the catalytic 

head can be anchored to the surface through a variable number of alkylsilane chains. 

This property has been named silicopodality and, depending on the number of leg(s), 

a monopodal or multipodal system can be formed (Figure 7.2., (a) and (b), (c) 

respectively). The influence of silicodactyly and silicopodality has been elucidated 

by a combined experimental (XRD, TGA/DTG, 29Si, 1H and 13C solid-state NMR 

and FT-IR spectroscopies) and computational (Molecular Dynamics calculations) 

approach. Computational studies have been used to forecast the influence of the 

different grafting configurations (dactyly) and the influence of the number of 

Figure 7.2. Examples of different silicodactyly (a,b) or silicopodality (c) affecting the 

conformations of the organic moiety with respect to the surface. Yellow sphere: silicon; red: 

hydrolysable groups; green: alkyl chain; blue: catalytic active site.  
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alkylsilane chains by which the catalytic site is anchored to the inorganic support 

(podality) on the tendency of the silane to lay on the inorganic surface. 

7.1 Influence of silicodactyly 

In order to investigate the effect of silicodactyly on the conformation of the 

alkoxysilane chains, (3-mercaptopropyl)alkoxysilanes bearing different number of 

hydrolysable methoxy groups (the remaining ‘fingers’ being substituted by methyl 

groups) have been grafted on an ordered mesoporous silica, MCM-41. Mercapto-

functional mesoporous silicas have received great attention as heavy metal ion-

trapping agents.[12] Furthermore, thiol groups may represent the branching point to 

anchor a possible organo-catalyst or can be oxidized to form sulfonic acid active 

centres, suitable for applications in heterogeneous acid catalysis.[13]  

7.1.1 Experimental section 

7.1.1.1 General 

MCM-41, methylmagnesium bromide and solvents were purchased from Sigma-

Aldrich and used as received. (3-mercaptopropyl)trimethoxysilane and (3-

mercaptopropyl)dimethoxymethylsilane were purchased from TCI Europe and 

employed as received. (3-mercaptopropyl)mehoxydimethylsilane was synthesised 

by CAGE Chemicals S.r.l., one of the MULTI2HYCAT project partners, under the 

supervision of Prof. Giovanni Battista Giovenzana, slightly modifying a reported 

procedure.[14]  

7.1.1.2 (3-Mercaptopropyl)methoxydimethylsilane synthesis 

In a 250 mL r.b.f. under inert atmosphere (N2), (3-

mercaptopropyl)trimethoxysilane (8.0 mL, 43 mmol) was dissolved in anhydrous 

THF (25 mL) and cooled to 0–5 °C with an ice bath. Methylmagnesium bromide 

(3M in diethyl ether, 43 mL, 129 mmol) was added dropwise at such a rate to 

maintain T < 10 °C. The olive-green mixture was stirred at 0-10 °C for 75 min during 
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which the colour gradually disappears. Dry methanol (25 mL) was then added 

(caution, foaming) and the milky-white suspension was diluted with a THF/diethyl 

ether (5 mL/40 mL) mixture. Filtration on a sintered glass frit under N2 atmosphere 

and evaporation of the solvents gave a liquid residue, fractionally distilled under 

vacuum to give the title product (4.9 g). Clear colourless liquid; yield, 69%; b.p. 70–

75 °C (60 mmHg). 1H-NMR (CDCl3, 300 MHz, ppm): 3.39 (s, 3H, CH3O), 2.50 (q, 

2H, J = 7.3 Hz, CH2S, 1.62 (m, 2H, C-CH2-C), 1.30 (t, 1H, J = 8.0 Hz, -SH), 0.66 

(m, 2H, CH2-Si), 0.07 (s, 6H, CH3-Si). 13C-NMR (CDCl3, 75.6 MHz, ppm): 50.2 

(CH3), 28.1 (CH2), 27.9 (CH2), 15.2 (CH2), –2.7 (CH3). 

7.1.1.3 Synthesis of hybrid materials 

Hybrid materials were prepared by post-synthesis grafting with (3-

mercaptoproyl)alkoxysilane: MCM-41 (0.3 g), dried overnight at 100 °C, was 

suspended in anhydrous toluene (30 mL). The suspension was heated at 120 °C under 

stirring. (3-mercaptopropyl)alkoxysilane (0.77 mmol) was then added dropwise and 

the mixture was refluxed for 18 h. Filtration and washing of the mixture with toluene, 

ethanol and deionized water gave a white solid, which was cured in air at 80 °C 

overnight.  

7.1.1.4 Characterization 

Before recording solid state NMR spectra, all the samples were outgassed at 

200°C for 1h. Further details on the experimental techniques are reported in Chapter 

9/Experimental section.  

7.1.1.5 Computational details 

Design of models: the structures of (3-mercaptopropyl)alkoxysilanes were 

grafted on a silica surface (slab) with density 2.4 OH/nm2. The atomic structure of 

the slab was taken from literature (Uliengo et al.).[15] The thickness of the layer was 

13.96 Å. The horizontal dimensions of the simulation box were 25.34 × 26.55 Å2, 
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the vertical dimension was 50.00 Å. Periodic boundary conditions in all dimensions 

were employed. In Figure 7.3, one example of simulation box is reported.  

General settings of molecular dynamics (MD): starting configurations of the 

molecular dynamics were generated performing partial energy minimization to 

adjust atom coordinates in the box. Only atomic position of (3-

mercaptopropyl)alkoxysilane derivatives, together with silicon and oxygen atoms of 

the slab directly bonded to these, were minimized. The remaining atoms were kept 

fixed. Conjugate Gradients algorithm were used, by specifying an energy tolerance 

of 1.0 × 10-3 kcal/mol and force tolerance of 0.5 kcal/mol/Å. QEq charge 

equilibration method was employed to generate atomic partial charge, indicating a 

convergence limit of 1.0 × 10-6 e, using the ‘Qeq’ package implemented in Material 

Studio suite.[16] Coulombic interactions were computed by means of standard 

Edwald summation with accuracy of 1.0 × 10-6 kcal/mol. Van der Waals interactions 

were calculated as sum of 12-6 Lennard Jones (LJ), setting a cutoff of 20 Å. σ and ε 

parameters were extracted from UFF force field[17] and their amounts were calculated 

Figure 7.3. Simulation box containing one (3-mercaptopropyl)alkoxysilane grafted on a slab 

silica.  
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based on the Lorentz-Berthold relationship. Molecular dynamics simulations were 

performed in canonical (n,V,T) ensemble in vacuum at 298 K (using Langevin 

thermostat to maintain the temperature constant)[18] for 1 ns using the LAMMPS 

simulation package.[19] 

7.1.2 Results and discussion 

7.1.2.1 Hybrid structures 

Three different (3-mercaptopropyl)alkoxysilane derivatives, bearing a different 

number of hydrolysable species (one, two or three, Figure 7.4), were grafted on an 

ordered mesoporous MCM-41. With the aim of preventing island-type grafting due 

to condensation and clustering of the silylation agents and favouring homogeneous 

distribution of the alkoxysilanes, the grafting procedure was performed in a non-

polar solvent (like toluene) with a clean inorganic surface.[20] In Table 7.1 the 

acronyms of the hybrid materials are listed.  

Table 7.1. Acronyms of hybrid materials. 

Acronyms Alkoxysilane derivative grafted on MCM-41 

MeO-MCM-41 (3-mercaptopropyl)methoxydimethylsilane 

DiMeO-MCM41 (3-mercaptopropyl)dimethoxymethylsilane 

triMeO-MCM-41 (3-mercaptopropyl)trimethoxysilane 

Figure 7.4. Different (3-mercaptopropyl)alkoxysilane derivatives: (a) (3-

mercaptopropyl)methoxydimethylsilane, (b) (3-mercaptopropyl)dimethoxymethylsilane 

and (c) (3-mercaptopropyl)trimethoxysilane.  
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According to the number of methoxy groups which are actually hydrolysed, six 

different dactyls can be obtained, as reported in Figure 7.5, wherein a nomenclature 

of the different possible grafting configurations is also proposed.  

7.1.2.2 XRD and TGA analyses 

X-Ray powder diffraction was performed to assess that ordered MCM-41 had not 

been affected by the grafting procedure (Figure 7.6). Upon the anchoring of the three 

different alkoxysilanes, all hybrids exhibited the same characteristic Bragg 

reflections of plain hexagonally ordered MCM-41, confirming the retention of the 

structural properties of the inorganic support.[21]  

Thermogravimetric analysis was carried out to estimate the organic content, 

thermal stability of the grafted mercaptoalkoxysilanes and the 

hydrophobic/hydrophilic character of the resulting hybrid materials (Figure 7.7). The 

Figure 7.5. Grafting configurations possibly obtained by anchoring (3-

mercaptopropyl)alkoxysilanes on MCM-41. The name at the bottom evidences the dactyly 

of the particular configuration and the nature of the non-grafted dangling groups.  



Chapter 7 

161 
 

thermograms and derivatives of all the hybrid samples and plain MCM-41 exhibited 

a first weight loss at around 30-150 °C, which can be assigned to the removal of 

water weakly bonded to the surface. Specifically, MeO-MCM-41 revealed a weight 

loss due to physisorbed water which is similar to plain MCM-41, whilst diMeO-

MCM-41 and triMeO-MCM-41 lost a lower amount of water, meaning a higher 

hydrophobic character of these latter functionalized materials. At higher 

temperatures (150-550 °C), flat weight loss profiles of the hybrids changed into a 

rapidly declining profile, corresponding to the decomposition of the alkoxysilane 

derivatives. In particular, triMeO-MCM-41 exhibited a higher loss of organic content  

Table 7.2. Weight loss (%) due to water and organic content calculated from TGA analysis. 

Sample Δwt% due to H2Oa Δwt% due to mercaptoalkoxysilaneb 

MCM-41 1.25 - 

MeO-MCM-41 1.13 6.30 

diMeO-MCM-41 0.45 8.20 

triMeO-MCM-41 0.74 8.90 

a Calculated from 30 °C to 150 °C. b Calculated from 150 °C to 550 °C. 

Figure 7.6. The powder XRD pattern of a) plain MCM-41, b) MeO-MCM-41, c) diMeO-

MCM-41 and d) triMeO-MCM-41.  
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in this temperature range with respect to the other hybrids. Moreover, DTG curves 

(Figure 7.7 B) showed that the temperature of weight loss due to the (3-

mercapto)alkoxysilane decomposition for MeO-MCM-41 is slightly lower. The 

organic content, calculated from the weight loss in the range 150-550 °C, is reported 

in Table 7.2. The further weight loss in the 550-800 °C range observed for plain 

MCM-41 can be attributed to the silanol condensation forming siloxane bridges. 

7.1.2.3 FT-IR spectroscopy 

FT-IR spectroscopy performed at different temperatures was used in order to gain 

insight into the thermal stability of the different grafted (3-mercapto)alkoxysilane 

derivatives (Figure 7.8-7.10). Upon outgassing the samples at 30°C, FT-IR spectra 

Figure 7.7. A) TGA and B) DTG curves of MCM-41 (a, black curve), MeO-MCM-41 (b, 

red curve), diMeO-MCM-41 (c, green curve) and triMeO-MCM-41 (d, blue curve). 
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of the three hybrid materials exhibited at high wavenumbers a weak signal at 3745 

cm-1, which is attributed to the O–H stretching mode of isolated residual silanols and 

is less intense in triMeO-MCM-41 sample. Between 3700 and 3000 cm-1, a broad 

absorption related to hydrogen-bonding interactions between surface groups, was 

detected.[22] The FT-IR spectra of the hybrids showed in the region between 3000 

and 2800 cm-1 signals characteristic of the grafted organosilane, which can be 

assigned to C–H stretching modes of methyl and methylene groups of (3-

mercapto)alkoxysilanes. Specifically, bands at 2962 cm-1 and 2872 cm-1 are assigned 

to the asymmetric and symmetric methyl C–H stretching modes, whereas signals at 

2926 cm-1 and 2853 cm-1 are due to νasym and νsym modes of CH2 groups of the propyl 

chain. Bands related to the C–H bending vibrations were also detected in the range 

1470-1300 cm-1, but unambiguous assignment was not possible due to the low 

intensity and overlapping (in this respect, in linear hydrocarbons, antisymmetric 

deformation modes of CH3–C are typically found at 1460 cm-1, symmetric 

deformation mode of CH3–C, CH3–O and CH3–Si groups are observed at 1378 cm-

1, 1455 cm-1 and 1255 cm-1, respectively, whereas scissoring of CH2 groups are 

Figure 7.8. Variable temperature FT-IR spectra of MeO-MCM-41. 
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detected at 1450 cm-1.[23] Moreover, symmetric bending vibrations of CH3–Si groups 

are not detectable since these signals fall beneath the broad and intense absorption 

in the region 1250-1000 cm-1, assigned to the asymmetric stretching modes of Si–

O–Si of the silica framework. A weak signal at 2579 cm-1, due to the S–H stretching 

Figure 7.9. Variable temperature FT-IR spectra of diMeO-MCM-41. 

 

Figure 7.10. Variable temperature FT-IR spectra of triMeO-MCM-41. 
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mode of thiol groups, was observed in the spectra of all the samples (Figure 7.8-7.10, 

inset).[24-26] By increasing the outgassing temperature, intensities of the IR signals 

between 3000-2800 cm-1 and 1470-1300 cm-1 progressively decreased, indicating the 

gradual decomposition of the alkoxysilane derivatives, which started at ca. 240 °C 

in all the hybrid samples. In accordance with TG analysis, FT-IR spectra evidenced 

that the organic counterpart of MeO-MCM-41 hybrid was totally decomposed at ca. 

400 °C, while in the other two hybrid materials the alkoxysilane derivatives 

decomposed at temperatures slightly higher than 400 °C.  

7.1.2.4 Solid state NMR spectroscopy 

Despite the FT-IR analysis evidenced the successful grafting of the various 

alkoxysilanes on MCM-41, 13C and 29Si CPMAS NMR can provide additional 

information on surface silicon environments and attached silanes, specifically in 

their grafting mechanism. With the aim of confirming the effective condensation of 

the alkoxysilane precursors with silica support silanols, 13C CPMAS NMR analysis 

was performed (Figure 7.11). The signals at –3.6 and –5.2 ppm can be assigned to 

the Si–CH3 dandling groups in the spectra of MeO-MCM-41 (curve a) and diMeO-

MCM-41 (curve b) hybrids, respectively. Furthermore, the Si–CH2 resonances were 

detected at 15.7, 14 and 9.8 ppm in the spectra of MeO-MCM-41, diMeO-MCM-41 

and triMeO-MCM-41 (curve c) respectively. Finally, the peaks of the remaining 

methylene carbons (–CH2–CH2–CH2–SH) were observed at around 26.5 ppm in all 

the hybrid materials. Resonance peaks at ca. 49 ppm, ascribable to residual non-

hydrolysed methoxy groups, were particularly evident in the spectrum of triMeO-

MCM-41, meaning that the presence of three alkoxy groups in the alkoxysilane 

precursor does not ensure the complete condensation with three surface silanols.[27,28] 

29Si CPMAS analysis, which enhances, by magnetization transfer, the sensitivity 

and detection of the silicon atoms nearby to protons, can be used in order to gain 

insight in structural species and surface OH groups of solid samples, by referring to 

29Si isotropic chemical shifts of tetrahedrally coordinated silicon atoms (Figure 7.12 



Chapter 7 

166 
 

A).  Specifically, this NMR technique was performed with the aim of thoroughly 

characterize the surface species located at the interface between the organic 

counterpart and the silica support. The crystallographic distinct Si sites can be 

identified according to the commonly used Qn and Tn/Dn/Mn notations (Figure 7.12 

C), where the capital letter indicate the number of oxygens directly bonded to the Si 

atom, whereas n is related to the number of Si atoms of the second coordination 

sphere.[29]  Systematic changes in the chemical shift values are observed when the 

second coordination sphere is changed from Si to other atoms.[30] The 29Si NMR 

chemical shifts of various silicon sites were detected in the following ranges. Q4 

(Si(OSi)4) silicon sites at –110 ppm, Q3 (Si(OSi)3OH) sites at –101 ppm, Q2 

(Si(OSi)(OH)2) sites at –91 ppm, T3 (RSi(OSi)3) sites at  –67 ppm, T2 (RSi(OSi)2OH) 

sites at  –57 ppm, T1 (RSi(OSi)1(OH)2 sites at  –48 ppm, D2 (R2Si(OSi)2) sites at  –

16 ppm, D1 (R2Si(OSi)(OH)) sites at  –9 ppm and M1 (R3Si(OSi)) sites at  +15 ppm. 

In all hybrids materials, Q4, Q3 and Q2 resonances peak arising from MCM-41 silica 

Figure 7.11. 13C CPMAS NMR spectra of MeO-MCM-41 (curve a), diMeO-MCM-41 

(curve b) and triMeO-MCM-41 (curve c). 
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support, were detected, although with different intensities.[31] Apart from the Qn 

signals, upon silylation, MeO-MCM-41 hybrid (curve a) showed M1 signal at ca. 15 

ppm, whilst diMeO-MCM-41 sample (curve b) exhibited two resonance peaks at ca. 

–9 an –16 ppm, due to D1 and D2 sites, respectively. Particularly, diMeO-MCM-41 

exhibited more intense D1 than D2 sites, indicating that the difunctional organosilane 

has reacted preferentially in a mono-dentate manner with the silica support. TriMeO-

MCM-41(curve c) showed more intense signal arising from T2 than T1 sites (–57 and 

–48 ppm, respectively), suggesting that in this case the surface grafting mechanism 

has preferentially occurred with a mono- or di-dentate chelation, with the di-dactyl 

system more prevalent than the mono-dactyl. Very weak signal due to T3 sites at 

around –68 ppm confirmed the presence of a very low fraction of tri-dentate silane 

grafted onto MCM-41 silica support, meaning, in accordance with the Si–O–CH3 

signal in the 13C CPMAS NMR spectrum, that the presence of three alkoxy groups 

in the alkoxysilane precursor does not ensure the complete condensation with three 

surface silanols. Borrego et al. have reported similar observations when they have 

Figure 7.12. A) 29Si CPMAS NMR spectra of MeO-MCM-41 (curve a), diMeO-MCM-41 

(curve b) and triMeO-MCM-41 (curve c). B) Area ratios derived from the deconvolution of 
29Si CPMAS NMR data. C) Schematic representation of Qn /Tn/Dn/Mn silicon sites 
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grafted (3-mercaptopropyl)trimethoxysilane on mesoporous solids.[32] A possible 

explanation for such behaviour may be found in the hydrophobic nature of the methyl 

on the organosilane which might impede the complete hydrolysis and multidentate 

condensation on a hydrophilic surface like that of the MCM-41.[33]  

Concerning the Qn sites typical of siliceous matrices, it should be emphasised 

that in the organosilane grafting process onto a silica support, the Q3 and Q2 sites 

plays the most important role since they provide Si-OH groups (one or two, 

respectively) for the silane anchoring.[32] On the other hand, Q4 sites are not involved 

in the functionalization process as they lack OH groups. Against this background, 

although the deconvolution data from CPMAS experiments are not quantitative, a 

trend in the grafting process can be derived from Q2/Q4 and Q3/Q4 ratios. 

Specifically, the decrease of Q2/Q4 and Q3/Q4 ratios can indicate which type of 

silanol, isolated (Q3) or geminal (Q2), reacts preferentially with the given 

alkoxysilane. The Q2/Q4 and Q3/Q4 ratios decreased from monoMeO-MCM-41 to 

triMeO-MCM-41, thus confirming the mono and/or bidentate (and, in much less 

extent, tridentate) connectivity to the silica surface (Figure 7.12 B). Furthermore, the 

highest decrease in Q2/Q4 ratio occurred in triMeO-MCM-41, since geminal (Q2) 

silanols react preferably with tri-dactyl alkoxysilanes. Such a reaction pathway 

involving Q2 sites may lead to either mono- or bi-dentate grafting as evidenced in 

triMeO-MCM-41.  

With the aim of obtaining additional information on the different proton 

environments and grafted organosilane, 1H ECHO MAS NMR analysis was 

performed. The 1H NMR spectra of hybrid materials (Figure 7.13) consist mainly of 

contributions from organosilane alkyl chains, unhydrolyzed methoxy species, 

methyl dangling groups as well as isolated silanols or silanols interacting via 

hydrogen bond. The resonance of –SH proton along with the physisorbed water 

signal, are difficult to distinguish in the 1H NMR spectra, anyway their contributions 

fall beneath the broad peak in the range 3–8 ppm. Consistently with 13C and 29Si 

CPMAS NMR analyses, proton NMR data evidenced the presence of a large and 
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moderate amount of unhydrolyzed methoxy groups in triMeO-MCM-41 and diMeO-

MCM-41 hybrids, respectively. Furthermore, in agreement with FT-IR analysis, 

resonance peak attributed to isolated silanols was found to be less intense in diMeO-

MCM-41 and triMeO-MCM-41, emphasising the multidentate bonding on the silica 

surface. Finally, the interaction between thiol groups and silanols or physisorbed 

water was further confirmed by preliminary analysis with variable contact time 2D 

proton-silicon correlation NMR experiments.  

7.1.2.5 Computational modeling 

Classical molecular dynamics were exploited in order to gain microscopic insight 

on the hybrid structures. Six models, corresponding to six possible grafting 

configurations depicted in Figure 7.5, were prepared by linking the proper (3-

mercaptopropyl)alkoxysilane to a periodic model of MCM-41 surface with a silanol 

density of 2.4 OH/nm2, in accordance with the experimental evaluation by TG 

analysis on plain MCM-41. Notably, the try-dactyl system could not be easily 

prepared on this kind of surface, unlike the mono- and di-dactyls, due to the lack of 

silanols in fit positions. Finally, the tri-dentate hybrid was obtained by condensing 

Figure 7.13. A) 1H ECHO MAS NMR spectra of MeO-MCM-41 (curve a), diMeO-MCM-

41 (curve b) and triMeO-MCM-41 (curve c). 
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two methoxy groups with geminal silanols, resulting in a quite strained structure. 

This is in accordance with ss-NMR findings, which evidenced the presence of a weak 

T3 signal in the triMeO-MCM-41 sample, recommending a more hydrophilic (i.e., 

with higher density of silanols) silica surface to obtain a higher concentration of tri-

dactyl systems. Then 1ns MD runs at 298 K were performed for each model, after 

suitable thermalization cycles. During the simulations, the distance between the 

sulphur atom and the MCM-41 surface was monitored, to evaluate the tendency of 

organic moiety to interact with the silica surface.  

The time evolution of the sulphur-surface distance for the six hybrid models, and 

the corresponding average distances, are reported in Figure 7.14 and Table 7.3, 

Figure 7.14. Time (ns) evolution of the Sulphur-silica surface distance (Å) for the six hybrid 

models. 
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respectively. Referring to the snapshots extracted from the dynamics, reported in 

Figure 7.15 to facilitate the interpretation of the time evolution graphs, it is possible 

to notice that a distance around 4 Å or below relates to a structure strongly bent and 

close to the surface (panel a), whereas in a standing, extended structure the sulphur-

silica distance can reach 8–9 Å (panel b). 

Hybrid structures Average distance (±stdev)/Å 

tri-dactyl 4.09 (±0.35) 

di-dactyl(MeO) 3.90 (±0.29) 

di-dactyl(Me) 4.42 (±0.63) 

mono-dactyl(MeO,MeO) 3.42 (±0.44) 

mono-dactyl(MeO,Me) 4.29 (±1.05) 

mono-dactyl(Me,Me) 3.75 (±0.03) 

Figure 7.15. Snapshot of MD simulations of (a) mono-dactyl(Me,Me) with the organic chain 

laying close to the surface, (b) mono-dactyl(MeO,Me) with the chain in an extended 

conformation. 

Table 7.3. Average sulfur-silica surface distance and standard deviation during the MD 

simulations of hybrid materials. 
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Molecular dynamics results highlighted that silicodactyly in se plays a marginal 

role in determining the average hybrid conformations: tri-dactyl (triMeO-MCM-41 

hybrid), di-dactyl(MeO) (triMeO-MCM-41) and two mono-dactyl (mono-

dactyl(Me,Me) (MeO-MCM-41) and mono-dactyl(MeO,MeO) (triMeO-MCM-41)) 

structures laid close to the surface for all the simulations, with average distances in 

the 3.4–4.1 Å range. Specifically, monodactyl(MeO,MeO) spent half of the time very 

close to the silica surface, with distances around 3 Å. In contrast, di-dactyl(Me) 

(diMeO-MCM-41 hybrid) was susceptible of a stronger oscillation, spending most 

of the time with a sulphur-surface distance of 4.5 Å. Mono-dactyl(MeO,Me) 

(diMeO-MCM-41 hybrid) was found to be the most mobile system, the only one 

observed several times in an extended conformation. Although the average distance 

for this structure is not the largest, it is associated with the highest standard deviation, 

accounting for the different conformations sampled in the dynamics.  

Classical molecular dynamics calculations revealed that dispersion forces 

(included in the force field through a 6–12 Lennard-Jones term) have a stronger 

contribution to  the organosilane-surface interaction energy, with respect to H-bonds 

between silanols and chain oxygen or sulphur atoms. The latter effect is expected to 

become more significant as the density of silanols on the silica surface, together with 

the hydrophilicity of MCM-41, increases. No relevant differences between methoxy 

and methyl groups were detected, with respect to the tendency of the organic moiety 

to interact with the silica surface. Both the dandling groups showed steric effects 

during MD simulations, and methoxy groups sometimes were engaged in loose 

hydrogen bonds with silanols, but this interaction does not seem to correlate with the 

chain conformation.  

7.1.3    Conclusions on silicodactyly 

Through a combined experimental and computational approach, the influence of 

silicodactyly in the designing and engineering of hybrid catalysts with accessible 

organic active sites has been elucidated.  
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Experimental and computational data have highlighted that the number of the 

siloxane bridges, which the (3-mercapto)alkoxysilane can form with the silica 

surface, are strictly correlated with the number of hydrolysable alkoxy groups 

(dactyly) of the organosilane and with the silanol density of the silica support. 

Specifically, a one to one correspondence between the number of hydrolysable 

alkoxy moieties and the number of siloxane bridges is not guaranteed, especially for 

low silanol density inorganic supports. In this respect, solid state NMR analyses 

evidenced that the grafting mechanism for diMeO-MCM-41 hybrid, bearing two 

hydrolysable methoxy groups, has preferentially occurred in a mono-dentate manner, 

whereas the trifunctional alkoxysilane has preferentially reacted to form a mono- or 

bi-dentate adduct, with the di-dactyl system more prevalent than the mono-dactyl, 

with a very low fraction of tri-dentate grafted organosilane. Moreover, molecular 

dynamics calculations have also highlighted the difficulty in modelling the tri-

dentate adduct, unless the condensation reaction occurs with geminal silanols. 

Consequently, to obtain a higher concentration of tri-dactyl systems, a more 

hydrophilic silica surface is recommended.  

TGA and variable temperature FT-IR analyses have emphasized a correlation 

between the number of siloxane bridges actually formed and the thermal stability of 

the organic moiety, with mono-dentate adducts being decomposed at lower 

temperatures than di- an tri-dactyl systems. On the basis of these considerations and 

with the aim of preventing the leaching of the organic counterpart, alkoxysilanes 

bearing two or three hydrolysable moieties should be preferred to mono-dactyl 

adducts. 

Finally, regardless of the particular silicodactyly of the organosilane, molecular 

dynamics simulations have clearly predicted the tendency of (3-

mercapto)alkoxysilane derivatives to lay on the silica surface, with the largest 

contribution to the molecule-surface interaction energy coming from dispersion 

forces. This relevant aspect should be primarily taken into account when designing 

an active hybrid catalyst.  
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7.2 Influence of silicopodality 

With the aim of elucidating the role of silicopodality (number of alkylsilane chains 

through which a catalytic organic active site is linked to a silica surface) in 

determining the final conformation of the organosilane with respect to the silica 

surface, different pyridine derivatives, with fixed di-dactyly and variable podality, 

were grafted onto an ordered mesoporous MCM-41 (Figure 7.16). Concerning the 

dactyly, tri-dactyl structures were not considered since it has been proved that the 

formation of three siloxane bridges from three hydrolysable alkoxy groups is 

statistically unlikely, unless a very hydrophilic silica is used. Mono-dactyl systems 

were excluded since the linkage via one siloxane bridge is easily susceptible to 

leaching. Anyway, in the previous section it has already been shown that the organic-

inorganic interface conformation is not much affected by the silicodactyly 

parameter.[11] A pyridine derivative was chosen since pyridine (Py) is a useful basic 

probe to assess whether or not an interaction between this catalytic active centre and 

the silica surface exists. In fact, hydrogen bonding interactions between Py and Si–

OH groups can be easily detected through FT-IR and NMR spectroscopies.[29,34-36] 

Thus, by coupling an experimental multi-technique approach with a predictive 

computational modelling, a deeper insight in the organo-silica interface was gained.  

Figure 7.16. Scheme of possible architectures obtained varying the number of alkylsilane 

chains: (a) monopodal, (b) dipodal and (c) tripodal system.  
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7.2.1 Experimental section 

7.2.1.1 General 

MCM-41, reagents and solvents were purchased from Sigma-Aldrich and used 

as received. Pyridine derivatives were prepared by CAGE Chemicals S.r.l.  

7.2.1.2 7.2.1.3 Synthesis of multipodal pyridine derivatives  

The monopodal and dipodal derivatives, with silicodactyly fixed at didactyly 

were prepared, with a pyridine residue as the molecular probe. The preparation of 

these derivatives is summarized in Scheme 7.1.  

 

Scheme 7.1. Scheme of the synthesis strategy to obtain the multipodal didactyl systems. 

The commercially available polyols 2,2-dimethyl-1,3-propanediol 1 was used as 

the starting materials for the monopodal and dipodal derivatives. Monoallylation of 

1 was accomplished through a classic Williamson synthesis, by treating a THF 

solution of the polyol with sodium hydride, followed by reaction with allyl bromide. 

Separation of the monoallyl derivative 2 from variously allylated derivatives was 

obtained by column chromatography. Triallylpentaerhythritol 5 is the starting 

material for the preparation of the tripodal derivative. It is commercially available as 

a mixture of allylated pentarhythritols, enriched in the triallyl derivative (assay 
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~70%), from which the pure 5 may be obtained by simple displacement 

chromatography. The pyridine ring was introduced in the structure through an 

esterification, taking advantage of the purposefully residual alcoholic group in each 

of the allylated derivatives. Isonicotinic acid was activated by conversion into the 

corresponding acid chloride 3, isolated as the hygroscopic crystalline hydrochloride. 

Reaction of 3 with the allylated derivatives 2 and 5 provided the corresponding esters 

4 and 6, respectively. Then, each of the mono-, di- and tripodal esters was 

hydrosilylated with methyldimethoxysilane. The latter reacts with alkenes in the 

presence of a platinum catalyst (Karstedt catalyst was used), adding to the double 

bond with anti-Markovnikov selectivity, and leading to the introduction of the 

didactyl reactive silicon-based functional group and leading to the monopodal and 

tripodal didactyl derivatives. 

7.2.1.3 Synthesis of hybrid materials 

Hybrid materials were synthesised via post-synthesis grafting with pyridine 4-

substituted derivatives. MCM-41 (0.3 g), dried overnight at 100 °C, was suspended 

in dry toluene (30 mL). The suspension was heated at 120 °C under stirring. Pyridine 

derivatives (mmol) were then added dropwise the mixture was refluxed for 18 h. The 

reaction solution was filtered and washed with toluene, ethanol and deionized water. 

The obtained white solid was cured in air at 80°C overnight. 

7.2.1.4 Characterization 

Before recording FT-IR and solid NMR spectra, all the samples were outgassed 

at 200°C for 1h. Further details on the experimental techniques are reported in 

Chapter 9/Experimental section. 

7.2.1.5 Computational details 

Design of the models: the structures of pyridine 4-substituted derivatives, with 

a variable number of leg(s), were grafted on a silica surface (slab) with density 2.4 

OH/nm2. The atomic structure, the thickness, the horizontal and vertical dimensions 
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of the slab employed are the ones described in Paragraph 7.1.1.5. In Figure 7.17, one 

example of simulation box is reported.  

General settings of molecular dynamics: starting configurations of the 

molecular dynamics were obtained performing partial energy minimization to adjust 

atom coordinates in the box. Only atomic position of pyridine 4-substituted 

derivatives together with oxygen and silicon atoms of the slab directly bonded to 

these have been minimize, while the remaining atoms were kept fixed. TIP3P model 

of Price et al.[37] was employed to simulate the solvent effect on the arrangement of 

the catalyst on silica slab, fixing atomic parameters of water molecule by SHAKE 

procedure.[38] Conjugate Gradients algorithm and QEq charge equilibration method 

were used with the same specification reported in Paragraph 7.1.1.5. Coulombic and 

Van der Waals interactions were computed with the same procedure described in 

Paragraph 7.1.1.5. Molecular dynamics simulations were performed in canonical 

(n,V,T) ensemble in vacuum at 298 K (using Langevin thermostat to maintain the 

temperature constant)[18] for 1 ns using the LAMMPS simulation package.[19] 

Figure 7.17. Simulation box containing one monopodal pyridine 4-substituted 

derivatives anchored on a slab silica.  
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7.2.2 Results and discussion 

7.2.2.1 Hybrid structures 

Two different di-dactyl pyridine 4-substituted derivatives, bearing different 

number of alkylsilane chains (one or three), were anchored on an ordered 

mesoporous silica MCM-41. In order to promote homogeneous distribution of the 

silylation agents and to prevent island-type grafting, the anchoring procedure was 

carried out in a non-polar solvent (toluene) and clean inorganic surface.[20] The 

acronyms of the hybrid materials and chemical structures of pyridine derivatives are 

reported in Table 7.4. 

7.2.2.2 XRD and TGA analyses 

To confirm the retention of structural properties of the inorganic silica support 

upon the grafting procedure, X-Ray powder diffraction was performed on hybrid 

materials and plain MCM-41 (Figure 7.18). Notably, all hybrids showed all the 

characteristic reflections of plain hexagonally-ordered MCM-41,[21] thought lowered 

in intensity as a result of a partial loss of structural order upon the anchoring 

procedure.  

Table 7.4. Acronyms of hybrid materials and chemical structure of pyridine derivatives. 

Acronyms 
Chemical structure of pyridine 

derivative grafted on MCM-41 

Podality 

Py-MP-MCM-41 

 

 

Monopodal 

Py-TP-MCM-41 

 

 

 

Tripodal 
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Thermogravimetric analysis was performed to determine the thermal stability of 

grafted pyridine 4-substituted derivatives and to gain insight in the organic content 

and hydrophobic/hydrophilic nature of the resulting hybrid materials. Thermograms 

and derivatives (Figure 7.19 A and B) of both hybrid materials and plain MCM-41 

showed a first weight loss, in the range 30-150°C, ascribable to the removal of 

physisorbed water. In particular, Py-TP-MCM-41 exhibited a slightly higher weight 

loss due to the removal of weakly bonded water compared to Py-MP-MCM-41 and 

plain MCM-41, meaning a higher hydrophilic character of tripodal functionalized 

hybrid material. At higher temperature, a second weight loss at around 350-550 °C, 

attributed to the decomposition of grafted pyridine derivatives, was detected for both 

the hybrid materials. Specifically, Py-MP-MCM-41 revealed a slightly higher loss 

of organic content with respect to Py-TP-MCM-41. Moreover, DTG curve of Py-

MP-MCM-41 highlighted two different weight loss, at 380 and 465 °C, whilst for 

Py-TP-MCM-41 only a single contribution, centred at 465 °C, was detected. A 

possible explanation for this behaviour might be that, being equal the weight loading 

Figure 7.18. The powder XRD pattern of a) plain MCM-41 (blue curve), b) Py-MP-MCM-

41 (black curve) and c) Py-TP-MCM-41 (red curve).  
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of the grafting agent and greater the number of legs of the tripodal system compared 

to the monopodal, Py-TP-MCM-41 will expose a lower number of pyridine active 

sites. Thus, in Py-MP-MCM-41 two contributions, assigned at lower temperature to 

the decomposition of the catalytic head, and at higher temperature to the 

decomposition of the remaining organosilane, can be distinguished, whereas only an 

average weight loss for Py-TP-MCM-41 hybrid can be appreciated. 

7.2.2.3 FT-IR spectroscopy 

FT-IR spectra of Py-MP-MCM-41 and Py-TP-MCM-41 hybrids were recorder 

in order to provide confirmation of successful grafting of pyridine 4-substituted 

derivatives on MCM-41 and compared (Figure 7.20 A and B).  In the high frequency 

Figure 7.19. A) TGA and B) DTG curves of Py-MP-MCM-41 (a, black curve), Py-TP-

MCM-41 (b, red curve) and plain MCM-41 (c, green curve). 
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region (4000-2700 cm-1), the FT-IR spectra of Py-MP-MCM-41 and Py-TP-MCM-

41 hybrids (Figure 7.20 A) showed a weak band at 3745 cm-1 and a broad absorption 

between 3700 and 2500 cm-1, which can be assigned to the O–H stretching mode of 

isolated residual silanols and to hydrogen-bonding interactions between surface 

groups[22], respectively. In the region 3100-3000 cm-1, aromatic C–H stretching 

vibrations were detected with very low intensity (Figure 7.20 A, inset). Between 

3000 and 2800 cm-1, signals due to C–H stretching modes of methyl and methylene 

groups of pyridine 4-substituted derivatives were recorded. Particularly, bands at 

2962 cm-1 and 2872 cm-1 are assigned to the asymmetric and symmetric methyl C–

H stretching vibrations, whereas signals at 2926 cm-1 and 2853 cm-1 are related to 

νasym and νsym modes of CH2 groups of the alkyl chains. In the low frequency region 

(1800-1300 cm-1), the FT-IR spectra of hybrid materials (Figure 7.20 B) exhibited 

C=O stretching mode in the range 1722-1750 cm-1. Notably, for Py-MP-MCM-41 

hybrid, this band is characterized by a main contribution at 1722 cm-1, with a weak 

shoulder at 1749 cm-1. Conversely, in the spectrum of Py-TP-MCM-41, two 

components of equal intensity were detected at 1722 cm-1 and 1749 cm-1. Between 

1600 and 1400 cm-1, the spectra of both hybrid materials revealed characteristic C–

C aromatic ring vibrations. Specifically, ν8a, ν8b and ν19b were detected at 1608 cm-1, 

1566 cm-1 and 1414 cm-1, respectively.[39-41] Moreover, bands due to the C–H 

bending vibrations were also identified between 1480 and 1300 cm-1. In particular, 

in the region 1470-1440 cm-1, overlapping of bands related to asymmetric 

deformation modes of CH3–C (1460 cm-1), symmetric deformation mode of CH3–O 

(1455 cm-1) and scissoring of CH2 groups (1450 cm-1) made the assignment 

difficult.[23] Conversely, signal due to symmetric bending modes of CH3–C was 

detected at 1378 cm-1, whereas band at 1328 cm-1 can be assigned to C–H in plane 

deformation of aromatic ring.[42] Finally, symmetric bending vibration of CH3–Si 

groups (1255 cm-1), together with C–O–C stretching modes (1280 cm-1 and 1100 cm-

1) could not be detected in the spectra of hybrid materials since they fall beneath the 
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broad and intense absorption in the region 1250-1000 cm-1, attributed to the 

asymmetric stretching modes of Si–O–Si of the silica framework.[43] 

Figure 7.20. FT-IR spectra Py-MP-MCM-41 (a, black curve), Py-TP-MCM-41 (b, red 

curve) in the region A) 4000-2600 cm-1, with inset between 3100 cm-1 and 3000 cm-1, and 

B) 1800-1300 cm-1.  
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With the aim of gaining insight in the nature of organic-inorganic interface after 

the anchoring procedure, FT-IR spectra of Py-MP-MCM-41 and Py-TP-MCM-41 

hybrids were compared with the ones of pyridine 4-substituted derivatives adsorbed 

in MCM-41 and diluted in KBr (Figure 7.21 A, B, C, D). Upon the grafting 

procedure, signals attributed to vibrational frequencies of the organic derivatives 

were shifted to higher frequencies, stating a variation of the chemical environment 

which pyridine derivatives are affected by, thus confirming a successful anchoring 

on the silica support. Notably, a shift of some of the vibrational modes can also be 

appreciated in the spectrum of organic derivatives adsorbed in MCM-41, indicating 

that confinement effect and dispersion forces in determining their frequency values. 

Interestingly, both the spectra of pyridine 4-substituted derivatives impregnated in 

MCM-41 and diluted in KBr exhibited a single band for C=O stretching mode at 

1733 cm-1 (Figure 7.21 A and C). Conversely, νC=O signal is split into two 

components in the spectra of Py-MP-MCM-41 and Py-TP-MCM-41 hybrids, with 

the former characterized by a weak shoulder at 1749 cm-1, associated with the main 

peak at 1722 cm-1, the latter composed of two distinct signals of equal intensity. This 

experimental evidence may be explained by hypothesizing two prevailing 

conformations of the organic molecules with respect to the inorganic surface, one in 

which the molecule is able to stick out from the surface (νC=O detected at higher 

frequency, 1749 cm-1), the other resulting in hydrogen-bonding interaction between 

C=O groups and Si–OH groups of silica support or physisorbed water (νC=O shifted 

at lower frequency, 1722 cm-1).[23] Notably, the number of organic derivatives 

interacting with physisorbed water is lower for the tripodal hybrid than for the 

monopodal, thus emphasizing a correlation between the number of legs and the 

tendency of the pyridine derivative to lay on the surface. Finally, it should be possible 

to assert whether or not an interaction via hydrogen bonding occurs between the 

nitrogen of the pyridine ring and surface silanols, by evaluating the perturbation of 

C-C aromatic ring stretching vibrations of pyridine derivatives upon grafting on 

MCM-41.[34-35] Although frequency shifts of ν8a, ν8b and ν19b modes were found to 
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be consistent with this hypothesis of H-bonding interaction, since upon grafting a 

similar shift towards higher wavenumber can be detected for all signals related to 

organic molecule, it has not been possible to exclude that the perturbation of C-C 

ring vibrations, especially for ν8b and ν19b modes, was just ascribable to a changing 

in the chemical environment of the grafted organic moieties due to the anchoring 

procedure or to a combined effect.   

Figure 7.21. FT-IR spectra of pyridine derivatives diluted in KBr (a, red curve), MCM-41 

impregnated with pyridine 4-substituted derivatives (b, blue curve) and (A,B) Py-MP-MCM-

41, (C,D) Py-TP-MCM-41 (c, black curve). Magnifications in the C-C ring stretching 

vibrations region is also provided (B,D). 
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FT-IR spectroscopy at variable temperature was performed to investigate the 

thermal stability of the grafted pyridine 4-substituted derivatives (Figure 7.22-7.23). 

Assignment of the detected signals has already been provided in the first section of 

the present paragraph. By increasing the outgassing temperature from 30 °C to 500 

°C, the intensity of the broad absorption between 3700 and 2500 cm-1 gradually 

decreased, indicating the removal of physisorbed water (30-150 °C) and the 

progressive weakening of hydrogen-bonding interactions between surface Si–OH 

groups (150-500 °C). In accordance with TGA/DTG analyses, the gradual 

decomposition of the organic grafted moieties, which can be monitored by following 

the progressive decrease of IR intensities of vibrational modes related to pyridine 4-

substituted derivatives (aliphatic νCH3
, νCH2

between 3000-2800 cm-1, νC=O between 

1700-1750 cm-1, ν8a, ν8b and ν19b in the region 1610-1400 cm-1, CH2 and CH3 bending 

modes between 1470-1300 cm-1) started at ca. 300°C and was almost completed at 

450 °C for both Py-MP-MCM-41 and Py-TP-MCM-41 hybrids. Interestingly, as the 

outgassing temperature increased, the intensity of νC=O component at 1722 cm-1 

Figure 7.22. Variable temperature FT-IR spectra of Py-MP-MCM-41. 
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gradually decreased, while the contribution at 1749 cm-1 became predominant in both 

the spectra of hybrid materials. A possible explanation for this behaviour, in 

agreement with previous observations, might be that, by increasing the thermal 

agitation, H-bonding interactions are progressively weakened, with extended 

conformations of the organic moieties becoming favourable with respect to the ones 

close to silica surface.   

7.2.2.4 Solid state NMR spectroscopy 

13C and 29Si CPMAS NMR spectroscopies were performed to further confirm 

successful organosilane functionalization and getting a deeper insight on the grafted 

mechanism of attached pyridine 4-substituted derivatives (Figure 7.24). 29Si CPMAS 

NMR can be used to provide information on surface silicon environments, by 

referring to 29Si isotropic chemical shifts of tetrahedrally coordinated silicon atoms 

(Figure 7.24 A). Both Py-MP-MCM-41 and Py-TP-MCM-41 hybrids exhibited Q4, 

Q3 and Q2 resonance peaks at –110, –101 and –91 ppm, related to MCM-41 inorganic 

Figure 7.23. Variable temperature FT-IR spectra of Py-TP-MCM-41. 
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support.[29,31] In accordance with previous study on silicodactyly[11], upon grafting, 

both di-dactyl monosilane and trisilane functionalized materials showed D1 and D2 

signals, at ca. –9 an –16 ppm respectively, with D2 resonances more intense than D1, 

suggesting that the condensation of pyridine derivatives has preferentially occurred 

forming bi-dentate adducts. In addition, for Py-TP-MCM-41 sample, D0 signal, due 

to non-condensed organosilane Si sites, was detected at around –3 ppm with low 

intensity, meaning the presence, for the tripodal system, of a few legs not anchored 

to the silica surface.  

The integrity of pyridine 4-substituted derivatives after functionalization was 

assessed by 13C CPMAS NMR spectroscopy (Figure 7.24 B). The assignment of 

resonance peaks was carried out with the support of liquid-state 13C NMR spectra. 

In both Py-MP-MCM-41 and Py-TP-MCM-41 hybrids,13C resonance signals can be 

clearly attributed to the organosilane units, demonstrating the integrity of organic 

pendent groups as well as the success of the grafting procedure. Notably, a close 

examination of the spectra revealed that certain 13C nuclei displayed multiple peaks 

associated with different environments, specifically, carbon in position 12 in Py-MP-

MCM-41 (curve a) and carbon in position h in Py-TP-MCM-41 (curve b). 

Figure 7.24. A) 29Si and B) 13C CPMAS NMR spectra and of Py-MP-MCM-41 (curve a) 

and Py-TP-MCM-41 (curve b).  
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1H NMR spectroscopy was performed to probe proton environments and to 

provide additional information on the nature of organic-inorganic interface, with 

particular emphasis on clarifying if an interaction between the organic pendent 

groups and surface silanols and/or physisorbed water might occur. The NMR spectra 

were recorded on pristine as well as vacuum treated samples (Figure 7.25 A and B) 

and the spectral deconvolution has been applied to separate the resonances 

originating from organic pendant groups and MCM-41. 1H NMR spectra of Py-MP-

MCM-41 (panel A) and Py-TP-MCM-41 (panel B) hybrids revealed multiple 

environments for proton associated to organic pendant groups and to MCM-41. The 

pristine Py-MP-MCM-41 showed narrow resonances due to organic pendant groups 

while broad resonances were associated with MCM-41. The most intense peak in 

both pristine samples was in the range 3.5 to 4.0 ppm and can be attributed to 

Figure 7.25. 1H NMR spectra of A) Py-MP-MCM-41 and B) Py-TP-MCM-41 hybrids. 

Deconvoluted spectra are shown to distinguish the contribution of pyridine derivatives and 

MCM-41.  
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physisorbed water, hydrogen bonded silanols and O-CH2 moieties from the 

organosilanes. A narrow resonance peak at around 0 ppm was also visible in both 

samples and was due to methyl protons directly bonded to silicon atom of 

organosilanes. Additional resonances were also visible in the aliphatic region due to 

organosilanes. Two broad signals in the range 3-6 ppm (marked as 1 and 2) were due 

to physisorbed water and hydrogen bonded silanols. Interestingly, two additional 

broad resonances (marked as 3 and 4) appeared in the range 5-9 ppm and are 

attributed to silanols interacting with the pyridine nitrogen.[44,45] Besides the two 

intense narrow aromatic peaks at 7.8 and 8.5 ppm from pyridine units, an additional 

sharp signal at 7.2 ppm was also detected (marked as 5) in this sample whose 

assignment is not straight forward. However, upon thermal treatment of pristine Py-

MP-MCM-41 sample under vacuum the broad peak (marked as 3), associated to 

silanols interacting with the pyridine nitrogen, disappeared and concomitantly 

additional resonances appeared at around 1.8 ppm and are attributed to isolated 

silanols. More importantly, not all interacting silanols become isolated ones upon the 

mild thermal treatment (see peaks 4 and 5) highlighting the strong organic pendent 

group-surface silanol interactions through the pyridine nitrogen, probably assisted 

by water molecules. The sharp peak at 7.2 ppm could arise from the interaction of 

carbonyl carbon with either silanols or water molecules as has been pointed out in 

the FT-IR data. Summarising, pristine Py-MP-MCM-41 contains some adsorbed 

water, which interacts with the silanol groups and organo-pyridine units. In addition, 

proton resonance peaks appeared as sub-resonance broad peaks separated from the 

main signals, suggests the existence of pyridine groups residing on the silica surface 

in different environments, interacting with Si–OH groups. A comparable behaviour 

by anchored organo-silanes on mesoporous silica has been reported in the past.[22] 

 A similar 1H MAS NMR spectrum (Figure 7.25 B) was displayed by pristine 

Py-TP-MCM-41 sample except the fact that the amplitude of the organosilane 

signals were lower intense than in the previous sample. Interestingly, 1H MAS NMR 

spectrum of Py-TP-MCM-41, after thermal treatment under vacuum, also showed 
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the generation of peaks associated to isolated silanols. However, the intensity of the 

broad sub-resonance, associated to the strong interactions between silanols and 

pyridine nitrogen (peak 4, after thermal treatment), was much lower suggesting an 

extended organosilane conformation (away from the surface) for majority of the 

anchored tripodal derivatives. 

In order to establish the nature of the protons responsible for sub-resonance peaks 

detected in Py-MP-MCM-41 hybrid, 1H NMR spectra were recorded upon exchange 

with D2O (Figure 7.26 A and B). It is noteworthy that only protons from water 

molecules and from Si–OH residing on silica surface are exchangeable, whereas 

protons of organic moieties are not. In accordance with FT-IR findings, 

disappearance of sub-resonance peaks upon deuteration confirmed a dependence of 

these signals on exchangeable protons of water molecules and silanols, thus 

confirming the tendency of the monopodal hybrid to lay on the silica surface, 

especially upon solvation. Conversely, the absence of resonance signals in Py-TP-

MCM-41 hybrid suggested an extended conformation for the majority of anchored 

tripodal derivatives even upon solvation. Furthermore, the true identities of the 

protons interacting with pyridine nitrogen were confirmed by recording a 1H MAS 

Figure 7.26. 1H NMR spectra of Py-MP-MCM-41 (a,b) and Py-TP-MCM-41 (c,d) hybrids 

A) before and B) after performing exchange with D2O.   
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spectra with pre-saturating the water signal. The notion behind such a technique is 

to selectively saturate the water signal before the excitation of the organosilane and 

silanol protons and subsequent acquisition of their signals. The saturation can be 

spread to labile protons in the system via chemical exchange by propagating through 

the spin system by spin diffusion and all protons associated with water molecules as 

well as those in exchange with them will not be detected in the spectrum. In fact, the 

broad resonance peaks in the range 5-9 ppm associated to silanols interacting with 

the pyridine nitrogen remained in the spectra of both samples confirming the organic-

inorganic interface interactions.     

7.2.2.5 Computational modeling 

Classical molecular dynamics calculations were used to investigate at atomistic 

scale the nature of organic-inorganic interface. Bearing in mind 29Si CP MAS NMR 

results on different dactyly configurations, four different models were prepared, 

corresponding to the structures illustrated in Figure 7.27. By referring to the 

nomenclature proposed for dactyly[11], two structures can be classified as di-

dactyl(Me), the other two as mono-dactyl(MeO,Me), indicating in parenthesis the 

Figure 7.27. Structure of the models of multipodal pyridine derivatives. The name at the 

bottom evidences the podality and the dactyly of the particular configuration, as well as the 

nature of the non-grafted dangling groups.  
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dandling groups remaining unbound. Tri-dactyl adducts were not considered since 

the formation of three siloxane bridges by a single chain is energetically unlikely, 

unless a very hydrophilic silica is used. Then preliminary 1ns MD runs at 298 K in 

vacuum were performed for each model, after suitable thermalization cycles. During 

the simulations, the distance between nitrogen atom of pyridine derivatives and 

MCM-41 surface was monitored, in order to evaluate the tendency of the organic 

chain to lie on the surface. The time evolution of the nitrogen-surface distance for 

the four hybrid models are reported in Figure 8.28. It should be stressed that a 

distance around 4 Å or below indicates a structure strongly bent and close to the 

surface, whereas in a non-interacting, extended structure the nitrogen-silica distance 

can reach 8-9 Å.  

In accordance with experimental evidence, molecular dynamics preliminary 

results evidenced the tendency of the monopodal derivative (both mono- and di-

dactyl adducts) to interact with the silica surface, with average distances in the range 

Figure 7.28. Time (ns) evolution of the pyridine-silica surface distance (Å) for the four 

hybrid models. 
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of 4-4.5 Å. On the contrary, tripodal system has been observed the majority of the 

time in extended conformation.  

7.2.3 Conclusions on silicopodality  

The influence of silicopodality in the designing of organic-inorganic silica-based 

hybrid catalysts has been clarified by a detailed experimental characterization, with 

the support of molecular Dynamics calculations.  

Experimental and computational results have evidenced a correlation between 

the number of legs and the tendency of the organic moieties to interact with the silica 

surface. Specifically, FT-IR and NMR data have revealed the presence of two 

different conformations of the organic molecules with respect to the silica surface 

for both Py-MP-MCM-41 and Py-TP-MCM-41 hybrids. In the tripodal hybrid, 

extended conformations were equally probable with respect to interacting ones, 

whereas in Py-MP-MCM-41 the majority of pyridine derivatives was found to be 

involved in interactions with Si–OH groups of the silica support and/or physisorbed 

water. Preliminary molecular dynamics simulations in vacuum results have predicted 

strong interaction between monopodal pyridine derivative and silica surface and the 

tendency of tripodal organosilane to stick out from the silica surface. This partial 

disagreement between computational and experimental data can be explained 

bearing in mind that MD simulations were performed on a plain silica surface, 

whereas the confinement effect typical of porous systems might determine an 

interaction between organic pendant groups and silanols located on the pore walls of 

MCM-41. Moreover, the few tripodal adducts with non-bonded legs, detected by 29Si 

CPMAS NMR spectroscopy, possess a higher mobility compared to fully condensed 

ones, thus they might have more similar behaviour to monopodal derivatives. With 

the aim of confirming this hypothesis, further step of experimental work will be 

focused on the synthesis and characterization of the dipodal hybrid material. 

Moreover, computational simulations of mono- di- and tripodal hybrids will be 
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performed in various solvents, to evaluate the effect of solvation on the tendency of 

organic moieties to interact with the silica surface. 
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8 

Conclusion and perspectives 

The main object of this Ph.D. thesis was the design of hierarchically-porous 

hybrid catalysts, which represent a prominent and new class of organic-inorganic 

hybrids to perform multi-step catalytic processes.  

In this regard, a general introduction to Class II organic-inorganic hybrid 

materials has been given in Chapter 1, focusing in particular on advantages and 

drawbacks of the synthetic methods available for their preparation and describing in 

details the catalytic active sites associated with inorganic framework, which possess 

an active role in catalytical process or can influence the catalytic activity of the 

organic counterpart. Then, the potential of hierarchically-porous hybrid materials as 

heterogeneous catalysts to perform tandem and cascade reactions, due to their 

superior physico-chemical properties (high mechanical and thermal stability, 

enhanced molecular diffusion due to the presence of different porous architectures 

within a single framework, tunable porosity and acidic properties, possibility of 

speciation of the active sites within the hierarchical framework) has been deeply 

investigated. Moreover, the synthetic strategies which can be performed to obtain 

hierarchical zeotype materials have been discussed, together with the importance of 

establishing structure-property relationship in order to pave the way for further 

catalyst optimization and application-oriented design.  

In Chapter 2, a general overview of the Ph.D. research work has been reported, 

as well as its location in the framework of the European Union’s Horizon2020 funded 

MULTI2HYCAT (multi-site organic-inorganic hybrid catalysts for multi-step 

chemical processes) project.  
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In Chapter 3, a novel and low-cost bottom-up synthetic strategy for the 

preparation of hierarchical SAPO-34, using mono- and di- saccharides to direct the 

formation of the additional mesoporous network, has been explored. Physico-

chemical and catalytic tests confirmed the successful preparation of hierarchical 

inorganic supports by using fructose and saccharose as mesoporogen, thus mitigating 

the need for sophisticated and expensive surfactants. Beside retention of structural, 

acidic and textural properties characteristic of the microporous CHA framework, 

assessed by means of X-ray powder diffraction, 1H SS NMR coupled with FT-IR 

spectroscopy and volumetric analysis, both the saccharide-templated materials 

exhibited substantial enhancements in mesopore volume and mesopore surface area 

with respect to a microporous analogue. In addition, probe-based FT-IR 

spectroscopy evidenced that a fraction of the Brønsted acid centres had been made 

accessible by the hierarchical framework. On the basis of this promising 

characterization result, the catalytic activity of the SAPO-34 was evaluated in the 

liquid-phase Beckmann rearrangement of cyclohexanone oxime to ε-caprolactam 

(the industrially-significant precursor to Nylon-6), a BAS acid catalysed reaction 

carried out at low temperatures (130 °C) with respect to the vapour-phase Beckmann 

rearrangement (320°C). Notably, sucrose-templated hierarchical SAP0-34 exhibited 

very promising results, with a three-fold increase in conversion and yield with 

respect to the microporous analogue and the hierarchical sample obtained using 

glucose as mesoporogen. In contrast, fructose-templated sample revealed inferior 

catalytic performances with respect to the saccharide-templated SAPO-34 catalysts, 

probably as a result of an impeded diffusion within its mesoporous network. The 

selectivity of all the hierarchical saccharide-templated catalysts was found to be 

comparable with the microporous analogue, thus stressing that the microporous 

textural features, as well as the Brønsted acidity, had been retained in the hierarchical 

materials. 

In Chapter 4, a distinctive bottom-up soft-templating synthetic strategy for the 

preparation of a hierarchical SAPO-34 (HP-SAPO-34), using cetyl 
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trimethylammonium bromide (CTAB) encapsulated within an ordered mesoporous 

silica (MCM-41) as both the silicon source as mesoporogen and mitigating the need 

for sophisticated and specifically-synthesised organosilanes, has been described. The 

as-obtained hierarchical material exhibited superior textural properties with respect 

to microporous analogue, with simultaneous retention of structural, textural and 

acidic properties of the microporous CHA framework. FT-IR of adsorbed 

alkylpyridine evidenced that the introduction of additional mesoporous network had 

greatly enhanced the accessibility of the acid active site. Furthermore, HP-SAPO-34 

showed notheworthy catalytic activity in the vapour-phase Beckmann rearrangement 

of cyclohexanone oxime to ε-caprolactam with respect to both microporous SAPO-

34 and MCM-41. In addition, the mediocre yield of caprolactam achieved using a 

physical mixture of mesoporous MCM-41 and microporous SAPO-34, stressed the 

importance of designing a single, harmonized hierarchical system which can host, 

contemporarily, both micro- and mesopores. Besides improving accessibility and 

ensuring retention of Brønsted acidity, this bottom-up synthetic strategy has proven 

to be a viable method to introduce defecting pendant silanols within hierarchical 

framework, which can be used to anchor tailored organic functionalities. Indeed, the 

number of Si–OH groups, obtained via 1H SS NMR quantifications, was found to be 

higher with respect to the hierarchical SAPO-34 obtained using saccharides as 

mesoporogens. As a conclusion, this bottom-up synthetic strategy has proven to be 

effective in generating a hierarchical inorganic support, characterised by superior 

textural and acidic properties, which can be further employed to synthesise 

hierarchically porous hybrid materials.  

In light of the promising results and conclusions exposed in Chapter 4, the 

synthetic strategy using CTAB encapsulated in mesoporous MCM-41 as both silicon 

source as mesoporogen, performed to obtain a hierarchical SAPO-34, was also 

adopted to synthesis a hierarchical SAPO-5 (HP-SAPO-5/MCM-41). In addition, a 

hierarchical SAPO-5 was also obtained using Pluronic-containing SBA-15 to serve 

as silicon source as mesopore directing agent (HP-SAPO-5/SBA-15). Both the 
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synthetic methodologies, described in Chapter 5, has proven to be effective means 

of introducing a secondary porosity within AFI structure, leading to a substantial 

enhancement in mesopore volume and mesopore surface areas, whilst retaining the 

acidic properties of the parent framework. With respect to HP-SAPO-5/MCM-41 

catalyst, HP-SAPO-5/SBA-15 sample revealed the presence of mesopores of larger 

diameter and, notably, 1H SS NMR evidenced a comparable number of Si–OH 

groups. In light of the foregoing, HP-SAPO-5/SBA-15 should be considered a useful 

inorganic support to anchor bulkier organic molecule, which may not be 

accommodated in the mesopores of HP-SAPO-5/MCM-41. Furthermore, an 

optimization of the mesopore dimensions and of the silicon loading was performed 

on CTAB-containing MCM-41 hierarchical SAPO-5 (HP-SAPO-5/x:1 and HP-

SAPO-5/xSi). The modulation of mesopore diameter can be obtained by using 

suitable organic swelling agents (SA) to expand the surfactant micelles. Despite the 

pore size of MCM-41 had been progressively enlarged by increasing the SA/TEOS 

ratio of MCM-41 synthesis, the same trend was not observed for hierarchical SAPO-

5. Upon the introduction of trimethylbenzene, an increase in the mesopore diameter 

from 30 to 40-50 Å was evidenced, but no modulation was achieved for HP-SAPO-

5/6:1 with respect to HP-SAPO-5/1:1. Conversely, the optimization of the silicon 

(and mesoporogen) loading yielded more promising results. Noteworthy, by 

increasing the silicon loading, more silanol groups available to anchor organic 

functionalities on the inorganic support were produced at the expense of the number 

of Brønsted acid sites preferentially located on the mesopore surface rather than 

within microporous framework. Indeed, probe-based FT-IR spectroscopy evidenced 

a comparable density of BAS located in the micropores for HP-SAPO-5/xSi, 

regardless of the Si loading, and a higher accessibility factor of HP-SAPO-5/0.30Si 

with respect to HP-SAPO-5/0.6Si and HP-SAPO-5/0.9Si. Thus, a modulation of the 

density of Si–OH groups was successfully achieved without severely affecting the 

acidic properties of the microporous framework. Moreover, the speciation of the 

active sites within the two different level of porosity, combined with the enhanced 
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accessibility of the hierarchical architecture which can favour their cooperativity 

(confirmed by the catalytic test in the aldol condensation/crotonization reaction of 

FF with MIBK), made hierarchical SAPO-5 catalysts viable inorganic supports to 

synthesise organic-inorganic hybrids with application in tandem and/or cascade 

reactions.   

In Chapter 6 the heterogenization of a N-heterocyclic carbene (NHC) pre-catalyst 

on a range inorganic supports (Davisil silica, mesoporous MCM-41 and hierarchical 

SAPO-5 and ZSM-5) with varying textural, performed via grafting methodology, has 

been described. The as-obtained hybrid catalysts were deeply characterised using a 

multi-technique approach (XRD, volumetric and thermogravimetric analyses, SS 

NMR and FT-IR spectroscopies), with the aim of establishing preliminary structure-

property relationship. Upon the same NHC precursor loading, all the silanol groups 

had been consumed in Davisil silica and hierarchical zeotype materials, whilst 

MCM-41 displayed a fraction Si–OH groups still available for grafting, opening the 

possibility for further loading optimization. NHC functionality covalently anchored 

on ordered porous materials was found to decompose at higher temperature with 

respect to Davisil silica, stressing the role of the confinement effect in enhancing its 

thermal stability. The detailed physico-chemical characterization provided 

confirmation of the retention of the structural, textural and acidic properties of the 

parent framework, as well as the successful anchoring of the NHC moieties. The 

catalytic activity of the organic-inorganic hybrid materials was then evaluated in the 

benzoin condensation reaction of furfural, a base-catalysed reaction. Despite all the 

hybrid catalysts had exhibited high conversion to the desired product, hierarchical 

hybrids, especially NHC-HP-SAPO-5, appeared to be more affect by recycling with 

respect to Davisil Silica and MCM-41. The reason of the inferior catalytic 

performance of NHC-HP-SAPO-5 was clarified by means of SS NMR and FT-IR 

spectroscopies, which had evidenced that, due to it small molecular diameter, the 

organic base (1,8-diazabicyclo[5.4.0]undec-7-ene, DBU) responsible for in situ 

deprotonation and activation of the N-heterocyclic carbene precursor, can also 
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interact with, deprotonate and deactivate the Brønsted acid sites located on the 

mesopore and within the microporous architecture, thus compromising the acid 

characteristics of the parent framework as well as its potential application in tandem 

reactions. With a view in exploiting the full potential of hierarchical supports, these 

drawbacks might be overcome by using a base with larger kinetic diameter, which 

cannot enter the micropore and deprotonate the BAS ivi located. Alternatively, 

hierarchical supports with smaller micropores, such as hierarchical SAPO-34, might 

be used to anchor NHC precursor and perform the benzoin condensation reaction. 

Overall, this example strongly evidenced the prominent role of the physico-chemical 

characterization in unravelling possible issues which can occur during the design of 

novel hybrid materials and in providing additional approaches to overcome these 

drawbacks. Apart from optimizing the NHC precursor loading, improving the 

recyclability of hierarchical hybrids whilst simultaneously retaining their strong acid 

properties, future perspectives will be focus on the selective grafting of the NHC-

pre-catalyst on the external and internal surface of a ordered MCM-41 inorganic 

support, with the aim of investigating the nature of organic-inorganic interface and 

the confinement effects. The selective anchoring within the external surface can 

indeed be achieved by grafting the organic functionalities on a CTAB-containing 

MCM-41 and by subsequent extraction of the surfactant. Conversely, the selective 

grafting within the mesopore can be obtained by capping the external silanols with 

small silylating agents (i.e. trimethoxymethilsilane), followed by CTAB extraction 

and NHC precursor anchoring. Furthermore, catalytic data from benzoin 

condensation reaction seemed to evidence a role of silanol groups in favouring, in 

presence of oxygen, the oxidation of furoin to furyl, paving the way for performing 

tandem benzoin condensation-oxidation of furfural. In this perspective, research 

studies on the selective capping of groups on MCM-41 and periodic mesoporous 

organosilicas (PMOs) will be performed to evaluate the hydrophobic/hydrophilic 

character of the resulting hybrids and to clarify the role of Si–OH groups during the 

catalysis.  
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In Chapter 7, the influence of silicodactyly (i.e. the number of hydrolysable 

alkoxy groups which can be used by the organosilane to grab the inorganic surface) 

and silicopodality (i.e. number of alkyl chains through which the organosilane is 

anchored to the surface) in the design of a Class II hybrid material, based on strong 

covalent interactions between the organic and inorganic building blocks, has been 

deeply elucidated trough a combined experimental and computational approach. This 

research work was carried out with a view in establishing the best grafting conditions 

and configurations to host organic moieties fully available for interactions with 

substrates, avoiding configurations which might favour the hampering of the 

catalytic activity as a result of the tendency of the organic functionality to lay on the 

inorganic support surface. Overall, the aim was to get a deeper insight into the nature 

of organic-inorganic interface in order to ultimate improve the catalytic 

performances. Concerning silicodactyly, experimental and computational data 

excluded a one to one correspondence between hydrolysable alkoxy moieties and the 

number of siloxane bridges is not guaranteed, especially for low silanol density 

inorganic supports, for which tridentate adduct are uncommon. As expected, the 

thermal stability of the hybrids was found to correlate with the number of siloxane 

bridges effectively formed, with mono-dentate adducts being decomposed at lower 

temperatures than di- and tri-dactyl systems. Nevertheless, as highlighted by 

molecular dynamics simulations, the organic-inorganic interface conformation was 

not much affected by the silicodactyly parameter. Indeed, regardless to the number 

of covalent bonds with the inorganic surface, the tendency of organosilane was to 

lay on the silica surface, with the largest contribution to the molecule-surface 

interaction energy coming from dispersion forces. Conversely, with regard to 

silicopodality, a correlation between the number of legs and the tendency of the 

organic moieties to lay on the silica surface was evidenced. Specifically, both 

computational and experimental results highlighted that, by increasing the podality 

from a monopodal to a tripodal system, fully extended conformations were favoured 

with respect to interactions with Si–OH groups of the inorganic support and/or 
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physisorbed water. To clarify the influence of solvation in determining the most 

probable conformations with respect to the inorganic surface, computational 

simulation will be performed in various solvents. Moreover, a dipodal system, which 

should conceptually have an intermediate behaviour, will be synthesised, anchored 

and the resulting hybrid materials will be deeply characterised. This research study 

strongly evidenced the potential of a combined experimental and computational 

approach in properly performing the design and optimization of a hybrid catalyst. 

In conclusion, the physico-chemical approach to the design and multi-technique 

investigation of novel hybrid materials allows a fine tuning and optimization of both 

inorganic and organic moieties, ensuring the effective synergic effect. This research 

work contributed in the understanding of the key parameters underlying the design 

of efficient and robust hybrid catalysts. 
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9 

Experimental section 

Before undertaking volumetric and spectroscopic characterization, all the 

samples were outgassed at a temperature reported in the “Materials and Methods” 

section of the corresponding chapter, to remove physisorbed water. 

Scanning electron microscopy (SEM) images at different magnifications were 

recorded on a Quanta 200 FEI Philips Scanning Electron Microscope equipped with 

an EDAX energy dispersive spectroscopy (EDS) attachment. The electron source 

was a tungsten filament operating at 25 keV. The samples were coated with a thin 

gold layer to ensure surface conductivity (Chapters 3 and 4). 

X-ray powder diffraction (XRDP) patterns were recorded using an ARL 

XTRA48 diffractometer with CuKα radiation (l=1.54062 Å). Diffractograms were 

recorded at room temperature (RT) in the high angles (5°-50° 2θ) and low angles 

(1°-10° 2θ) range with a rate of 1.0°/min. The X-ray profiles at low angles were 

collected with narrower slits (Chapters 3, 4, 5, 6, 7). The d spacing was calculated 

referring to the Bragg’s law: 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃, where n=1, λ is the CuKα radiation and θ 

was the half of the reflecting angle. The distance between two adjacent pores (a) was 

computed according to the equation √3𝑎 = 2𝑑 (Chapter 5). 

To perform Inductively-coupled plasma (ICP) analyses, samples were 

digested under acidic conditions before being aspirated into a Varian Vista MPX 

CCD simultaneous axial ICP-OES instrument (Chapters 3 and 4). 

Elemental analysis was collected on Thermo Scientific Flash EA 1112 Series 

(CHNS), with sulfanilamide used as the standard for calibration purposes (Chapter 

6). 
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N2 and Ar physisorption analyses were carried out at 77 K in the relative 

pressure range from 1 × 10-6 to 1 P/P0 by using a Quantachrome AsiQ instrument. 

Prior to the analysis, the samples were outgassed overnight at the temperature 

reported in corresponding “Characterization” paragraph (residual pressure lower 

than 10-6 torr). Specific surface areas were determined using the Brunauer-Emmet-

Teller (BET) equation, in the relative pressure range from 0.01 to 0.1 P/P0. The 

desorption branch of the N2 physisorption isotherm was analysed by means of the 

non-local density functional theory (NLDFT) method, to obtain the pore size 

distribution of the materials (Chapters 3, 4, 5 and 6). 

Thermogravimetric analyses (TGA) were carried out on a: 

- SETSYS Evolution TGA-DTA/DSC thermobalance, under argon flow at a gas 

flow rate of 100 mL min-1. The samples were heated from 40 °C to 1000 °C at a 

heating rate of 5 °C min-1 (Chapters 3). 

- Mettler TGA/SDTA 851e instrument, under nitrogen flow, at a gas flow rate of 

60 mL min-1. The samples were heated from 30 to 1000 °C at a heating rate of 

20°C min-1 (Chapter 6). 

- TA Q500 instrument, in nitrogen flow, at a gas flow rate of 60 mL min-1. The 

samples were heated from 35 °C to 800 °C at a heating rate of 10 °C min-1 

(Chapters 7). 

FT-IR analyses of self-supporting pellets were performed under vacuum 

conditions (residual pressure < 10-4 mbar) using a Bruker Equinox 55 spectrometer 

equipped with a pyroelectric detector (DTGS type) with a resolution of 4 cm-1. FT-

IR spectra were normalized with respect the pellet weight and, when even specified, 

are reported in difference-mode by subtracting the spectrum of the sample in vacuum 

from the spectrum of the adsorbed molecule (Chapters 3, 4, 5, 6 and 7). 

Variable temperature FT-IR measurements were performed in the 30-500 °C 

temperature range, using a specifically designed cell permanently connected to the 

vacuum line (Chapters 6 and 7). 
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When probe molecules were employed, CO was adsorbed at 77 K, whereas NH3, 

2-4-6-trymethylpyridine (2,4,6-TMP, collidine) and 2,6-di-tert-butylpyridine (2,6-

dTBP) were adsorbed at room temperature using specifically design cells 

permanently connected to a vacuum line to perform adsorption-desorption in situ 

measurements (Chapters 3, 4 and 5). 

When basic probe molecules where adsorbed to perform accessibility studies, the 

total number of Brønsted acid sites was estimated using Lambert-Beer law in the 

form A = εNρ, where A is the integrated area of the bands of the protonated species 

(cm2 μmol-1), N is the concentration of the vibrating species (μmol g-1) and ρ is the 

density of the disk (mass/area ratio of the pellet, mg cm-2) (Chapters 3, 4 and 5).  

The choice of the proper basic probe molecule used to assess the accessibility of 

acid sites in hierarchical samples (Chapter 3, 4 and 5) was performed according to 

the following arguments. Initially, to evaluate BAS accessibility in HP-SAPO-

34/MCM-41 sample (Chapter 4), three different probe molecules of increasing 

kinetic diameter (pyridine (Py), 0.54 nm, 2,4,6-trimethylpyridine (2,4,6-TMP), 0.74 

nm and 2,6-di-tert-butylpyridine (2,6-dTBP), 1.05 nm), unable to enter the 

micropores, were used and their adsorption compared to NH3 adsorption, leading to 

a comparable accessibility factor for both 2,4,6-TMP and 2,6-dTBP (0.037 and 

0.038, respectively) and to a higher AF for pyridine (0.107), due to its ability to 

interact with BAS located also on the micropores mouths. On the basis of this 

experimental evidence, pyridine was no longer employed and the accessibility of 

acid sites in hierarchical SAPO-34 catalysts synthesised using mono- and 

disaccharides as mesoporogen (Chapter 3) was estimated using 2,4,6-TMP. Since 

the micropore diameter of SAPO-5 (0.73 nm) is comparable to the kinetic diameter 

of 2,6-dTBP (0.74 nm), to assess the accessibility of acid sites of hierarchical SAPO-

5 samples (Chapter 5), the more sterically hindered 2,6-dTBP was employed. 

Liquid state 1H and 13C NMR spectra were recorded with a  

- Bruker DPX400 NMR operating at 9.39 T with frequencies for 1H, and 13C of 

400 MHz and 100.7 MHz, respectively (Chapter 6). 



Chapter 9 

208 
 

- with a Jeol Eclipse ECP300 spectrometer (Jeol Ltd. Tokyo, Japan) operating at 

7.05 T with frequencies for 1H, and 13C of 300.5 MHz and 75.6 MHz, 

respectively (Chapter 7). 

Chemical shifts are reported in ppm with the protic impurities of the deuterated 

solvent as internal reference. 

Solid-state NMR spectra were acquired on a Bruker Avance III 500 

spectrometer and a wide bore 11.7 Tesla magnet with operational frequencies for 1H, 

29Si, 31P, 27Al and 13C of 500.13, 99.35, 202.45, 130.33 and 125.77 MHz, 

respectively. A 4 mm triple resonance probe with magic angle spinning (MAS) was 

employed in all the experiments and the samples were packed on a Zirconia rotor 

and spun at a MAS rate between 10 and 15 kHz. The magnitude of radio frequency 

(RF) fields was 100, 83, and 42 kHz for 1H, 31P, and 29Si, respectively. The 27Al 

MAS spectra were acquired on large sweep width with small pulse angle (π/12) to 

ensure quantitative interpretation. In the case of 29Si, 31P, and 27Al MAS NMR, high-

power proton decoupling was applied. The relaxation delay, d1, between 

accumulations was 5, 1, 30, and 60 s for 1H, 27Al, 31P, and 29Si MAS NMR 

spectroscopy, respectively. For the 13C and 29Si Cross Polarization (CP) MAS 

experiments, the RF fields of 55 and 28 kHz were used for initial proton excitation 

and decoupling, respectively. During the CP period the 1H RF field was ramped 

using 100 increments, whereas the 13C/29Si RF fields were maintained at a constant 

level. During the acquisition, the protons are decoupled from the carbons/silicons by 

using a two-pulse phase-modulated (TPPM) decoupling scheme. A moderate ramped 

RF field of 62 kHz was used for spin locking, while the carbon/silicon RF field was 

matched to obtain optimal signal and the CP contact time of 2 ms were used. All 

chemical shifts were reported by using the δ scale and are externally referenced to 

tetramethylsilane (TMS) for 1H , 13C and 29Si NMR spectra, Al(H2O)6
3+ ion in 1.0 m 

AlCl3 solution for 27Al NMR spectra and H3PO4 (85%) for 31P NMR spectra. The 

chemical shifts reported for 27A1 are not corrected for second-order quadrupole 



Chapter 9 

209 
 

effects. 1H MAS NMR spectra were fitted with DMFIT functions for quantitative 

deconvolution of overlapping peaks. 

The choice of the catalytic tests was strictly correlated with the overall activities 

of the MULTI2HYCAT partners. 

- The catalytic activity of saccharide-templated SAPO-34 samples (Chapter 3) and 

hierarchical SAPO-34 catalysts obtained using CTAB encapsulated in MCM-41 

(Chapter 4) was assessed in the liquid-phase and vapour phase Beckmann 

rearrangement of cyclohexanone oxime to ε-caprolactam (the industrially-

significant precursor to Nylon-6), respectively, in partnership with the University 

of Southampton, under the supervision of Prof. Robert Raja. The role of strong 

Brønsted acid sites and weak acid sites (e.g. Si–OH groups) and, eventually, their 

synergy has to be investigate to determine structure-property relationships and 

mechanistic insight. Specifically, whilst BAS plays a crucial role in the liquid-

phase Beckmann rearrangement, nest silanols are effective active centres in the 

vapour-phase. Thus, the catalytic activity of the silanols rich HP-SAPO-

34/MCM-41 was tested in the vapour-phase Beckmann rearrangement, whilst 

liquid phase should be preferred for silanols poor saccharide templated 

hierarchical SAPO-34. 

- The catalytic activity of HP-SAPO-5/xSi materials (Chapter 5) was preliminary 

tested in the aldol condensation/crotonization of furfural with methyl isobutyl 

ketone, by the Eco-Efficient Products and Processes Laboratory (E2P2L), UMI 

3464 CNRS-Solvay, under the supervision of Prof. M. Pera-Titus. Both furfural 

and 5-hydroxymethylfurfural, which can be accessed by the acid-catalysed 

dehydration of hexoses and pentoses, respectively, are considered as two of the 

most value-added biomass building blocks or platform chemicals. Both bio-

based furanic derivatives can be further oxidized, hydrolysed or reduced to 

generate valuable downstream chemicals. In this perspective, considerable 

research has been carried out in the last year to develop simple, accessible and 

robust heterogeneous catalysts affording multi-step reactions and preventing the 
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separation of intermediates. Among the various heterogeneous catalyst that can 

be used, hierarchical silicoaluminophosphates, such as SAPO-5, represent a 

viable alternative to traditional catalysts for performing aldol condensation 

reactions, due to their superior diffusion within the framework and their acidic 

properties.  

- The catalytic activity of N-heterocyclic carbene organocatalyst heterogenized on 

different inorganic support (commercial Davisil Silica, mesoporous MCM-41, 

hierarchical ZSM-5 and hierarchical SAPO-5 using Pluronic encapsulated in 

SBA-15 as mesoporogen) was tested in the benzoin condensation reaction of 

furfural in partnership with the University of Southampton, under the supervision 

of Prof. Robert Raja. Benzoin condensation is an effective strategy to convert 

biomass into useful chemicals for a range of applications, as already described 

in Chapter 6/Introduction.  
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