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ABSTRACT 

Porous Hybrid Materials for Catalysis and Energy applications 

Buthainah Alshankiti 

 

           Porous materials have exhibited remarkable performances in a wide range of 

applications such as catalysis, gas adsorption, water treatment, bio-imaging and drug 

delivery. The main properties of porous materials are dictated by their pore size, pore 

morphology and pore size distribution.  

Understanding the effect of the chemical nature of porous materials on heterogeneous 

catalysis has significantly increased during the last decade resulting in the development 

of innovative porous nano-hybrid materials. Scientists have integrated inorganic and 

organic materials to generate new structures with unique properties. A significant 

enhancement in their properties have been observed compared to their use as single 

components. This research work focuses on the design and synthesis of innovative 

hybrid materials with intrinsic porosity based on well-studied single components such 

as nanoparticles and macrocycles for catalysis and energy applications.  

The first chapter addresses the impregnation technique of gold nanoclusters (Au NCs) 

in the pores of mesoporous silica nanoparticles (MSNs). The performance of Au NCs/ 

MSN as catalysts was evaluated by the epoxidation reaction of styrene, which showed 

a remarkable catalytic activity and high selectivity towards styrene epoxide (74%). 

         In chapter two, the self-assembly of polyoxomolybdates (P2Mo5O23) and 

cyclodextrins (CDs) as molecular building blocks (MBBs) through the bridging effect 

of counter cations (Na+, K+, and Cs+) is discussed. This assembly has resulted in the 

formation of seven crystal structures of POM-CD MOFs. These novel porous hybrid 
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frameworks with intrinsic porosity and tunable porosity have been well studied and 

characterized using different techniques.  

In chapter three, the scope of our research have been extended by combining another 

porous macrocycle, trianglamine (TA), with the metal cluster complex system 

(polyoxometalate). A detailed characterization shows that the POM-TA material has 

high surface area, which suggests that it can be suitable as a catalyst for size-selective 

substrates as dictated by the macrocycle size. Overall, these results represent a 

promising enrichment in the field of heterogeneous catalysis. This is largely due to the 

possibility of combining different molecular building blocks to form a hybrid 

framework with improved properties such as intrinsic porosity, large surface area, and 

tunable structural properties. 
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Chapter 1 

Introduction 

1. Porous Materials 

            Porous materials are a class of solid materials containing void space, with large 

specific surface area and low density. They have wide applications in several fields 

such as chemical separation, catalysis and energy storage. Porosity has a significant 

effect on the physical, mechanical and chemical properties of the materials. The pore 

characteristic (size, morphology, the size distribution, surface roughness and surface 

area) will control the properties of the porous materials.1 

         Porous materials can be classified into two types in accordance with their nature: 

carbon-based (i.e., polymer with intrinsic microporosity, cyclodextrins, crown ether, 

covalent organic frameworks (COFs)), inorganic materials (i.e., Silica, Zeolite, 

Polyoxometalates) and organic-inorganic hybrid (i.e., Metal-Organic Frameworks 

(MOFs)). Additionally, porous materials can be classified according to their pore size: 

macroporous materials have pore size above 50 nm, those in the range of 2 nm-50 nm 

are called mesoporous materials, whereas the microporous materials have pore size £ 2 

nm .2-6 

1.1  Mesoporous Silica nanoparticles 

One of the most abundant minerals found in the Earth is Silica (SiO2), mainly exist in 

nature as quartz. Silica has widely spread applications in industry as food additive, i.e., 

it has been used as anti-caking agent and dough modifier, also in the production of 

concrete.  
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Mesoporous silica nanoparticles are mesoporous form of silica, they have gained a huge 

attention in nanotechnology due to their frequent use in different fields including 

catalysis, adsorption, optical devices and drug delivery.7-9  

Over the past years, they have been relying on the templating method in order to prepare 

mesoporous silica nanoparticles (MSNs) with highly uniform morphology, tunable pore 

size, high surface area and large pore volumes.10 The most common prevalent types of 

mesoporous nanoparticles are SBA-15 and MCM-41. 

 

1.1.1 Synthesis of Ordered Mesoporous Silica MCM-41 

MCM-41(Mobil Composition of Matter) is one of the most common types of silicate 

mesoporous materials discovered in 1992.11 The structure of MCM-41 is composed of 

a regular arrangement of hexagonally shaped, one-dimensional pores system having a 

narrow pore size distribution.12 

There are several key reaction conditions that will affect the particle size and the pore 

shape (e.g., pH value, amount of TEOS, temperatures and reaction time).13 Surfactants 

have been used to achieve a specified pore shape via forming micelles in the batch 

solution. Cetyltrimethylammonium bromide (CTAB) is one of the templates that helps 

to create mesoporous framework. Generally, the process of the formation of MSN 

included the addition of the surfactant, which will form rod-like micelles. The micelles 

arranged hexagonally, then the silica source will cover the rods. The condensation 

process of the silanol groups will be followed to link the silicon atoms with oxygen 

atoms. Finally, the organic template will be removed Figure 1.1.14  
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Figure 1.1: Synthesis of Ordered Mesoporous Silica MCM-41. 

1.1.2 Structural Properties of Ordered Mesoporous Silica MCM-41 

Mesoporous silica materials with pore diameters of ~ 20-500 Å have found great utility 

in industrial applications as catalyst,15-16 medicine17-18 and sorption media.19-20 Because 

of their remarkable characteristics including unique particle size, highly ordered 

structure, controllable framework compositions, thermal stability, internal surface areas 

(up to 1000 m2g-1) and uniform pores enhances, which enhance their catalytic activity.21 

MCM-41 possesses a well-arranged uniform channel. By varying the alkyl chain length 

of the cationic surfactants, and the reaction conditions applied in the synthesis 

procedure, the dimensions of these channels will be changed accordingly ranging from 

20 Å to 100 Å. On the other hand, the pore diameter of MCM-41 can be varied by 

including auxiliary hydrocarbons, for example alkylated benzene in the synthesis 

mixture. Thus, the pore size mainly depends on the chain length of the surfactant 

(organic template) used in the hydrothermal preparation of MCM-41. 

In comparison with zeolites family, the pores of MCM-41 are larger also the structure 

of silica can interact with bigger molecules and it can ensure much more efficient mass 

Surfactant molecules

Micelle formation:
aqueous mean, pH control, 

CMC

Micelle organization: 
MCM-41, hexagonal arrangement

TEOS addiction:
Hydrolysis and silica
polycondensation
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transport. For instance, vanadium-substituted MCM-41 materials have great 

performance as an active catalyst for the selective oxidation of hydrocarbons by 

hydrogen peroxide in wet reaction.22 

1.1.3 Applications of Ordered Mesoporous Silica MCM-41 

MCM-41 based silica materials have a distinctive characteristic make them a promising 

candidates for applications in drug delivery,23 biocatalysis,24 heterogeneous catalysis 

etc.25-26 One of the reported methods that has been followed for the control of both 

shape and size of the materials is ’host-guest’ synthetic method. Due to the porosity of 

MCM-41, it can be considered as an efficient material to encapsulate metals, 

semiconductors and metal oxides.27-30 

1.1.4 Metal Nanoclusters Embedded in Silica 

Metal nanoclusters (Au, Ag, Pt, Cu), composed of only several to a few hundred metal 

atoms and have sizes comparable to the level of the Fermi wavelength of electrons 

(usually< 1 nm), have been considered as an interesting material because of their unique 

chemical and physical characteristics.31-33 The unique characteristics of metal 

nanoclusters (MNCs) highly rely on their composition, size, shape as well their atomic 

packing.34-35 

 Specifically, gold and silver NCs have gained a considerable attention due to their wide 

applications in different fields, such as, catalysis, biolabeling, sensing and biological 

imaging.36-40  

Different methods have been followed in order to obtain ultrafine MNCs with uniform 

size distribution as well as enhancing the catalytic activity and the selectivity by 

controlling the size and the number of atoms in NCs, thus will open the way to apply 

MNCs in different applications.41 Highly dispersed MNCs are usually synthesized 
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either by protecting the surface of metal atoms using stabilizers (capping agents),42-44 

or by loading MNCs using high surface-area chemical support, such as, SiO2,45-46 

TiO2,47-48 carbon support,49-50 etc.  

With respect to the catalytic activity of MNCs, the formation of MNCs via using 

stabilizing agent will lead to decrease in the catalytic activity, this is because the 

stabilizing agents will impede the diffusion of reactants to the metal active sites. While 

the formation of MNCs by using chemical support will lead to decrease in the particles 

aggregation, enhance the particles stability and the dispersibility in the solution with 

more accessible metal active sites for liquid-phase catalytic reactions.41 Metal 

nanoclusters embedded in silica have been used for several applications including, 

catalytic, optical fibers, and nanosensors Figure 1.2.46, 51-53 

 

Figure 1.2: Metal nanoclusters embedded in silica. 

 

1.2 Polyoxometalates  

Polyoxometalates (POMs) are a type of inorganic polyanionic clusters formed mainly 

by transition metals of group 5 (V, Nb, Ta) and 6 (Mo, W), and oxygen atoms. POMs 

are divided into three main groups, isopolyanions, consisted of one kind of metal and 
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oxide, heteropolyanions, consisted of one metal, oxide, and a main group oxyanion 

(silicate, phosphate, etc), and molybdenum blue species ( highly reduced POM 

clusters).54-55 POMs have a vast range of clusters of different shapes, compositions and 

sizes, from small dimensions up to nanosized, such as, 

[HxMo368O1032(H2O)240(SO4)48]48-, (Mo368))56. Polyhedral units in POM are formed 

based upon [MOP] and [XOq], considered as the building block of the framework, with 

4-, 5-, 6- or 7- coordinate metal centres. These polyhedral units commonly share edges, 

vertices, and rarely faces.57 POMs have proven to be a promising candidate for a variety 

of industrial applications such as, catalysis, medicine and material science, due to their 

unique chemical, electrical and physical properties.58  

1.2.1 Historical Background 

The first polyoxometalates, (NH4)3[PMo12O40](PMo12), were discovered in 1862 by 

Berzelius. Then, several years later, hundreds of the discovered polyoxometalate 

compounds were published in 1930s in the Gemlin volumes.59-60 Pauling proposed the 

new compound in 1929, phosphotungestic acid with the chemical formula 

H3[PO4·W12O18(OH)36]nH2O, containing 12-heteropoly acids. Later on, the crystal 

structure was estimated by powder X-ray lines analysis. The tungsten exists within the 

centre of a distorted octahedral group of 6-oxygen atoms, and the phosphorous atom 

located at the centre with four oxygens that are located at the corners of tetrahedral 

group. They found that the arrangement of the complex is differ from the one proposed 

by Pauling. By the experiment, the complex is consisting of PO4 surrounded by 12 WO6 

groups linked by shared oxygen atoms, and it  is often called ‘‘Keggin’’ type structure.61 

Then, in the period from 1970-1988, the development of polyoxometalates chemistry 

was slow.62 The interest in supramolecular polyoxometalates chemistry, have been 
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increasing since the nineties of the last century.63 Since that time, hundreds of structures 

have been published to this day and have included many applications in various fields.64 

1.2.2 Composition and classification of POMs 

Polyoxometalates compounds consist of different transition metal cations, for example 

W, V, Mo, Nb, etc. with higher oxidation states. Polyoxometalate can be categorised 

into three sections:1) Isopolyanions (IPAs) defined by the formula [MmOy]n-, consist of 

a metal oxide framework without any presence of heteroatom, they are less stable than 

heteropolyanion. IPAs units are considered as building blocks, they have attractive 

physical properties, for example, strong basic oxygen sites.65 2) Heteropolyanions 

(HPAs): metal oxide clusters have heteroions, such as sulphate and phosphate, defined 

by [XxMmOy]n-, (X= heteroatom, M= addenda atom). The high solubility of HPAs in 

polar solvents, and the significant thermal stability in solid state have been observed.66 

The most common well-known structures of HPAs family are: Kegging [XM12O40]n-,61 

Anderson-Evans ([XM6O24]n-),67 Wells-Dawson ([X2M18O62]n-)68 and the smallest 

discovered structure in POM family Lindqvist ([M6O19]n–)69 Figure 1.3.70 Additionally, 

Waugh and Silverton structures have been reported.71-72 Those structures have been 

classified on the basis of the relative ratio of the hetero atoms and the addenda atoms.73-

74 Also, other advanced structures have been reported elsewhere. On the contrary, few 

structures of IPAs have been reported due to their low stability compared to HPAs 

structures. 3) Molybdenum- blue and molybdenum-brown reduced POM clusters: 

Molybdenum blue cluster [Mo154] has a ring topology, which was well crystallized and 

characterized in 1995.75 By changing the pH of molybdenum blue solution and 

increasing  the quantity of the reducing agent, also introducing acetate ligands, will 

form a highly reduced POM cluster [Mo132] with spherical ball-like shape.55  
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Polyoxometalates can be manipulated to construct new several architectures via 

engineering the ligand, reducing agent, temperature of the reaction, hetero metal, 

addenda atom, and the counterions Figure 1.4.59 As it is known, inorganic cations play 

a significant role to control the self-assembly of POM, function, stabilization as well as 

the solubility. H+, Na+, Cs+, K+, NH4+, Ag+, etc. these are the most well-known 

inorganic cations and through ion exchange they can be replaced with other cations. 

The dominant force for the interaction between POM and alkali/alkaline earth cations 

is electrostatic force; while other complex cations have different interaction forces 

including van-der-Waals, ion-dipole and hydrogen bonding interactions.76 Due to their 

unique properties, such as, charge distribution, high redox potential, and tunable sizes 

and composition, various applications such as electronics, medicine, catalysis, energy 

applications and pharmaceutical industry have been explored.77-78  

Under different conditions POMs can play the roles of Lewis acid and Lewis base. To 

clarify, the highly negatively charged polyanions species in POM can donate a pair of 

nonbonding electrons (Lewis base). Alternatively, polyanions can be considered as 

Lewis acid. In fact, the addenda metal ions presence in polyanions, have unoccupied 

orbitals, thus, can accept a pair of nonbonding electrons. Moreover, polyanions have a 

redox nature, so they have been recognized as electron reservoirs, which is related to 

their high capacity to bear and release electrons.64, 79 

It is worth to mention that the missing of one or more metal-oxo octahedra from the 

polyanions structure; such structures are called ‘lacunary’. POMs have been classified 

into three classes in respect to the number of unshared oxygen atoms linked to each 

metal atom, according to Pope classification.80 Type I polyanion structures, refer to 

mononuclear MOL5 species and each M atom has a single unshared oxygen atom. Type 

II polyanion structures, refer to mononuclear MO2L4 and each M atom has two unshared 
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oxygens. Type III polyanion structures, have a combination of M atom sites. It should 

be emphasized that the acidic, basic, electronic and oxidative properties of POM anions 

are influenced by several parameters, for instance, cation-POM interactions, solvents, 

and the covalently interactions of hybrid organic-POMs. 

 

Figure 1.3: The most common POMs structures in polyhedral representations. Adapted 

from Ref. [ 65 ]. 

 

Figure 1.4: Different parameters adjusted to prepare new POM clusters by one-pot 

method. 
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1.2.3 Properties and Application of POMs 

 1.2.3.1 Solubility of POMs 

The solubility trend of POM-cation as shown in Figure 1.5 differ notably according to 

the type of polyoxometalates. Group 5(V, Nb, Ta) or group 6 (Mo, W) of POMs which 

will be assembled in acid, show poor aqueous solubility when paired with large alkali 

metal cations (e.g. Cesium), while their structures with small alkali metal cations 

(Lithium & Sodium), tend to exhibit high water solubility. In the “Normal” solubility 

trend, as it is called, the small cations (e.g. Li+) cannot attract to POMs, which have low 

charge density due to the strongly attached hydration shell on the cation. 

Conversely, the large cations (e.g. Cs+) easily form electrostatic attraction with POMs, 

thus forming insoluble aggregates; this phenomenon being exploited in POM 

heterogeneous catalysis.76, 81  
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Figure 1.5: General solubility trends observed for POM anions structures with alkali 

metal cations (the Keggin ion [XM12O40]n- (X often P, Si, M=Mo, W) is used for 

illustrative purposes. Normal solubility trend is obtained for Mo, V, and W POM salts, 

whereas the anomalous trend is observed for Nb and Ta POMs. (Blue refer to the least 

soluble, green the most soluble agents.).  

 

It has been reported that the use of large alkylphosphonium or alkylammonium cations 

in the formation of classic POMs (formed in basic media) will enhance the cluster 

solubility in organic solvents.82 On the other hand, the formation of POMs (Nb or Ta) 

in basic media will increase their solubility in the presence of large alkali metal cations 

(e.g. Cs+), although their tendency to form ion-pairs in the solution. To summaries the 

solubility trends: 1) The combination between high charge density polyoxometalates 

and low charge density cations are soluble, also 2) The combination between low 
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charge density polyoxometalates and high charge density cations are soluble.83 

1.2.3.2 Formation and Solution Behavior of Polyoxometalates 

The two topics namely formation and solution properties are intimately related to each 

other, so it is suitable to mention both of them together. For all we know, most of the 

POM structures have been fabricated in wet conditions. However, solid-state methods 

have been used to prepare POM structures.59 POMs are considered as intermediate 

species between the mononuclear oxo/hydroxometalates [MOX(OH)Y]-n and polymeric 

metallic oxides. They are prepared via the condensation reactions of acidified metal 

anion solution, as exhibited in Equation (1):  

                 7MoO42-    +   8H+   → [Mo7O24 ]6-   +       4H2O                                     ( 1 )    

Such species are consisted for one type of polyanion, called isopolyanions, while the 

condensation of two different type of oxoanions (oxoanions refer to acidic metals, such 

as, V, W, Mo and Nb), resulted in the formation of heteropolyanions, as exhibited in 

Equation (2):  

                   12 WO42-   +   H3PO4   + 21H+     → PW12O403- + 12H2O                    ( 2 ) 

The structures of isopolyanions and heteropolyanions are defined as assemblages of 

metal- oxygen polyhedras. The heteropolyanions consisted of, addenda atom (e.g. W, 

Mo, V) linked by oxygens forming a cluster with the hetero atom (e.g. Si, P, As) inside 

connected by oxygens.84-85 

1.2.3.3 Catalytic properties of POMs 

The remarkable properties of POMs, including high thermal stability, inherent 

resistance to oxidative decomposition, redox activity and highly responsive to light and 

electricity; opens the way to use POM clusters in several catalytic reactions.86-87 Due to 

the fascinating stability of Kegging-type POMs structures, they have been well 
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investigated as catalyst in different catalytic reactions. As a consequence of numerous 

studies, POMs/HPAs have been used as catalysts in several industrial reactions, 

including the hydration of isobutene,88 propene,89 and 2-butene90 to alcoholic products. 

Also, oxidation of ethylene to CH3COOH in the presence of O2, amination of ketones 

to imines, polymerization of tetrahydrofuran, and esterification of CH3COOH with 

C2H4 to C4H8O2 (ethyl acetate).91 In general, heteropolyacid is formed by the 

combination between HPAs and counteractions (H3O+, H+, H5O2+, K+ , etc.) in the 

presence of hydration water. The crystal structure of HPAs will be affected by water 

molecules, in which  the dehydration process will increase the acidity of heteropolyacid 

structures.59, 92 The catalytic function of POM/HPAs has attracted a huge attention 

because of their multiple active sites, comprising metals, oxygens, and protons. They 

have been used as homogeneous and heterogeneous oxidation and acid catalysts in solid 

as well as in the solution state. HPAs are considered as strong BrÖnsted acids, where 

their protons are an important site toward acid catalyzed reactions. They exhibit a 

highly significant BrÖnsted acidity compared with the classical mineral acid catalysts.84 

From other side, the surface oxygens of lacunary POM anions will be an active site in 

base-catalyzed reaction. A great systematic study on the synthetic method and the 

structure of Kegging HPAs have been obtained.93 Also, Keggin HPAs have been more 

described than other HPA structures, in respect to their physiochemical properties and 

catalytic activity. For example, the fabrication method of Keggin HPAs is simpler 

compared to other HPA structures. Also, Keggin HPAs structure have shown 

considerable stability against temperature up to 200oC, non-toxicity and environmental 

compatibility.94-95 

However, most of the heteropolyacid structures are soluble in organic solvents, which 

serves as an obstacle for the reuse of the catalysts.96 There are several strategies that 
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have been explored to enhance the recyclability of POM/HPAs: 1) deposit of HPAs on 

a solid support with high surface area,97-99 2) Replace HPAs in POMs with large 

cationic surfactants (> 1.3 Å) resulting in the formation of insoluble products. Alkyl 

ammonium is one of the most organic cations used, in addition to K+ and Cs+ metal 

cations.100-101 This procedure employed will keep the structural integrity of POMs and 

will save their intrinsic properties. 

1.2.4 Polyoxometalate (POM)-based inorganic-organic hybrid 

materials.  

POM-based hybrid materials have attracted considerable attention in different research 

fields, such as, catalysis, biochemistry, removing organic dye pollutants, environmental 

remediation and material science technology.102-107 A variety of techniques and 

strategies have been used to synthesize inorganic-organic hybrid materials, in order to 

obtain  new functional materials with a diversity of structural motifs and unique 

physical properties. Solvothermal methods and slow-diffusion processes are one of the 

most common techniques that have been applied.108-110 The self-assembly of hybrid 

POM units into well-ordered structures will be governed by a supramolecular approach. 

In supramolecular chemistry the assembly of molecular units mainly controlled by non-

covalent interactions, such as, hydrogen bonding, dispersion forces and electrostatic.111  

Several parameters have been controlled to assemble POM-based hybrid structures via 

solution processability, for instance, metal ions, organic ligands, pH value, and 

temperature.112-114  

Generally, the introduction of organic molecular building blocks (MBBs) via non-

covalent interaction can enrich the properties of POM structures and also enhance their 

redox, polar, electricity, and acid properties. For example, the assembly of cyclodextrin 

macrocycles (CD) with polyoxometalates into extended frameworks via non-covalent 
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interaction lead to a remarkable enhancement in Li ion storage.115  Cyclodextrins (CDs) 

are a family of crystalline cyclic oligosaccharides in which glucose units 6(α-CD), 7 

(β-CD), or 8 (γ-CD) are joined by α-1,4 glycosidic bonds with hydrophobic cavity and 

hydrophilic rims. CDs, produced by the enzymatic treatment of starch, are usually used 

for drug delivery. The combination between POMs and CDs is usually done in a one-

pot reaction under controlled reaction parameters (concentration of reagents, mixing 

time and the temperature of the reaction). According to the literature, it has been 

previously reported that the interactions between inorganic POM units and organic CDs 

occur through intermolecular contacts such as [C-H···O] which are mainly governed 

by the non-covalent interactions (electrostatic interaction and hydrogen bonds) and the 

presence of counter cations, which will link the two units Figure 1.6.116-117 

Further developments in the assembly of hybrid structures by introducing Schiff-base 

ligands (defined as R2C=NR'(R'≠H) into polyoxometalates chemistry will open a new 

direction for supramolecular compounds and hybrid materials. Schiff base compounds 

have been considered as interesting ligands for the construction of supramolecular 

hybrid structures, due to their ease of synthesis in high yield in a single-step reaction 

and for their interesting applications.118  

Few literature reports have been reported so far in synthesis of POM hybrid materials 

based on POM as inorganic building units and Schiff base as organic ligands, allowing 

the opportunity to use this hybrid materials in different applications Figure 1.7.119-125  
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Figure 1.6: 1) Interconversion scheme of molybdate and tungstate ions showing the pH 

domain where γ-CD interferes (dashed lines). 2) Structural formulas of (a) the 

[PMo12O40]3− trianion along with its X-ray crystal structure, and (b) β-CD and γ-CD. 

Color code: Mo, cyan; O, red; P, orange. 

1) 

2) 
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Figure 1.7: a) & b) two of Mn–Schiff-base units are covalently bonded to the 

polyoxoanion [AlMo6(OH)6O18]3− via two terminal oxygen atoms forming 

(Mn(salen)2(H2O)2[AlMo6(OH)6O18])−  units. c) Parallel offset face-to-face π–π 

interactions exist in the structure. 

 

From another perspective, there have been massive efforts to improve the catalytic 

efficiency of POM and the recovery by the modification process of POM with organic 

molecules, thus generating new structures and functions of POM hybrid materials.57, 

126-129 This will lead to an increase the BET specific area, enhance the recyclability and 

enlarge the pore diameter size. For instance, (coumarin)3HPMo11VO40 has selective 

catalytic activity for the oxidation of benzyl alcohol than the pristine H4PMo11VO40. 

This hybrid catalyst shows a high surface area and large pore size, also has  π-

π*conjugate affect.130 
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Chapter 2 

Ligand- Free Gold Nanoclusters Confined in Mesoporous Silica 

Nanoparticles for Styrene Epoxidation 

Buthainah Al-Shankiti et al. Journal of Nanoscale Advance 

2.1 Introduction 

Metal nanoclusters (NCs) are relatively a new class of nanomaterials consisting of only 

tens of core atoms and display well defined atomic and electronic structures. They are 

employed in several potential applications such as imaging, sensing, catalysis and for 

solar energy harvesting. 1-6 NCs with core size < 2 nm display superior catalytic 

performance compared to plasmonic nanoparticles (NPs) and bulk metals due to 

quantum confinement.7-11 Unlike plasmonic NPs, NCs can be prepared with atomic 

precision and hence it is possible to correlate the structural properties of NCs with their 

catalytic properties as well as to determine the active sites for the catalytic activity. NCs 

are used in several catalytic reactions including oxidation,12, 13 hydrogenation,14, 15 

electrocatalysis16 and photocatalysis.17, 18 There are several factors affecting the 

catalytic properties of NCs such as the nature of capping ligands, doping with other 

metal atoms, morphology and nature of the support.1 Unlike their NP counterparts even 

a minor change in the atomic composition and core size can alter the catalytic properties 

dramatically. For example, when a single Pd atom was doped with Au25 NC, the 

catalytic activity improved significantly either due to the creation of highly active 

reaction sites on the surface of NC or due to the activation of Au sites via electronic 

structure modification.19 Therefore it is important to retain the integrity of NCs during 

catalysis.                

For heterogeneous catalysis, NCs are often loaded on inert surfaces such as TiO2,20 

SiO2,21 carbon nanotube,22 etc. The presence of a support enhances the robustness, 
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prevent sintering during catalysis and provides excellent recyclability of the NCs based 

catalysts. To attain maximum catalytic activity for NCs, it is important to have exposed 

metallic surface to interact with the reactants. Generally, a protecting ligand is used to 

stabilize and control the size of the metal NCs.23 However, the presence of the organic 

ligand on the surface of the metal NCs may block or reduce the catalytic property in 

some cases.24-27 To avoid this, a ligand that allows the maximum exposed surface area 

for NC synthesis is used or the ligand is removed from the synthesized NC surface 

before the catalytic application. Several harsh techniques such as CO stripping,25 

thermal treatment at high temperature,28, 29 plasma and UV-ozone cleaning,30-32 are 

employed to remove the coordinated ligands. Though such ligand-off catalysts show 

higher activity, ligand removal may result in the structure and the size modification of 

NCs and in some cases aggregation. Another possibility is to synthesize ligand free 

NCs in situ on proper supports for improved catalysis especially for reactions like 

styrene epoxidation, which has gained much attention as it is used as a starting material 

for small molecule drugs, a stabilizer for high molecular weight polymers, and it also 

plays a major role in the perfume and sweetening industries.33, 34 

 

2.2 Design 

Herein, we developed a novel NC based catalyst based on ligand-free Au NCs on 

mesoporous silica nanoparticle (MSN) supports. The gold precursors were impregnated 

in the pores of MSN followed by reduction to obtain NCs. This catalyst was employed 

in the solvent-free oxidation of styrene using TBHP as an oxidizing agent (Figure 2.1). 

 Interestingly, the catalyst was utilized without calcination, which was always required 

in previously reported catalysts.35-37  
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Figure 3.1: Represent the impregnation of gold nanoclusters inside the aminated 

mesoporous silica nanoparticles (MSN-NH2) for the catalytic application. 

 

2.3 Experimental Section 

2.3.1 Materials 

Tetraethyl orthosilicate (TEOS), 3-Aminopropyltriethoxysilane (APTES), 

cetyltrimethylammonium bromide (CTAB), Gold(III) chloride (HAuCl4), Sodium 

borohydride (NaBH4), Tert-Butyl hydroperoxide (TBHP), Styrene, Dichloromethane 

(DCM), Tetrahydrofurane, cyclohexene, 1-phenylpropene, cis-Stilbene, Toluene, 

methyllithium and Methanol were purchased from Sigma-Aldrich. Al chemicals were 

used without further purification. 

2.3.2 Methods: Synthesis and Characterization 

Transmission electron microscopy (TEM) of samples was performed by using a 

microscope of model Titan ThemisZ from Thermo-Fisher Scientific. The specimens of 

AuNCs loaded onto MSN-NH2 were prepared first. This has been done by dispersing a 

small amount of sample each time into ethanol and then drop-casted on carbon-coated 

Cu grids. The Cu grids containing samples were air dried for several hours prior to TEM 

experiments. TEM analysis was consisted of imaging of “AuNCs loaded MSN-NH2 

O
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particles” in TEM mode, recording of the crystal structure in selected area electron 

diffraction (SAED) mode, elemental mapping in scanning TEM (STEM) mode 

combined with energy dispersive spectroscopy (EDS), and finally 3-dimensional 

imaging with electron tomography (ET) mode. It should be noted that the imaging of 

samples in TEM mode allowed determining the particle size and morphology along 

with the concentration of AuNCs onto MSN particles. Whereas the acquisition of 

SAED patterns enabled in finding out the crystal structure of AuNCs. Basically, it 

helped in determining the fact whether the AuNCs were present in face-centered Cubic 

(FCC) phase or in amorphous phase. Elemental mapping turned out to be useful way of 

knowing whether the AuNCs were present in the pores of MSN-NH2 particles. It is 

noted herein that high-angle annular dark-field (HAADF) detector was chosen to carry 

out the STEM-EDS mapping experiments. It was done this way because image-contrast 

in HAADF-STEM mode are highly sensitive to atomic number (Z) of elements and 

hence it was presumed that the images of Au clusters will become readily visible in this 

mode. Finally, the ET experiments were carried out to determine the morphology and 

shape of both MSN-NH2 particles and AuNCs in 3-dimensions. It is to be noted that the 

samples were tilted to +/- 70 degrees with an increment interval of 2 degrees during the 

ET data-acquisitions. The acquired data-sets had been aligned and reconstructed in 

weighted-back-projected (WBP) schemes available in IMOD software package which 

is available freely on the Web (https://bio3d.colorado.edu/imod/).38 

Zeta-potential analyses were performed using a Malvern Nano ZS instrument. Trace-

metal analysis carried out using inductively coupled plasma optical emission 

spectrometry (ICP-OES) on a Varian 720-ES ICP-optical emission spectrometer. Dried 

powdered samples of Au NCs/ MSN-NH2 were first acid digested with aqua regia and 

then diluted prior to measurements. GC measurements were performed with an Agilent 
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7890A Series (FID detection). We used the following method for GC analyses; column 

HP-5, 30 m length × 0.32 mm i.d. × 0.25 µm film thickness, flow rate = 1 mL/min (N2), 

split ratio = 50/1, inlet temperature = 250 °C, detector temperature = 250 °C, 

temperature program = 40 °C/min), 300 °C (3 min). GC−MS measurements were 

performed with an Agilent 7890A series coupled with Agilent 5975C series. GC/MS 

equipped with a capillary column coated with nonpolar stationary phase HP-5MS was 

used for molecular weight determination and identification that allowed the separation 

of hydrocarbons according to their boiling point differences. The BET surface area, 

total pore volume and pore size of MSN-NH2 and MSN-NH2/ Au NCs were determined 

with the Micromeritics ASAP 2420 instrument. X-ray photoelectron spectroscopy 

(XPS) studies were carried out in a Kratos Axis Ultra DLD spectrometer, equipped with 

a monochromatic Al Kα X-ray source (hν= 1486.6 eV) operating at 150 W, a multi-

channel plate and delay line detector under a vacuum of ~10-9 mbar. The survey and 

high-resolution XPS spectra were analyzed at fixed analyzer pass energies of 160 eV 

and 20 eV, respectively. The material was dispersed in MeOH then dropcast over 

silicon substrate. Powder X-ray diffraction was recorded on a Bruker AXS D8 

diffractometer using Cu-Kα radiation. One-dimensional 1H MAS and 13C CP/MAS 

solid state NMR spectra were recorded on Bruker AVANCE III spectrometers 

operating at 600 MHz resonance frequencies for 1H. Experiments at 600 MHz 

employed a conventional double-resonance 3.2 mm CP/MAS probe. Dry nitrogen gas 

was utilized for sample spinning to prevent degradation of the samples. NMR chemical 

shifts are reported with respect to the external references TMS and adamantane. For 

13C CP/MAS NMR experiments, the following sequence was used: 90° pulse on the 

proton (pulse length 2.4 s), then a cross-polarization step with contact time of typically 

2 ms, and finally acquisition of the 13C signal under high-power proton decoupling. 
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The delay between the scans was set to 5 s to allow the complete relaxation of the 1H 

nuclei, and the number of scans ranged between 10000 and 20000 for 13C and was 32 

for 1H. An exponential apodization function corresponding to a line broadening of 80 

Hz was applied prior to Fourier transformation. 

The 2D 1H−13C heteronuclear correlation (HETCOR) solid state NMR spectroscopy 

experiments were conducted on a Bruker AVANCE III spectrometer using a 3.2 mm 

MAS probe. The experiments were performed according to the following scheme: 90° 

proton pulse, t1 evolution period, CP to 13C, and detection of the 13C magnetization 

under TPPM decoupling. For the cross-polarization step, a ramped radio frequency 

(RF) field centered at 75 kHz was applied to the protons, while the 13C channel RF 

field was matched to obtain an optimal signal. A total of 64 t1 increments with 2000 

scans each were collected. The sample spinning frequency was 15 kHz. Using a short 

contact time (0.2 ms) for the CP step, the polarization transfer in the dipolar correlation 

experiment was verified to be selective for the first coordination sphere to lead to 

correlations only between pairs of attached 1H−13C spins (C−H directly bonded). 

Synthesis of MSN. Mesoporous silica nanoparticles (MSN) were prepared by 

dissolving CTAB (250 mg, 0.67 mmol) in deionized water (120 mL) then an aqueous 

solution of NaOH (875 µL, 2 M) was added. The mixture was stirred for 30 min and 

heated, when the temperature reached up to 80 °C, TEOS (1.25 mL, 5.6 mmol) was 

slowly added. The sol-gel process was conducted for 2 h, and the solution was then 

cooled down to room temperature. Then collected by centrifugation and washed with 

water and ethanol to remove residual reactants. Subsequently, the product was 

dissolved in ethanol with 500 µl HCl, then kept under heating at 60°C for 6 hrs. in order 

to remove the template (CTAB). The product was collected via centrifugation and 

washed with ethanol and acetone. Then it was kept to dry under atmosphere pressure. 
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Quantification of hydroxyl groups on the surface of silica. The interaction 

between methyllithium (CH3Li) and silica is considered one of the most reliable 

methods to estimate the number of OH groups on the surface (the silanol number 

αOH).39  

According to the stoichiometry in the equation of the reaction, the amount of the 

produced methane will be equivalent to the content of surface OH group. 

 

The concentration of surface hydroxyl group (αOH(S)) on SiO2 surface is referred to as 

unit mass of the sample (mmol of OH/g of SiO2). It was determined to be 4 ± 0.2 mmol 

OH/silica.  

Amination of silica nanoparticles (MSN-NH2). 50 mg of MSN was dissolved 

in 5 ml dry toluene containing 12.5 µL APTES (3-aminopropyl) triethoxysilane and the 

solution was left under heating overnight at 120oC. The solution was centrifuged and 

the precipitate was washed with toluene, THF and methanol, respectively. The 

precipitate was collected to dry under 60 oC.  

The CHN elemental analysis was performed for MSN before and after the amination 

process.  

MSN: 2% of C and ≃ 0 % of N, MSN-NH2: 2.16 % of N, 10.60 % of C and 4.42 % of 

H. 

The low percentage of C in MSN comes from unreacted TEOS, and the high carbon 

percentage in MSN-NH2 related to the grafting of APTES on the surface of silica. 

According to the silanol number and the elemental analysis we can conclude that each 

one unit of APTES attached to 3 hydroxyl group on the surface of silica. 

Si OH+CH3Li Si OLi + CH4
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Impregnation of Au NCs in the pores of MSN-NH2. An impregnation 

technique was followed in order to adjust the amount of the gold precursors needed to 

grow inside the pores of MSN so that, the volume of gold precursor solution will be 

equal to MSN- NH2 pore volume. 40   

For the low loading of gold NCs, an aqueous solution of HAuCl4 (7µL, 100 mM) was 

added to MSN-NH2 (60 mg) dispersed in 1 mL of methanol followed by continuous 

stirring for 3 hours under ambient conditions. Afterwards, the mixture was centrifuged 

and washed twice with water then with methanol to remove unreacted HAuCl4 and was 

dried overnight under reduced pressure at room temperature. Subsequently the dried 

MSN/Au particles was dispersed in 1.5 mL of methanol and cooled to 0oC. This was 

followed by the addition of methanolic solution of NaBH4 (14 mg, in 1 mL methanol) 

under vigorous stirring. The reaction was continued for 45 min for the complete 

reduction of impregnated Au(III) ions to Au(0) in the pores of MSN- NH2 generating 

the Au nanoclusters. The color of the reaction mixture changed from light yellow to 

dark brown and the product so formed was collected by centrifugation and washed with 

water and methanol several times. In the same way, high loading of Au NCs was 

prepared but the concentration of gold precursor was ten times more than the previous 

one (70 µL,100 mM).  

 

Catalytic Experiments 

1- Oxidation of styrene 

With solvent: TBHP as an oxidant: MSN-NH2/ gold catalysts (50 mg powder, 10 % 

wt loading of Au (0.025mmol)) were mixed with styrene (100 µL, 0.87 mmol), toluene 

(2 mL) and TBHP (0.5 mL, 5.5 mmol) in an ampoule. The ampoule was frozen outside 
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using liquid nitrogen and sealed under vacuum. The sealed reactor was heated under 

vigorous stirring at 353 K or/and 333 K for 6, 12, and 24h. At the end of the reaction 

the ampules were taken outside, frozen under liquid nitrogen and then quenched with 

dichloromethane. The reaction mixture was filtered, the filtrate was collected and was 

analyzed by GC and GC-MS.  

2- Solvent-free: TBHP as an oxidant: MSN-NH2/ gold catalysts (50 mg powder, 

10 % wt. loading of Au (0.025 mmol)) were mixed with styrene (100 µL, 0.87 mmol)), 

and TBHP (200 µL, 2.2 mmol) in an ampoule. The ampoule was frozen outside using 

liquid nitrogen and sealed under vacuum. The sealed reactor was heated under vigorous 

stirring at 353 K or/and 333 K for 6, 12, and 24h. At the end of the reaction the ampules 

were taken outside, frozen under liquid nitrogen and then quenched with 

dichloromethane. The reaction mixture was filtered, the filtrate was collected and was 

analyzed by GC and GC-MS.  

3- Oxidation of cyclohexene 

TBHP as an oxidant: MSN-NH2/ gold catalysts (50 mg powder, 10 % wt loading of 

Au, 0.025 mmol) were mixed with cyclohexene (100 µL, 1mmol), and TBHP (200 µL, 

2.2 mmol) in an ampoule. The ampoule was frozen outside using liquid nitrogen and 

sealed under vacuum. The sealed reactor was heated under vigorous stirring at 353 K 

for 12. At the end of the reaction the ampules were taken outside, frozen under liquid 

nitrogen and then quenched with dichloromethane. The reaction mixture was filtered, 

the filtrate was collected and was analyzed by GC and GC-MS. 

4- Oxidation of 1-phenylpropene 

TBHP as an oxidant: MSN-NH2/ gold catalysts (50 mg powder, 10 % wt loading of Au, 

(0.025mmol)) were mixed with phenylpropene (100 µL, 0.77mmol), and TBHP (200 

µL, 2.2 mmol) in an ampoule. The ampoule was frozen outside using liquid nitrogen 
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and sealed under vacuum. The sealed reactor was heated under vigorous stirring at 353 

K for 12. At the end of the reaction the ampules were taken outside, frozen under liquid 

nitrogen and then quenched with dichloromethane. The reaction mixture was filtered, 

the filtrate was collected and was analyzed by GC and GC-MS. 

5- Oxidation of cis-stilbene 

TBHP as an oxidant: MSN-NH2/ gold catalysts (50 mg powder, 10 % wt loading of Au, 

(0.025mmol)) were mixed with stilbene (100 µL, 0.55), and TBHP (200 µL, 2.2 mmol) 

in an ampoule. The ampoule was frozen outside using liquid nitrogen and sealed under 

vacuum. The sealed reactor was heated under vigorous stirring at 353 K for 12. At the 

end of the reaction the ampules were taken outside, frozen under liquid nitrogen and 

then quenched with dichloromethane. The reaction mixture was filtered, the filtrate was 

collected and was analyzed by GC and GC-MS 

6- Recyclability   

The catalyst stability was explored by its activity and recyclability. The reaction 

parameters applied for the recyclability test were the same for the one described 

in styrene epoxidation. Each run was done at 60o C for 12h in the presence of 

TBHP as oxidizing agent. After the mixture cooled down, the solid catalyst was 

isolated from the reaction mixture. Then it was washed by centrifugation and with 

ethanol. Later on, it was dried under vacuum and reutilized in the subsequent run. 

2.4 Results and Discussion 

Au NCs were successfully synthesized in the pores of MSN NPs via wet chemical 

reduction of impregnated gold precursors. For this, amination of MSN NPs was carried 

out before introducing Au precursor to facilitate electrostatic interaction between the 

MSN NPs and the added gold precursor ions. This may eliminate the possibility of 

formation of NCs in solution outside the silica NPs as well as the aggregation of the 
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formed particles. Furthermore, to control the amination process with 3-

aminopropyltriethoxysilane (APTES), the amount of hydroxyl group on the surface of 

silica was estimated by titration with methyllithium (MeLi) (quantitative evolution of 

methane) and found to be 0.4 ± 0.2 mmol of Si-OH per 1 g of MSN. After the amination 

process, MSN-NH2 was characterized by elemental analysis (CHN) and solid-state 

NMR. The elemental analysis of MSN-NH2, indicated the presence of 2.0 wt. % of N 

(~ 1.4 mmol of N grafted on 1 g of MSN). The atomic ratio of N/OH was calculated to 

be 3.5, which mean that each unit of APTES is reacting with 3 units of hydroxyl group 

on silica. The C analysis was found to be 10 wt.% (~ 8.5 mmol of C). The ratio of C/N 

was calculated to be 5 (expected 3 C for N). The excess of carbon content due to the 

presence of solvent (toluene) adsorbed on the support, which was not completely 

removed after the washing process. Furthermore, MSN-NH2 was analyzed by 

multinuclear solid-state NMR to provide detailed information of the molecular structure 

of the grafted (≡Si-CH2-CH2-CH2-NH2) fragment. The 1HNMR spectrum exhibited a 

significant signal at 2.8, 1.3 and 0.36 ppm arising from protons of Si-CH2-CH2-CH2-

NH2, respectively. 

The sharp peak at 1.3ppm is assigned to the protons of NH2. The 13C NMR spectrum 

shows intense peak at 11.6, 23.0 and 44.5 ppm assigned to Si-CH2-CH2-CH2-NH2 

fragment.41 Furthermore, extra three peaks appeared at 23 ppm and 129 ppm 

corresponding to excess amount of toluene, which was not removed completely during 

the drying process (Figure 2.1,2.2).  
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Figure 2.2: The (a) proton & (b) carbon-13 NMR spectrum of MSN-NH2. 

 

 

 

1H chemical Shift (ppm)

a)

13C chemical Shift (ppm)
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Figure 2.3: The proton (a) & carbon-13 (b) NMR spectrum of AuNCs/ MSN-NH2. 

 

1H chemical Shift (ppm)

a)

13C chemical Shift (ppm)
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TEM images of MSN before and after amination are shown in Figure 2.3 confirming 

no change in the size and morphology of MSN NPs after amination. The size of the 

MSN NPs is in the range of 100-150 nm. In the absence of amination, aggregated gold 

nanoparticles were formed on the surface of MSN as shown in Figure 2.4. 

 

 

 

 

 

 

 

 

 

Figure 2.4. TEM images of MSN NPs before (a) and after amination (b). HR-TEM 

image of MSN NPs(C). 
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Figure 2.5.TEM images of aggregated gold nanoparticles on the surface of mesoporous 

silica nanoparticles. 

 

After the amination, zeta potential of MSN changed from zero mV to 23.9 mV as shown 

in Figure 2.5. The formation of Au NCs was initiated by the addition of Au precursor 

to aminated MSN NPs followed by reduction with NaBH4. The dispersion color 

changed from light yellow to dark brown after reduction suggesting the formation of 

NCs. TEM 

images presented in Figure 2.6 showed that MSN retained spherical morphology after 

NC growth. Highly uniform Au NCs with an average size distribution of 1.37 +/- 0.4 

nm are embedded throughout MSN NPs as shown in Figure 2.6b. The larger AuNCs of 

near 2 nm size with less population are grown outside the pores of MSN, thus had no 

constraints on their growth. 2D projection image of MSN (Figure 2.6c) confirm the 

presence of AuNCs inside MSN pores up to a depth of 30 nm. The absence of particle 

aggregation and formation of NPs or NCs outside the MSN NPs proved that NCs can 

be successfully synthesized inside MSN NPs via our method. There was no aggregation 

of formed gold nanoclusters as confirmed by high angle annular dark-field scanning 

TEM (HAADF-STEM) in Figure 2.6d. The elemental composition of AuNCs/MSN-

NH2 was determined via EDX spectroscopy as well elemental mapping (Figure 2.6). 
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Figure 2.6. Zeta potential measurements of MSN zero mV (a) NH2-MSN 23.9 mV (b). 

 

Figure 2.7. a-b) Bright-field TEM, c) volume-slice electron tomography image. d) 

HAADF-STEM image, and STEM EDX mappings of MSN-NH2/ AuNCs: Au, O, Si, 

and O are shown in (d1-d4), respectively. E) EDX spectrum of MSN-NH2/ AuNCs. 
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Diffuse reflectance UV-vis spectra of AuNCs/MSN-NH2 was measured in the range of 

300-800 nm and is shown as Figure 2.7. The absence of the plasmonic peak 

characteristic of Au nanoparticles (NPs), around 550, confirms that no NPs are formed. 

X-ray photoelectron spectrum (XPS) survey spectrum showed the presence of the 

elements Au, N, C, O and Si (see Figure 2.8). The atomic percentage of the observed 

elements are exhibited in the inset of Figure 2.8. The binding energies of gold 4f7/2 and 

4f5/2 shown in Figure 2.9 were determined via high resolution to be 83.4 and 87.0 eV 

which is slightly lower than the thiolated NCs, which was matching the literature data.42 

This is expected as the NCs are ligand free (exclude the grafting of amine). From the 

full range XPS spectrum, sodium and oxygen appear at higher binding energies 1072 

eV (Na 1s) and 532 eV (O 1s) as shown in Figure 2.8. The remaining peaks at 400 eV, 

285 eV and 103 eV correspond to N 1s, C 1s, Si 2p, respectively. 

 

                   Figure 2.8. Diffuse reflectance UV-vis spectra of AuNC@MSN. 
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                            Figure 2.9. XPS survey spectrum of Au NCs/ NH2-MSN. 

 

 

 

 

 

 

 

 

      Figure 2.10: High-resolution XPS Au 4f spectrum of Au NCs/ MSN-NH2 

 

The powder X-ray diffraction data (Figure 2.10) confirm the presence of AuNCs in 

MSN-NH2. Several distinct 2 theta peaks were observed for AuNCs, which show face-

centered cubic at 39o, 44o, 65o and 79o corresponding to (111) and (200), (220) and 

(311) lattice planes, respectively. The low-angle XRD pattern of MSN before and after 

a) b)

c)

83 eV

87 eV
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the formation of Au NCs shows an intense peak at 2Theta= 1.3o, confirming the ordered 

mesoporous structure of silica (Figure 2.11) and was in accordance with the literature.43 

The BET surface area of AuNCs/MSN-NH2 was 361 m2/g, which is two times less than 

the surface area of aminated MSN NPs (721 m2/g). This further confirms the loading 

of NCs in the pores of MSN NPs. The amount of gold loading was defined via ICP-

OES analysis, to be 10 wt% for high loading and 1 wt% for low loading of gold. 

 

Figure 2.11. Wide-angle X-ray scattering of MSN-NH2 and AuNCs/MSN-NH2 before 
and after the reduction. 

(111)

(220) (311)
(200)
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Figure 2.12. Small-angle X-ray scattering of MSN-NH2 and AuNCs/MSN-NH2. 

 

Catalytic activity of gold clusters 

The selective epoxidation of styrene was investigated to evaluate the catalytic 

performance of AuNCs/MSN-NH2 as shown in (Scheme 1) in the presence of TBHP as 

oxidant due to its high performance for alkene epoxidation reactions.44 Furthermore, 

the investigation of the reaction parameters, such as the temperature and the presence 

of a solvent, has been studied. During the reaction, various products have been obtained 

including styrene epoxide (1), benzaldehyde (2), acetophenone (3), and 1-

phenylethane-1,2-diol (4) (Scheme 1 A and B), which are valuable and extensively used 

in industry.45 
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before reduction
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The preliminary results of using AuNCs/MSN-NH2 as a catalyst for the epoxidation 

reaction of styrene are shown in Table 1. Using gold clusters Au NCs/MSN-NH2 as a 

catalyst in toluene, a moderate conversion of styrene was obtained (c.a. 72%) after 12 

h at 60 °C. 

However, within a similar duration, the catalyst shows an enhanced activity when 

the reaction temperature was raised to 80 °C. The conversion of styrene reaches 

up to 95 % after 12 h of reaction. In both cases, the acetophenone (3) and 1-

phenylethane-1,2-diol (4) were formed as major products, while styrene epoxide 

was the minor product (Table 1). The low selectivity of styrene epoxide (1) 

attributed to the presence of the solvent, which obstructs the transformation of 

the electrons from and to gold nanocluster, as it has been observed in previous 

studies.46-48  

 

Solvent-Free

With 
Toluene

Scheme 1: Elucidation of the selective styrene epoxidation by using AuNCs/MSN-NH2 as catalyst.  

A

B

A 

B 

Scheme 2.3. Evidence of solvent effect in the selective styrene epoxidation by using 

AuNCs/MSN-NH2 as catalyst using toluene solvent (A) and without solvent (B) . 
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Table 2.3. The catalytic performance of Au NCs/MSN-NH2 catalysts for styrene 
epoxidation with TBHP and in the presence of Toluene as solvent. 

 

As reported in the literature, the nature of the solvent plays a main role in the 

catalytic activity of the catalysts such as conversion and selectivity towards the 

oxidation reaction of alkenes.46, 49, 50 Moreover, in order to optimize the reaction 

conditions, the oxidation of styrene was investigated with TBHP in the absence 

of solvent at 60 °C (Table 2). Interestingly, a significant influence in the 

selectivity for styrene epoxide has been observed. The conversion of styrene has 

reached 88 % after 12h, with a very high selectivity for styrene epoxide 

(c.a.74%). It is worth noting that at the same conditions, the pristine MSN-NH2 

shows a very low conversion of styrene (less than 17 %). 

 

Table 2.4. The catalytic performance of AuNCs/MSN-NH2 and pristine MSN-
NH2 catalysts for styrene epoxidation with TBHP (Solvent-Free) at 60 °C. 

 

Catalysts Temperatur
e

(°C)

Time (h) Conversion
(%)

Selectivity for
(1)

Selectivity for
(2)

Selectivity for
(3)

Selectivity for
(4)

AuNCs/MSN-
NH2

60
6 63 24 8 27 41

12 72 18.5 8 26 47

AuNCs/MSN-
NH2

80

6 70 20 6 32 42

12 94 6 20 40 34

24 100 21.5 4 44 30.5

Catalysts Time
(h)

Conversion
(%)

Selectivity for
(1)

Selectivity for
(2)

Selectivity  for
(3)

AuNCs/MSN-
NH2

3 55 73 18 9
6 83 78 15 8
12 88 74 14 12

Pristine 
MSN-NH2

3 6 75 4 21
6 11 76 5 19
12 17 74 7 19



A kinetic study was performed at the optimized conditions (solvent-free) at 

different temperatures (60 oC and 80 oC) (Figure 2.12a) for 6h. In addition, a 

blank test was performed at 60 °C in the presence of pristine MSN-NH2. The 

obtained results show that the catalytic activity of AuNCs/MSN-NH2 at 80 °C 

was higher compared to 60 °C at the beginning of the reaction; without any 

appearance of the induction period. The initial activity of AuNCs/MSN-NH2 at 

80 °C is 10.9 mmol/g[Au].h, whereas the activity was 6.4 mmol/g[Au].h at 60 

°C. However, the pristine MSN-NH2 shows a very low initial activity with an 

induction period of 60 min (curve red). As to the selectivity for styrene epoxide 

(1), a constant selectivity (75 ± 5 %) has been obtained during the reaction under 

either temperature 80 °C or 60 °C (Figure 2.12b&c). 

Under optimized reaction conditions (60 °C, over 12 h, solvent-free), we 

attempted to study the recyclability of Au NCs/MSN-NH2 during the epoxidation 

reaction of styrene. After the first run of the catalyst, the reaction mixture was 

allowed to cool to room temperature, and the catalyst was separated by 

centrifugation, washed twice with ethanol and allowed to dry at room 

temperature. The recycled gold catalyst was then used without any regeneration 

under the same reaction conditions. The conversion of styrene dropped from 88% 

to 80% after 5 cycles (Figure 2.13). The selectivity of styrene epoxide (1) was 

consistent (~75%) during the 5 cycles. Furthermore, the weight percent of gold 

leaching after 5 runs was examined by ICP-OES to be 3.6 wt% out of 10 wt %. 

Furthermore, the weight percent of gold leaching after 5 runs was examined by 

ICP-OES to be 3.6 wt% out of 10 wt %. 
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Figure 2.13. a) Kinetic study of the conversion of Styrene at 60 oC (black) and 80oC 

(green). b) The selectivity of Styrene epoxide (1), benzaldehyde (2) and acetophenone 

(3) at 80 oC during several hours. c) The selectivity of Styrene epoxide (1), 

benzaldehyde (2) and acetophenone (3) at 60 oC during several hrs. 
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Figure 5: The selectivity of Styrene epoxide and the other products (A)= 80 oC and (B)=60 oC during 
several hours    
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Figure 4.14. Recycling graph of styrene epoxidation at 60 °C using 

AuNCs/MSN-NH2 catalyst. 

 

The catalytic activity of AuNCs/MSN-NH2 catalyst was further tested with various 

olefins; the reaction was carried out under the above-mentioned conditions. As clarified 

in Scheme 2(A), the conversion of cyclohexene is 47% after 12 h at 80 °C, when the 

C=C is oxidized two products are formed. Cyclohexene epoxide (~7% selectivity) and 

cyclohexen-1-one (~93% selectivity). The dominance of cyclohexene-1-one over 

cyclohexene oxide was comparable to the best reported results of the cyclohexene 

epoxidation in the presence of Au/C.46, 51 Interestingly, only Titanium Silicate (TS-1) 

gives 100% selectivity 

for cycloxene epoxide.52 This low selectivity for cyclohexene oxide may be restricted 

to non-aromatic alkenes with this catalyst. The double bond in cyclohexene interacts 

differently with AuNCs surface in comparison with aromatic alkene. The disappearance 

of other side products was attributed to the absence of solvent. On the other hand, a 

moderate conversion of phenylpropene was achieved (~65%), and the selectivity for 
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phenylpropene oxide was very high 91% (Scheme 2(B)). In addition, it was found that 

stilbene oxide was produced with a high selectivity of 95% at a conversion 72% of cis-

stilbene (Scheme 2 (C)). It is worth to note that previous work have reported high 

efficiency and selectivity for olefin epoxidation in the absence of any solvent.53 The 

high conversion of Cis-stilbene and 1-Phenylpropene compared to cyclohexene is 

attributed to the stability and the position of the double bond. The internal alkene double 

bonds are more stable and less accessible by the catalyst compared to the external 

double bonds.54 Therefore, the external π-electrons in Cis-stilbene and 1-

Phenylpropene favor the chemisorption of the aromatic rings to the gold surface and 

thus the approach of the double bond to the surface. In cyclohexene however, such 

approach is not favored. 

 

 

 

 

 

 

 

 

 

 

2.5. Conclusion 

In conclusion, ligand-free Au NCs confined in MSN-NH2 NPs were synthetized 

successfully by using the chemical impregnation technique. Mesoporous silica with 2-

(A) 

(B) 

(C) 

Scheme 2.4. Epoxidation of various substrates (cyclohexene, 1- Phenylpropene and Cis-

stilbene) using AuNCs/MSN-NH2 catalyst (solvent free). 
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3 nm pore size was used to control the size of Au NCs. The average size of Au NCs 

was estimated from HR-TEM to be 1.37 +/- 0.4 nm. The synthesized catalyst was 

characterized by NMR, zeta potential, BET, ICP-OES, X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) 

techniques. The catalytic activity of this material was systematically investigated via 

solvent-free oxidation reaction of styrene. Interestingly, AuNCs/MSN-NH2 can achieve 

an 88% conversion of styrene with a 74% selectivity towards styrene oxide. Our 

heterogeneous catalyst is sufficiently stable and can be successfully recovered and 

reused for five runs. Furthermore, the oxidation of cyclohexene, 1-Phenylpropene and 

Cis-stilbene to the corresponding epoxide were detected with high selectivity. This is a 

“green” approach to petrochemical epoxidation where the use of organic solvents and 

high temperatures are not required. We believe that this strategy could be applied to a 

wide range of noble metals which drastically increases the possibility of selective 

catalytic reactions. 
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CHAPTER 3 

Intrinsically Porous Molecular Building Blocks for Metal Organic 
Frameworks Tailored by the Bridging Effect of Counter Cations 

 

3.1 Introduction & design 

          Predesigned organic linkers have dominated the world of pillared metal organic 

frameworks to tune the overall morphology, size, and performance of this class of 

materials. However, the porosity of the framework was never guaranteed due to 

possible assembly interpenetration and ligand self-closure. Here, we present an 

interesting construction strategy employing macrocyclic molecular building blocks 

(MBBs) with intrinsic voids to boost the porosity and host-guest interactions of these 

hybrid frameworks. In situ co-crystallization of the isolated polyoxomolybdates 

(P2Mo5O23) and cyclodextrins (CDs) has resulted in seven POM-CD MOFs following 

this strategy. The bridging effect dictated by the size of counter cations (Na+, K+, and 

Cs+) can readily tune the structural and performance features of the end frameworks 

including pore morphology and water stability. This strategy paves the way for the 

precise design of customized porous materials with built-in macrocyclic hosts for 

improved molecular recognition of prospective guest molecules. 

Inspired by the evolution of biological systems from simple units into a vast range of 

complex structures, scientists have directed their attention towards the rational design 

of self-organizing building blocks or supramolecular assembly of more intricate 

artificial systems. Developing superior smart materials has been pivotal to resolve 

industrial, environmental, and societal challenges.1-4 The concept of preparing 

“materials on demand” or tailoring material design has fueled this field for the last 

decade.5 Metal organic frameworks (MOFs) have proved to be a main player in this 
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field following the guidelines of reticular chemistry and the well-defined structures of 

their secondary building units (SBUs) or molecular building blocks (MBBs).6 Aside 

from the many attractive features of MOFs (e.g., huge surface area and low crystal 

density), construction of networks with tailored porosity and a prospective application 

have been the main highlight.7-9 

A major drawback to the success of the rational and predesigned synthesis of robust 

porous materials has been the limited access to the pores within open structures.10 This 

is a critical aspect to the utility of these structures and occurs due to either self-

interpenetration11 as observed for very open frameworks or strong host-guest 

interactions that lead to the destruction of the host framework when removal or 

exchange of guests is attempted.12 As a result, the development of reliable and 

reproducible methods to achieve robust porous frameworks with tailored structures and 

tunable properties remains a considerable challenge. 

The classical “pillar” construction principle, which mainly relies on synthesizing and 

tailoring the organic ligand, is the most used strategy for the precise modification of the 

pores and the topologies of MOFs (Figure 3.1). Naturally occurring γ-cyclodextrin (γ -

CD) have been successfully used in building CD-MOFs with permanent porosity and 

the ability to store small molecules in their pores.13-15 Recently, we have communicated 

the use of CDs combined with inorganic polyoxometalates (POMs)16-18 as MBBs to 

prepare a new generation of porous hybrid frameworks (POM-CD MOFs).19 These 

assemblies benefited from the intrinsic microporosity and functional multiplicity of 

both isolated building blocks. This promoted a different strategy in the construction of 

porous frameworks by employing macrocyclic MBBs (Figure 3.1). A library of 

customized porous structures could now be prepared on-demand by choosing the right 

macrocyclic MBBs. 
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More importantly, we prove that mechanistically the counter cations do not only 

balance the charge, but play a critical role as “a bridge” to connect these building 

blocks. We investigated the bridging effect of different counter cations of alkali metals 

(Na+, K+, and Cs+), of which the size had a direct effect on the structural features of the 

corresponding POM-CD MOFs, for example, porosity factors and pore shape. 

 
Figure 3.1. Illustration of the pillar- and window construction strategies in MOF 

chemistry. 
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3.2 Experimental Section 

3.2.1 Materials and Physical Measurements 

All reagents were purchased from commercial sources and used without further 

purification. The FT-IR spectra were recorded on KBr disk using a Nicolet-Avatar 370 

spectrometer between 400 and 4000 cm-1. Elemental analyses: CHN microanalyses 

were performed on a Perkin-Elmer 240C elemental analyser, and ICP-OES analyses 

were carried out on a PerkinElmer Optima 8300 optical emission spectrometer. 

Thermogravimetric analyses were carried out on a TA Instruments SDT Q600 

thermobalance with a 100 mL min-1 flow of nitrogen; the temperature was ramped from 

20 °C to 800 °C at a rate of 5 °C min-1. Powder X-ray diffraction (PXRD) patterns were 

obtained using a Bruker D8 ADVANCE diffractometer with Cu Kα radiation (λ= 

1.54056 Å). The NMR spectra were recorded on a Bruker Avance III 400 MHz 

instrument at room temperature, using 5 mm tubes for 1H, 13C, and 13P with respective 

resonance frequencies of 399.78 MHz (1H), 100.71 MHz (13C), and 162.14 MHz (31P). 

The chemical shifts are reported with respect to the references Si (CH3)4 (1H and 13C) 

and 85% H3PO4 (31P). 

 

X-ray Crystallography 

Crystal data for the seven compounds were collected at 150 K on a Bruker D8 Venture 

APEX CCD single crystal diffractometer equipped with a sealed Mo tube and a graphite 

monochromator (λ = 0.71073 Å). The crystals were mounted in a Hampton cryoloop 

with light oil to prevent loss of crystal waters. The SHELX software package 

(Bruker)20was used to solve and refine the structures. An empirical absorption 

correction was applied using the SADABS program.21 The structures were solved by 

direct methods and refined by the full-matrix least-squares method (Σω(|Fo|2-|Fc|2)2) 
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with anisotropic thermal parameters for all heavy atoms included in the model. It was 

impossible to locate all counter cations by XRD, due to crystallographic disorder, and 

it was also impossible to locate hydrogens of crystal waters, which are common issues 

in polyoxometalate crystallography. The hydrogen atoms of cyclodextrins and acetates 

were introduced in geometrically calculated positions. Finally, the exact number of 

counter cations and crystal waters in the formulas were based on elemental analysis, 

and used throughout the manuscript for consistency. 

The crystal data and structure refinement for the seven compounds are summarized in 

Table 3.1. Further details on the crystal structure investigation may be obtained from 

the CCDC-1963904 (Na-PMo-α-CD), CCDC-1963902 (K-PMo-α-CD), CCDC-

1963899 (Cs-PMo-α-CD), CCDC-1963905 (Na-PMo-β-CD), CCDC-1963906 (Na-

PMo-γ-CD), CCDC-1963903 (K-PMo-γ-CD), CCDC-1963900 (Cs-PMo-γ-CD), 

which contain the supplementary crystallographic data for this paper. 

 

Elemental Analysis 

Na-PMo-α-CD (%): Calcd: Na 5.42, P 2.65, Mo 20.58, C 20.36; Found: Na 5.33, P 

2.56, Mo 20.25, C 20.66. 

K-PMo-α-CD (%): Calcd: K 5.05, Na 2.58, P 2.78, Mo 21.55, C 19.70; Found: K 4.99, 

Na 2.56, P 2.81, Mo 21.49, C 19.52. 

Cs-PMo-α-CD (%): Calcd: Cs 11.45, Na 2.64, P 2.37, Mo 18.37, C 17.94; Found: Cs 

11.38, Na 2.60, P 2.37, Mo 18.21, C 18.08. 

Na-PMo-β-CD (%): Calcd: Na 5.06, P 2.60, Mo 20.11, C 21.65; Found: Na 5.12, P 

2.54, Mo 20.04, C 21.53. 

Na-PMo-γ-CD (%): Calcd: Na 7.75, P 2.98, Mo 23.11, C 15.91; Found: Na 7.75, P 

3.03, Mo 23.10, C 16.03. 
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K-PMo-γ-CD (%): Calcd: K 9.71, Na 0.57, P 3.07, Mo 23.84, C 14.92; Found: K 9.41, 

Na 0.51, P 2.97, Mo 23.14, C 15.03. 

Cs-PMo-γ-CD (%): Calcd: Cs 15.12, Na 2.85, P 2.56, Mo 19.85, C 13.42; Found: Cs 

15.19, Na 2.76, P 2.57, Mo 19.88, C 13.28. 

 

FT-IR Spectroscopy 

FT-IR spectra recorded for the seven compounds are presented in Figure 3.2- 3.5. For 

all spectra, the strong absorption band of O–H bonds of cyclodextrins appears at ~3400 

cm−1. The peak centered at ∼2930 cm−1 corresponds to the asymmetrical stretching 

vibration of C–H bonds while the band at ∼1640 cm−1 comes from the C–C stretching 

of polysaccharides. The peaks present in the region from 1480 to 1180 cm−1 are related 

to the C–H bending vibrations while the band located between 1160 – 1040 cm−1 is 

characteristic of the symmetrical stretching of glycosidic C–O–C and C–O bonds in 

polysaccharides.22 Besides, a characteristic absorption band centered at 1032 cm−1 is 

typical for P–O bonds. The peaks that are below 1000 cm−1 can be assigned to the 

terminal Mo=O bonds as well as the bridging Mo–O–Mo bond stretching mode 

 

Thermogravimetric Analysis 

Thermogravimetric analyses (TGA) were performed on crystalline samples under 

nitrogen flow, and three weight-loss steps were observed for all seven samples (Figures 

3.6 and 3.7). Taking Na-PMo-γ-CD as an example, the first weight loss step of 12.2% 

represents a dehydration process up to around 160 °C, resulting in loss of 56 crystal 

water molecules (calc. 12.1%). Further weight loss covering the temperature range from 
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220 to 800 °C is largely due to the loss of organic moieties and structural reorganization 

of the polyanion. 

 

Powder XRD 

Powder X-ray diffraction patterns measured for the seven compounds are in agreement 

with the simulated results from the respective single crystal XRD data (Figures 3.8- 

3.13). 
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Table 3.1. Crystal data and structure refinement for Na-PMo-α-CD & K-PMo-α-CD. 

 Na-PMo-α-CD K-PMo-α-CD 

Empirical formula  Na21C152H183O266P8Mo20  K11.5Na3C144H156O239P8Mo20 

Formula weight  8915.32  8395.86 

Crystal system, space group  Triclinic, P1  Monoclinic, P21 

Unit cell dimensions a = 16.4104(10) Å, α = 82.942(2)o 

 b = 22.5164(13) Å, β = 70.254(2)o 

c = 24.1911(16) Å, γ = 82.498(2) o 

a = 16.3345(7) Å, 

b = 43.3770(19) Å, β = 93.656 

(18)o 

c = 22.8979 Å 

Volume (Å3) 8311.3(9) 16191.1(13) 

Z, calculated density (g/cm3) 1, 1.781 2, 1.722 

F(000) 4414 8287 

Absorption coefficient (mm-

1) 

0.917 1.053 

Absorption correction Multi-scan Multi-scan 

θ range for data collection 3.89–49.998° 3.676–50° 

Limiting indices -19 ≤ h ≤ 19, -26 ≤ k ≤ 26, 

-28 ≤ l ≤ 28 

-19 ≤ h ≤ 19, -51 ≤ k ≤ 51, 

-27 ≤ l ≤ 27 

Reflection collected / unique / 

Rint 

508794 / 58431 / 0.0336 398850 / 56977 / 0.0413 

Completeness to θmax 99.8 % 99.9 % 

Data / restraints / parameters 58431 / 17178 / 4305 56977 / 13591 / 3989 

Final R indices [I > 2σ(I)] R1[a] = 0.0420, wR2[b] = 0.1085 R1[a] = 0.0531, wR2 [b] = 0.1458 

Final R indices (all data) R1[a] = 0.0427, wR2[b] = 0.1090 R1[a] = 0.0551, wR2 [b] = 0.1478 

Goodness-of-fit 1.033 1.028 

Largest diff. peak and hole (e/Å3 

) 

3.34 and -1.86 3.32 and -1.53 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2. 
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Table 3.2. Crystal data and structure refinement for Cs-PMo-α-CD & Na-PMo-β-CD 

 Cs-PMo-α-CD Na-PMo-β-CD 

Empirical formula  Cs4.5Na2.5C72H72O110.5P4Mo10 Na17C168H192O265P8Mo20 

Formula weight  4444.14 9008.59 

Crystal system, space group  Orthorhombic, P212121 Triclinic, P1 

Unit cell dimensions a = 16.4079(8) Å,  

b = 22.3318(10) Å,  

c = 43.2705(19) Å,  

a = 16.2743(14) Å, α 

=100,808(3)o 

b = 23.885(2) Å, β = 95.617 

(3)o 

c = 23. 974(2) Å, γ = 

91.227(3)o 

Volume (Å3) 15855.1(13) 9102.2(14) 

Z, calculated density (g/cm3) 4, 1.862 1, 1.643 

F(000) 8572 4467 

Absorption coefficient (mm-

1) 

1.938 0.834 

Absorption correction Multi-scan Multi-scan 

θ range for data collection 4.412–50° 4.076–50° 

Limiting indices -19 ≤ h ≤ 19, -26 ≤ k ≤ 26, 

-51 ≤ l ≤ 51 

-19 ≤ h ≤ 19, -28 ≤ k ≤ 28, 

-28 ≤ l ≤ 28 

Reflection collected / unique / 

Rint 

400360 / 27824 / 0.0317 452139 / 63722 / 0.0369 

Completeness to θmax 99.5 % 99.8 % 

Data / restraints / parameters 27824 / 5397/ 1919 63722 / 15525 / 4334 

Final R indices [I > 2σ(I)] R1[a] = 0.0465, wR2[b] = 0.1306 R1[a] = 0.0671, wR2 [b] = 0.1833 

Final R indices (all data) R1[a] = 0.0469, wR2[b] = 0.1310 R1[a] = 0.0680, wR2 [b] = 0.1842 

Goodness-of-fit 1.044 1.037 

Largest diff. peak and hole 

(e/Å3 ) 

2.52 and -1.64 2.52 and -1.05 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2. 



89 
 

 
 

Table 3.3. Crystal data and structure refinement for Na-PMo-γ-CD & K-PMo-γ-CD 

 Na-PMo-γ-CD K-PMo-γ-CD 

Empirical formula  Na23C96H114O210.5P8Mo20 K20 Na1.5C96H110O193P8Mo20 

Formula weight (g/mol) 7331.19 7334.88 

Crystal system, space group  Monoclinic, C2 Monoclinic, I2 

Unit cell dimensions a = 44.727(3) Å, 

b = 17.6015(10) Å, β = 

92.424(2)o 

c = 32.7474(18) Å, 

a = 36.048(2) Å, 

b = 16.1202(9) Å, β = 111.956 

(4)o 

c = 47.517(3) Å, 

Volume (Å3) 25758(3) 25609(3) 

Z, calculated density (g/cm3) 4, 1.890 4, 1.902 

F(000) 14348 14346 

Absorption coefficient (mm-

1) 

1.149 1.435 

Absorption correction Multi-scan Multi-scan 

θ range for data collection 3.734–50° 3.752–50° 

Limiting indices -53 ≤ h ≤ 52, -20 ≤ k ≤ 20, 

-38 ≤ l ≤ 38 

-42 ≤ h ≤ 42, -19 ≤ k ≤ 19, 

-56 ≤ l ≤ 56 

Reflection collected / unique 

/ Rint 

423375 / 45126 / 0.0588 369465 / 45079/ 0.0357 

Completeness to θmax 99.5 % 99.9 % 

Data / restraints / parameters 45126 / 16927/ 3236 45079 / 14615 / 3091 

Final R indices [I > 2σ(I)] R1[a] = 0.0524, wR2[b] = 0.1406 R1[a] = 0.0449, wR2 [b] = 0.1223 

Final R indices (all data) R1[a] = 0.0530, wR2[b] = 0.1412 R1[a] = 0.0454, wR2 [b] = 0.1226 

Goodness-of-fit 1.032 1.067 

Largest diff. peak and hole 

(e/Å3 ) 

2.27 and -1.48 3.24 and -2.06 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2. 
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Table 3.4. Crystal data and structure refinement for Cs-PMo-γ-CD. 

Cs-PMo-γ-CD 

 Empirical formula   Cs5.5 Na6 C48 H60 O102 P4 Mo10 

 Formula weight (g/mol)   4221.18 

Crystal system, space group  Monoclinic, I2 

Unit cell dimensions a = 19.0337(7) Å,  b = 16.6107 (5) Å, β = 

93.491 (2)o 

c = 43.9445(16) Å, 
Volume (Å3 )  13867.8(8) 

Z , calculated density (g/cm3)   4, 2.022 

F (000)  8050 

Absorption coefficient (mm-1 )  2.470 

Absorption correction  Multi-scan 

θ range for data collection  4.568–50° 

Limiting indices -22 ≤  h ≤  22, -19 ≤  k ≤  19, 

 -52 ≤ 1 ≤  52 
Reflection collected / unique / Rint 160607 / 24356 / 0.0260 

Completeness to θmax 99.8 % 

Data / restraints / parameters 24356 / 2797 / 1626 

Final R indices [I > 2σ(I)] R1[a] = 0.0320, wR2[b] = 0.0904 

Final R indices (all data) R1[a] = 0.0325, wR2[b] = 0.0907 

Goodness-of-fit 1.034 

Largest diff. peak and hole (e/Å3 ) 2.35 and -1.66 
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Figure 3.2. FT-IR spectrum of Na-PMo-β-CD (2% KBr pellet, ν /cm−1): 3427 (s), 2929 

(w), 1641 (m),1415 (m), 1369 (w), 1334 (w), 1157 (s), 1028 (s), 920 (s), 702 (s), 579 

(w), 532 (w). 

 

Figure 3.3. FT-IR spectrum of Na-PMo-γ-CD (2% KBr pellet, ν /cm−1): 3423 (s), 2931 

(w), 1641 (m), 1564 (w), 1413 (m), 1371 (w), 1338 (w), 1305 (w), 1157 (s), 1026 (s), 

920 (s), 702 (s), 584 (w), 526 (w). 
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Figure 3.4. FT-IR spectrum of K-PMo-γ-CD (2% KBr pellet, ν /cm−1): 3407 (s), 2927 

(w), 1637 (m), 1417(m), 1373 (w), 1340 (m), 1160 (s), 1078 (m), 1026 (s), 918 (s), 704 

(s), 582 (w), 526 (w). 

 
Figure 3.5. FT-IR spectrum of Cs-PMo-γ-CD (2% KBr pellet, ν /cm−1): 3415 (s), 2931 

(w), 1639 (m), 1417(m), 1338 (w), 1303 (w), 1160 (s), 1108 (w), 1026 (s), 920 (s), 704 

(s), 584 (w), 530 (w). 
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Figure 3.6. Thermogram of 1) Na-PMo-α-CD, 2) K-PMo-α-CD, 3) Cs-PMo-α-CD, 

4) Na-PMo-β-CD from 20 to 800 °C under N2 atmosphere. 

 

 

 

 

1)

3)

2)

4)
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Figure 3.7.  Thermogram of 1) Na-PMo-γ-CD, 2) K-PMo-γ-CD, 3) Cs-PMo-γ-CD 

from 20 to 800 °C under N2 atmosphere. 

 

1) 2)

3)
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Figure 3.8. PXRD patterns of Na-PMo-α-CD. 

 

Figure 3.9. PXRD patterns of K-PMo-α-CD. 
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Figure 3.10. PXRD patterns of Cs-PMo-α-CD. 

 

Figure 3.11. PXRD patterns of Na-PMo-β-CD. 
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Figure 3.12. PXRD patterns of Na-PMo-γ-CD. 

 

Figure 3.13. PXRD patterns of K-PMo-γ-CD. 
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3.2.2 Methods: synthesis  

Synthesis of H2Na22[P2Mo5O23]4[α-CD]4·7CH3COOH·48H2O (Na-PMo-α-CD). To 

a solution of α-cyclodextrin (0.097 g, 0.100 mmol) in 5 mL 1 M 

NaCH3COO/CH3COOH buffer (pH 4.0), 85% H3PO4 (50 µL), and Na2MoO4·2H2O 

(0.242 g, 1.000 mmol) were added successively upon stirring. The solution was then 

stirred for 1 hour at 80 ºC. The clear colorless solution was cooled to room temperature, 

filtered, and the filtrate was allowed to evaporate in an open vial at room temperature. 

The block-shaped colorless crystalline product Na-PMo-α-CD started to appear after 

four weeks and was collected by filtration and then air-dried. Yield: 0.172 g (74 % 

based on α-CD).  

Synthesis of H2.5K11.5Na10[P2Mo5O23]4[α-CD]4·CH3COOH·35H2O (K-PMo-α-CD). 

The compound was prepared by exactly the same procedure of Na-PMo-α-CD, but with 

1 M KCH3COO/CH3COOH buffer (pH 4.0) instead of 1 M NaCH3COO/CH3COOH 

buffer (pH 4.0). The block-shaped colorless crystalline product K-PMo-α-CD started 

to appear after four weeks and was collected by filtration and then air-dried. Yield: 

0.160 g (72 % based on α-CD).  

Synthesis of H1.5Cs4.5Na6[P2Mo5O23]2[α-CD]2·3CH3COOH·30H2O (Cs-PMo-α-

CD). To a solution of α-cyclodextrin (0.097 g, 0.100 mmol) in 5 mL 1 M 

NaCH3COO/CH3COOH buffer (pH 4.0), 85% H3PO4 (100 µL), Na2MoO4·2H2O (0.242 

g, 1.000 mmol), and CsCl (0.168 g, 1.000 mmol) were added successively upon stirring. 

The solution was then stirred for 1 hour at 80 ºC. The turbid white solution was cooled 

to room temperature, filtered, and the filtrate was allowed to evaporate in an open vial 

at room temperature. The block-shaped colorless crystalline product Cs-PMo-α-CD 
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started to appear after three weeks and was collected by filtration and then air-dried. 

Yield: 0.159 g (61 % based on α-CD).  

Synthesis of H5Na19[P2Mo5O23]4[β-CD]4·2CH3COONa·42H2O (Na-PMo-β-CD). 

To a solution of β-cyclodextrin (0.113 g, 0.100 mmol) in 5 mL 1 M 

NaCH3COO/CH3COOH buffer (pH 5.0), 85% H3PO4 (50 µL), and Na2MoO4·2H2O 

(0.242 g, 1.000 mmol) were added successively upon stirring. The solution was then 

stirred for 1 hour at 80 oC. The clear colorless solution was cooled to room temperature, 

filtered, and the filtrate was allowed to evaporate in an open vial at room temperature. 

The block-shaped colorless crystalline product Na-PMo-β-CD started to appear after 

five weeks and was collected by filtration and then air-dried. Yield: 0.160 g (67 % based 

on β-CD). 

Synthesis of H3Na21[P2Mo5O23]4[γ-CD]2·7CH3COONa·56H2O (Na-PMo-γ-CD). To 

a solution of γ-cyclodextrin (0.130 g, 0.100 mmol) in 5 mL 1 M 

NaCH3COO/CH3COOH buffer (pH 5.0), 85% H3PO4 (50 µL), and Na2MoO4·2H2O 

(0.242 g, 1.000 mmol) were added successively upon stirring. The solution was then 

stirred for 1 hour at 80 oC. The clear colorless solution was cooled to room temperature, 

filtered, and the filtrate was allowed to evaporate in an open vial at room temperature. 

The needle-shaped colorless crystalline product Na-PMo-γ-CD started to appear after 

three weeks and was collected by filtration and then air-dried. Yield: 0.282 g (68 % 

based on γ-CD).  

Synthesis of H4K20Na2[P2Mo5O23]4[γ-CD]2·2(CH3COO)·48H2O (K-PMo-γ-CD). 

The compound was prepared by exactly the same procedure of Na-PMo-γ-CD, but with 

1 M KCH3COO/CH3COOH buffer (pH 5.0) instead of 1 M NaCH3COO/CH3COOH 

buffer (pH 5.0). The needle-shaped colorless crystalline product K-PMo-γ-CD started 
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to appear after two weeks and was collected by filtration and then air-dried. Yield: 0.281 

g (70 % based on γ-CD).  

Synthesis of H3.5Cs5.5Na6[P2Mo5O23]2[γ-CD]·3(CH3COO)·37H2O (Cs-PMo-γ-CD). 

To a solution of γ-cyclodextrin (0.130 g, 0.100 mmol) in 5 mL 1 M 

NaCH3COO/CH3COOH buffer (pH 5.0), 85% H3PO4 (100 µL), Na2MoO4·2H2O 

(0.242 g, 1.000 mmol), and CsCl (0.051 g, 0.300 mmol) were added successively upon 

stirring. The solution was then stirred for 1 hour at 80 oC. The turbid white solution was 

cooled to room temperature, filtered, and the filtrate was allowed to evaporate in an 

open vial at room temperature. The needle-shaped colorless crystalline product Cs-

PMo-γ-CD started to appear after two weeks and was collected by filtration and then 

air-dried. Yield: 0.280 g (58 % based on γ-CD). 

3.3 Results and Discussion 

         All seven compounds were synthesized by the reaction of CDs with 85% H3PO4 

and Na2MoO4·2H2O in acetate buffers involving different alkali metal ions (e.g., Na+, 

K+, and Cs+), and isolated as protonated single/mixed cation salts H2Na22[P2Mo5O23]4[α 

CD]4 ·7CH3COOH·48H2O (Na-PMo-α-CD),  H2.5K11.5Na10[P2Mo5O23]4 

[αCD]4·CH3COOH·35H2O   (K-PMo-α-CD), H1.5Cs4.5Na6[P2Mo5O23]2[α-

CD]2·3CH3COOH·30H2O (Cs-PMo-α-CD), H5Na19[P2Mo5O23]4[β-

CD]4·2CH3COONa·42H2O (Na-PMo-β-CD), H3Na21[P2Mo5O23]4[γ-

CD]2·7CH3COONa·56H2O (Na-PMo-γ-CD), H4K20Na2[P2Mo5O23]4[γ-

CD]2·2(CH3COO)·48H2O (K-PMo-γ-CD), and H3.5Cs5.5Na6[P2Mo5O23]2[γ-

CD]·3(CH3COO)·37H2O (Cs-PMo-γ-CD), respectively. 
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Self-assembly of the in situ formed {P2Mo5O23} (P2Mo5) with α-CD in NaCH3COO 

/CH3COOH buffer (pH 4) has resulted in a three-dimensional (3D) framework of Na-

PMo-α-CD as seen by X-ray structural analysis (Figure 3.14) The asymmetric unit is 

composed of four crystallographically independent α-CDs and P2Mo5 ligated mainly 

by Na+ cations, of which the coordination spheres are fulfilled by oxygen atoms from 

the hydroxy groups of α-CDs and terminal oxygens of P2Mo5 in concert with water 

molecules. As viewed from a axis, the skeleton of Na-PMo-α-CD is built upon separate 

chain-like structures that are constructed by P2Mo5 and α-CD moieties, respectively, 

stabilized by Na···O and hydrogen bonds (Figures 3.14 and 3.15a). Such chains pack 

by themselves alternatively to weave a layer of ABAB mode along b axis. The 

staggered overlap of adjacent layers outputs a double layer with a certain offset 

distance, which behaves as the basic repeating entity and piles up along the c axis to 

give rise to a 3D scaffold via sharing the cations in between. With deeper insight into 

the CD chains, all CDs adopt head to head / end to end connection modes to yield 

hollow tubes (Figure 3.15b), where a few acetate functions are accommodated in to 

complete the host−guest assembly (Figure 3.16), resulting in the porous character of 

the whole framework. 
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Figure 3.14. Combined polyhedral/ball-and-stick representation of Na-PMo-α-CD. 

Color code: MoO6, green octahedra; PO4 pink tetrahedra; Na, turquoise; O, red; C, gray.  
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Figure 3.15. a) Chains composed of P2Mo5 and α-CDs stabilized by hydrogen bonds 

(yellow dotted lines); b) space-filling representation of Na-PMo-α-CD. Color code is 

the same as in Figure 3.1. 

 

Figure 3.16. Guest molecules of HOAc accommodated inside the CD chain. 

Introduction of the larger K+ or Cs+ cations into the scenario of Na-PMo-α-CD gave 

rise to similar frameworks, namely, K-PMo-α-CD and Cs-PMo-α-CD. Interestingly, 

close examination of the P2Mo5 species in one double-layer repeating unit unveils that, 

possibly because of the increasing size of the counter cations scattered among the 

confined space area, the two neighboring P2Mo5 have been pushed closer with the 

distance decreasing from 12.52 Å (Na-PMo-α-CD) via 10.02 Å (K-PMo-α-CD) to 9.78 

Å (K-PMo-α-CD), saving room for extra CDs per their unit cells (Figure 3.17). Also, 

supported by the data given by PLATON, “the total potential solvent accessible void 

volume divided by their respective unit cell volume” was increased from 14.1% (1174.6 

/ 8311.3 Å3, Na-PMo-α-CD) via 15.4% (2490.1 / 16191.1 Å3, K-PMo-α-CD) to 18.1% 

(2867.5 / 15855.1 Å3, Cs-PMo-α-CD), indicating that the bridging effect of the counter 

cations could effectively tune the porosity of POM-CD MOFs. 
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Intrigued by the bridging effect of the counter cations, we set about exploring the 

structural influence provided by homologous CDs. Single-crystal XRD reveals that, 

albeit the same Na+ cation media, the size of CD macrocycles could heavily impact the 

detailed structural arrangement of the inorganic/organic MBBs in Na-PMo-β-CD and 

Na-PMo-γ-CD as well. Except for the shrinking distance between the two nearest 

P2Mo5 from 12.52 Å (Na-PMo-α-CD) to 9.21 Å (Na-PMo-γ-CD), in particular, the 

interlaced P2Mo5 couples could be re-arranged to transfer from double units (Na-PMo-

α-CD  and Na-PMo-β-CD) to single layers (Na-PMo-γ-CD) by the help of the 

squeezing stemming from the increased diameter of CDs (Figure 3.18). Moreover, as 

calculated by PLATON, the total potential solvent accessible void volume gradually 

increases from 1174.6 Å3 (Na-PMo-α-CD) via 1923.7 Å3 (Na-PMo-β-CD) to 4262.9 

Å3 (Na-PMo-γ-CD). 

Of further interest, the interplay of the two impacts, the bridging effect of cations and 

the “fitting” of CDs in the framework, has been investigated in succession. By means 

of introducing K+ or Cs+ cations into the Na-PMo-γ-CD system, two similar 

frameworks have been identified in K-PMo-γ-CD and Cs-PMo-γ-CD. 
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Figure 3.17. The distance between the two nearest P2Mo5 units affected by the bridging 

effect of counter cations. The α-CD toroids bearing opposite directions are highlighted 

in yellow and blue color, respectively. 
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Figure 3.18. Structural re-arrangement of MBBs in Na-PMo-CD MOFs affected by the 

size of CD analogues. 

  However, by sharp contrast to the group of Na/K/Cs-PMo-α-CD, herein, the larger 

size of cations could not push the nearby P2Mo5 closer, as indicated by their almost 

identical distances (9.21 Å (Na-PMo-γ-CD), 9.30 Å (K-PMo-γ-CD), and 9.41 Å (Cs-

PMo-γ-CD)). Also, as verified by PLATON, the three frameworks bear similar percent 

of void (16.5%, Na-PMo-γ-CD; 16.9%, K-PMo-γ-CD; and 17.2%, Cs-PMo-γ-CD). 

Instead, the K+ or Cs+ ions are capable of flattening some of the flexible γ-CD toroids, 

and the obvious pore-shape distortion could be demonstrated by the aspect ratio of the 

original γ-CD (1.006) and the ones undergoing more bridging (0.790) or in other words 

squeezed to fit in the framework (Figure 3.19). Therefore, it could be summarized that 

the nature of the CDs can influence the overall structural patterns, while counter cations 
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could precisely tune the regional features of the frameworks, such as pore size and 

shape. 

 Apart from the aforementioned structural tunability, it is worth to stress the distinct 

characters of each CD analogue in the synthetic strategies of the PMo-CD MOFs. The 

family of Na/K/Cs-PMo-α-CD, for example, could be obtained at pH 4 rather than pH 

5. It is presumed that the pH < pKa (HOAc, pKa 4.76) could strengthen the multiple 

hydrogen bonding interactions between the accommodated HOAc guest molecules and 

the hydroxy groups of α-CD hosts, thereby stabilizing the whole frameworks. Being 

verified by FT-IR spectra (Figures 3.20−3.22), the adsorption peak centered at 1710 

cm-1 declares the presence of HOAc molecules rather than acetate salts in the solid 

states of Na/K/Cs-PMo-α-CD. As to Na-PMo-β-CD, it could be prepared under both 

pH 4 and 5, but in Na+-containing media only. The appearance of K+ or Cs+ would 

precipitate the β-CD rapidly which could be assigned to its low water solubility (18.5 

g/L, 25 oC). Finally, for Na/K/Cs-PMo-γ-CD, the same structures could be obtained 

under single/mixed cation environments at both pH 4 and 5, which might be ascribed 

to the uniform layered pattern of P2Mo5, featuring better environmental compatibility 

in the crystal lattices than the embedded coupled dimer of Na/K/Cs-PMo-α-CD and 

Na-PMo-β-CD. Moreover, in spite of the good stability of these PMo-CD MOFs in 

most common organic solvents (e.g., methanol, acetone, and acetonitrile), the Na/K-

PMo-CD MOFs could easily decompose in water as confirmed by NMR studies 

(Figures 3.23−3.28). However, the large cations of Cs+ could remarkably enhance the 

stability of the framework of Cs-PMo-γ-CD in aqueous media (Figure 3.29), which 

could be explained by the “normal solubility trend” in POM chemistry.23 
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Figure 3.19. Pore-shape distortion affected by the bridging effect of counter cations in 

Na/K/Cs-PMo-γ-CD. γ-CDs with different aspect ratios and orientations have been 

highlighted by various colors. 
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Figure 3.20. FT-IR spectrum of Na-PMo-α-CD (2% KBr pellet, ν/cm−1): 3417 (s), 2929 
(w), 1710 (w), 1643 (m), 1564 (w), 1411 (m), 1332 (w), 1298 (w), 1244 (w), 1153 (s), 
1078 (m), 1032 (s), 918 (s), 704 (s), 575 (w), 528 (w). 

 

Figure 3.21. FT-IR spectrum of K-PMo-α-CD (2% KBr pellet, ν /cm−1): 3402 (s), 2929 
(w), 1710 (w), 1641(m), 1411 (m), 1332 (w), 1298 (w), 1244 (w), 1155 (s), 1078 (w), 
1032 (s), 920 (s), 704 (s), 575 (w), 530 (w). 

 

Figure 3.22. FT-IR spectrum of Cs-PMo-α-CD (2% KBr pellet, ν /cm−1): 3390 (s), 2929 

(w), 1710 (w), 1641(m), 1410 (m), 1329 (w), 1298 (w), 1246 (w), 1153 (s), 1030 (s), 

920 (s), 702 (s), 575 (w), 528 (w). 
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Figure 3.23. 1H NMR spectra of Na/K-PMo-α-CD, Na-PMo-β-CD, and Na/K-PMo-

γ-CD recorded in D2O at room temperature. 
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Figure 3.24. 13C NMR spectrum of Na-PMo-α-CD recorded in D2O at room 

temperature. 

  

Figure 3.25. 13C NMR spectrum of K-PMo-α-CD recorded in D2O at room temperature. 
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Figure 3.26. 13C NMR spectrum of Na-PMo-β-CD recorded in D2O at room 

temperature. 

 

Figure 3.27. 13C NMR spectrum of Na-PMo-γ-CD recorded in D2O at room 

temperature. 

 



113 
 

 
 

Figure 3.28. 13C NMR spectrum of K-PMo-γ-CD recorded in D2O at room temperature. 

 

Figure 3.29. PXRD patterns of Cs-PMo-γ-CD. 

 

Figure 3.30. 31P NMR spectra of Na/K-PMo-α-CD, Na-PMo-β-CD, and Na/K-PMo-

γ-CD recorded in D2O at room temperature. 

 



114 
 

 
 

3.4 Conclusions 

 Without the tedious synthesis of new organic ligands required for the classical pillared 

MOF synthesis, the “window” construction strategy paves the way for a facile approach 

not only for the rational design of molecular-level controlled porous materials, but also 

for their property optimization and function expansion. Our research results show that 

the size of counter cations could easily program the structural features of POM-CD 

MOFs as well as their water stability. Using Cs+ cations, the framework showed an 

enhanced water stability in addition to selective guest molecules separation by the 

distortional CD macrocycles. The window strategy can be furthermore expanded to 

include other macroocycles such as cucurbiturils and pillararenes, of which the 

frameworks have been already acquired and will be the subject of future reports. 
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CHAPTER 4 
 

Self-Assembly of Polyoxometalate-γ-Cyclodextrin Metal−Organic 
Frameworks 

 
4.1 Introduction 

           Self-assembly is a spontaneous and reversible process to organize molecular 

units into ordered structures by non-covalent interactions. It is well known that self-

assembled structures are thermodynamically more stable than the single components. 

Self-assembly process includes the formation of molecular colloids, crystals and lipid 

bilayer.1-3  However, the assembly of organic and inorganic building blocks in an 

ordered crystal structures might lead to formation of Metal Organic Frameworks 

(MOFs) with a typical porosity of greater than 50% of the MOF crystal volume. This 

MOF structure will offer many advantages, such as high surface area, tunable porosity 

and high chemical and thermal stability.4 These characteristics will open ways to the 

use of this material for different applications such as gas storage, chemical separation, 

sensing and catalysis.5-7Apart from the conventional metal carboxylate clusters, the 

assembly of polyoxometalate (POM) with an organic macrocycle especially 

cyclodextrins (CDs) to build POM-organic frameworks (POMOFs) is a topic of recent 

investigations that has garnered a lot of attention from the scientists.8-9 The assembly 

of such hybrid system will often be accompanied with a superior properties that are not 

found in their single molecular building block (MBB). For instance, the self-assembly 

of the two MBBs, α-CD with intrinsic porosity and PW12 through counter cations effect 

yielded a three-dimensional framework. These assembled materialshave been evaluated 

as anode material in lithium ion battery (LIB) offering an exceptional Li storage 

behavior.8 Additionally, such intrinsically porous hybrid materials can enhance the 

interactions between organic substrates and reactant molecules and facilitate access to 
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the catalytic sites via the rapid fertility of substrate molecules and repellence of product 

molecules in heterogeneous catalysis.10  

It is worth to mention that polyoxometalates have been well investigated in the field of 

catalysis, due to their significant redox behavior, high thermal stability and constant 

resistance to oxidation.11-16 Nevertheless, the performance of POM-based catalysts is 

low, due to their low specific surface area, poor recyclability as homogeneous catalyst 

and low exposure of POM active sites.17 Therefore, linking POMs with an affective 

organic MBB to form different POMOFs structure is a subject of interest to improve 

the catalytic performance of polyoxometalates.  

 However, few reports on POMOFs have been successfully used as heterogeneous 

catalyst due to their limited catalytic activity for specific reactions.18-24Consequently, 

there is still ongoing need to design and fabricate  new POMOF structures which can 

exhibit a better catalytic performance over a wide range of catalytic reactions. For 

example, selective oxidation of alkenes into aldehydes is of considerable value 

(especially benzaldehyde) as they represent the feed-stocks in the fine chemicals, 

perfumes, dyes and pharmaceutical industry.25 POMOFs heterogeneous catalyst may 

suggest a potential solution to enhance the catalytic oxidation of alkenes. 

 
4.2 Design 
 
Herein, we describe the construction of new three-dimensional metal organic 

framework (MOF) with permanent porosity via the assembly of macrocyclic molecular 

building blocks (MBBs) (γ-cyclodextrin) with polyoxomolybdate through the bridging 

effect of the counter cation. The structure of K-PMo-γ-CD, was determined by single 

crystal X-ray diffraction. The catalytic performance of this material was also evaluated 

both in selective oxidation of benzyl alcohol and ketalization of cyclohexanone. 
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4.3 Experimental Section 

4.3.1 Materials 

All reagents were purchased from commercial sources and used without further 

purification.  

4.3.2 Methods: Synthesis and Characterization 

Synthesis of H4K20Na2[P2Mo5O23]4[γ-CD]2·2(CH3COO)·48H2O (K-PMo-γ-CD). 

To a solution of γ-cyclodextrin (130 mg, 0.100 mmol) in 5mL 1M 

KCH3COO/CH3COOH buffer (pH 5.0), 50 µL of 85% H3PO4 and MoNa2O4·2H2O (242 

mg, 1 mmol) were added successively upon stirring. The solution was then stirred for 

1 hour at 80 oC. The turbid white solution was cooled to room temperature and filtered. 

The filtrate was kept for crystallization under ambient conditions. The needle-shaped 

colorless crystalline product K-PMo-γ-CD started to appear after two weeks and was 

collected by filtration and then air-dried. Yield: 0.281 g (70 % based on γ-CD). 

 

Scheme 4.1. Schematic representation the formation of (K-PMo-γ-CD) crystals. 

 

 

γ -CD Buffer, 80oC,1h

H3PO4+
filtration

Kept for crystallization

MoNa2O4·2H2O
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FT-IR 

The FT-IR spectra were recorded on KBr disk using a Nicolet-Avatar 370 spectrometer 

between 400 and 4000 cm-1. ICP-OES analyses were carried out on a PerkinElmer 

Optima 8300 optical emission spectrometer.  

Thermogravimetric Analyser 

Thermogravimetric analyses were carried out on a TA Instruments SDT Q600 

thermobalance with a 100 mL min-1 flow of nitrogen; the temperature was ramped from 

20 °C to 800 °C at a rate of 5 °C min-1. Pt crucible was chosen for this material due to 

the strong interaction of polyoxometalate with Al crucible.  

Powder X-ray diffraction (PXRD)  

Powder X-ray diffraction (PXRD) patterns were obtained using a Bruker D8 

ADVANCE diffractometer with Cu Kα radiation (λ = 1.54056 Å).  

NMR 

The NMR spectra were recorded on a Bruker Avance III 400 MHz instrument at room 

temperature, using 5 mm tubes for 1H, 13C.  

Single Crystal X-ray diffraction (SCXRD) 

Single-crystal X-ray diffraction data were collected at 150 K using a Bruker D8 Venture 

APEX CCD single crystal diffractometer equipped with a sealed Mo tube and a graphite 

monochromator (λ = 0.71073 Å). The crystal was mounted in a Hampton cryoloop with 

light oil to prevent loss of crystal waters. The SHELX software package (Bruker)26 was 

used to solve and refine the structures. An empirical absorption correction was applied 

using the SADABS program.27 The structure was solved by direct methods and refined 

by the full-matrix least-squares method (Σw(|Fo|2-|Fc|2)2) with anisotropic thermal 

parameters for all heavy atoms included in the model. It was impossible to locate all 

counter cations by XRD, due to crystallographic disorder, and it was also impossible to 
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locate hydrogens of crystal waters, which are common issues in polyoxometalate 

crystallography. The hydrogen atoms of cyclodextrins and acetates were introduced in 

geometrically calculated positions. Finally, the exact number of counter cations and 

crystal waters in the formulas were confirmed based on elemental analysis.  

Gas Chromatography Analysis 

GC measurements were performed with an Agilent 7890A Series (FID detection). We 

used the following method for GC analyses; column HP-5, 30 m length × 0.32 mm i.d. 

× 0.25 µm film thickness, flow rate = 1 mL/min (N2), split ratio = 50/1, inlet temperature 

= 250 °C, detector temperature = 250 °C, temperature program = 40 °C/min), 300 °C 

(3 min). 

 

4.4 Results and Discussion 

 Colorless needle-shaped crystals of K-PMo-γ-CD structure (Figure 4.1) were obtained 

by the interaction of γ-CD with sodium molybdate dihydrate dissolved in potassium 

acetate buffer in the presence of 85% phosphoric acid. It should be noted that potassium 

counter cation (K+) played vital role in connecting both molecular building blocks 

(MBBs) i.e. γ-cyclodextrin with polyoxomolybdate to form three-dimensional porous 

hybrid framework (K-PMo-γ-CD), and to balance the charge of the structure. The 

formula of as-synthesized K-PMo-γ-CD structure H4K20Na2[P2Mo5O23]4[γ-

CD]2·2(CH3COO)·48H2O, was calculated on the basis of the single-crystal structure 

(Figure 4.2). ICP-OES data and elemental analysis of K-PMo-γ-CD (%): Calcd: K 

9.71, Na 0.57, P 3.07, Mo 23.84, C 14.92; Found: K 9.41, Na 0.51, P 2.97, Mo 23.14, 

C 15.03.  

The crystal structure was described somewhere else with detail.9 The phase purity of 

K-PMo-γ-CD was confirmed by powder X-ray diffraction (PXRD) Figure 4.3. 
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Figure 4.1. Scanning Electron Microscope of K-PMo-γ-CD crystals. 

 

Figure 4.2. A) Ball-and- stick representation of K-PMo-γ-CD. Color code: O, red; P, 

pink; C, Gray; Mo, Green. B) Space-filling representation of the 3D framework of K-

PMo-γ-CD. 

A)

B)
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Figure 4.3. PXRD patterns for calculated K-PMo-γ-CD based on single crystal 

structure matching the as-synthesized one. 

The material was characterized by FT-IR (Figure 4.4). The appearance of strong 

absorption band in higher wave number around 3400 cm−1 correspond to hydroxyl 

bonds of cyclodextrins. The asymmetrical stretching vibration of C–H bonds will 

generate peak centered at ∼2930 cm−1, while the peak of C–C stretching 

polysaccharides can be observed at ∼1640 cm−1. The peaks in the region 1480 to 1180 

cm−1 correspond to the C–H bending vibrations, whereas the peak located between 1160 

and 1040 cm−1 is a characteristic of the symmetrical stretching of glycosidic bonds C–

O–C and C–O in polysaccharides.28 The peaks appear in the low wavenumber region 

below 1000 cm−1 can be attributed to the terminal Mo=O bonds as well as the bridging 

Mo–O–Mo bond stretching modes. 
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Figure 4.4. FT-IR confirmed presence of isolated γ-CD in the structure of K-PMo-γ-

CD. 

 

The thermal stability of the crystalline sample was tested using thermogravimetric 

analyser (TGA) under nitrogen gas. The thermogram (Figure 4.5) shows three steps of 

weight-loss. The weight loss of 14.7% at 160oC corresponds to the loss of non-

coordinated and coordinated water molecules. Additional weight loss covering the 

temperature range from 220–800oC arises from decomposition of organic molecules 

and structural reorganization of the polyanion. TGA curve give total weight loss of the 

cluster around 800oC. 
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Figure 4.5. Thermogram of K-PMo-γ-CD from 20 to 800 °C under N2 atmosphere. 

Interestingly, K-PMo-γ-CD shows good solubility in most of the organic solvents, such 

as, CH3CN, MeOH and (CH3)2CO. While the structure can dissociate easily in water, 

which was confirmed by proton NMR study (Figure 4.6). The NMR spectra show that 

the characteristic peaks of γ-CD are matching with the cluster K-PMo-γ-CD peaks. 

 

Figure 4.6. Proton NMR of K-PMo-γ-CD cluster and γ-CD dissolved in deuterated 

water. 

Selective oxidation of alcohols into highly valuable benzaldehyde represents one of the 

most significant oxidation reactions in chemical industry.29-31 The catalytic properties 

!– #$
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of K-PMo-γ-CD cluster was evaluated by the oxidation of benzyl alcohol (1 mmol) in 

acetonitrile (1 ml) at 60 oC, in the presence tert-Butyl hydroperoxide (TBHP) (3 mmol) 

under vigorous stirring. Among various organic solvents (dichloromethane, acetonitrile 

, ethyl acetate, n-hexane, and methanol), acetonitrile was chosen as reaction solvent due 

to its highest aldehyde yield observed previously in reported work.32 The mixture was 

then centrifuged to remove the K-PMo-γ-CD solid catalyst and the liquid was analyzed 

by gas chromatography (Table 4.1). 

 

Table 4.1. Oxidation of Benzyl Alcohol for the Formation of Benzaldehyde. 

 

 

 

As shown in the table, the catalytic efficiency of the cluster is significantly increase 

when the reaction time increases. In fact,  the amount of the catalyst and the oxidizing 

reagent were optimized and the highest yield was observed using 0.2 mol% of the 

catalyst and 3 mmol of TBHP is 42%. The time courses were varied for 3- 24 hrs as 

shown in the Table 4.1. Further experiments need to be done to examine the effect of 

the low temperature on the catalyst.  

OH pom

60oC, TBHP
    CH3CN

H

O

Entry Cat./ mol% TBHP/mmol T/OC Time/hrs Solvent Yield/%
1 0.2 3 60oC 3 CH3CN 0
2 0.2 3 60oC 6 CH3CN 9
3 0.2 3 60oC 24 CH3CN 42
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In order to establish the catalytic behavior of this material, we have selected the 

protection of carbonyl group reaction. In multistep organic reactions, the protection of 

carbonyl groups through ketals under acidic conditions is important. 

 

 

Table 4.2. ketalization of cyclohexanone with glycol using K-PMo-γ-CD as catalysts. 

  

 

 

Ketals have strong stability under reductive, nucleophilic, basic, and oxidizing 

conditions. The ketalization process is naturally reversible. This process has several 

applications in industrial manufacturing, for example, fragrances, food, cosmetics, 

etc.33   

In this work, we have also evaluated the performance of K-PMo-γ-CD catalyst in the 

synthesis of cyclohexanone ethylene ketal. The ketalization process was done by using 

cyclohexanone (0.1 mol) and propane-1,2-diol (0.14 mol) as the substrates dissolved in 

O

+
HO

OH OOPOM

2 hrs
Cyclohexane

Dean-stark

+ H2O

covered with 
cotton & Al foil

Entry Cat./ mmol T/OC Time/hrs Solvent Conversion of 
Cyclohexanone /%

System

1 0.5 100oC 2.5 Cyclohexane 24 -

2 0.5 100oC 2.5 Cyclohexane 83.14 Dean-stark

3 0.5 100oC 4 Cyclohexane 99.94 Dean-stark
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cyclohexane (10 ml), in the presence of K-PMo-γ-CD catalyst (0.5 mmol) at 100oC, 

under refluxing for 2-4 hrs. This process was facilitated by removing the generated 

water through Dean-Stark trap. The acid-catalytic performance of the catalyst under 

different conditions was listed in the Table 4.2. The ketalization of cyclohexanone was 

obtained in an excellent conversion of 99.94 %, when the reaction was heated at 100oC 

for 4 hrs, which shows better acid-catalytic activity than reported POM base catalysts.31, 

34  

It is worth to mention that using of alcohols in excess and/or the efficient removal of 

water from the system is considered as an important step to get the product and prevent 

the backward direction of the reaction. In order to confirm the stability of the catalyst 

during the reaction conditions, we need to study the catalyst recyclability for at least 

five cycles.   

 

4.5. Conclusion 

In summary, the structure of K-PMo-γ-CD containing macrocyclic molecular building 

blocks (MBBs) (γ-cyclodextrin) and isolated polyoxomolybdates (P2Mo5O23) has been 

successfully assembled by the bridging effect of counter cation. This hybrid POM 

catalyst exhibited high performance when used as acid-catalyst for the protection of 

carbonyl group. These results confirmed that such intrinsically porous hybrid materials 

could have a better catalytic performance than POM-based homogeneous catalysts. Due 

to their ability to enhance the interactions between organic substrates and reactant 

molecules they can also facilitate the access to the catalytic sites. Further studies will 

be carried out on this hybrid material to explore it further for different industrial 

applications. 
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CHAPTER 5 

Polyoxometalate-Trianglamine based Supramolecular Hybrid 

Frameworks 

5.1 Introduction 

Polyoxometalates (POMs), as a class of metal cluster complexes comprising 

transition metal oxide and anions1,2 have advantages to incorporate variety of 

molecules and they are often considered to be well defined platforms for the 

development of new functional materials with improved properties. Recently, the 

research area in POM chemistry gaining more attention in particular is the 

synthesis of inorganic-organic hybrids.3 These organic-inorganic hybrids can be 

assembled through electrostatic interactions, hydrogen bonding, and/or van der 

Waals interactions as well as covalent interactions.4 Therefore, the organic-

inorganic hybrids have been classified into two classes, class I (noncovalent) and 

class II (covalent) based on the type of interaction between the organic and 

inorganic moieties.4b-7 Over the past years, the ionic and noncovalent interactions 

between POMs and other types of molecular systems have remained under-

investigated when compared with the covalently attached composites.4,8 

However, these noncovalent interactions have helped to address the problem of 

polyoxoanions in crystalline form, stabilisation of hypersensitive magnetic POM 

species,9 increase the surface area of POM with an impact on 

catalysis, optimisation of the biocompatibility of polyoxoanions10-12 and mono-

distribution of polyoxoanions on surfaces.13,14 In this sense, the heterogenization 

or immobilization of POMs onto various solid supports via these interactions is 

highly desired to prepare new and robust heterogeneous catalysts, capable of 
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being easily separated from a reaction mixture and recycled.15-22 It’s noteworthy 

to mention that due to the fascinating properties of non-covalent assembly of 

hybrid POM nanocomposites, their potential applications have been explored in 

the field of catalysis,23 sensorics,24 molecular electronics,25 neuromorphic 

computing,26 proton conductors27and energy storage28 and conversion.14 

In fact, there was intensive work to improve the catalytic efficiency of POM and 

the recovery by modification process of POM with organic molecules, thus 

generating new structures and functions of POM hybrid materials. To achieve 

this, different types of organic based moieties (e.g. cyclodextrin, crown ether and 

metal-Schiff base complexes, such as, MnIII salen complexes) as molecular 

building blocks (MBBs) with respect to size, geometry, and functionality have 

been incorporated into POMs to construct interesting supramolecular 

assemblies.29-33 For example, there are reports on recent advances in the assembly 

of POMs and CDs where the assembly resulted in supramolecular complexes or 

oligomers without forming multidimensional networks.30,34 Based on this our 

group has recently reported two structures of (POM-CD-MOFs) consisted by the 

assembly of  [PW12 O40 ]3−  and α -CD forming (POT-CD ), and the assembly of 

[P10 Pd15.5O50]19− and γ -CD forming (POP-CD). Interestingly, the unique 

combination of the intrinsically porous α-CD with the redox-active PW12 yielded 

a multilayered assembly with customized functionalities, which have been 

evaluated as anode material in a lithium ion battery (LIB) offering an exceptional 

Li storage behavior.35 

5.2 Design 

Herein we have successfully designed and post-synthetically functionalized a 

polyoxometalate (POM) with trianglamine (TA) to form a supramolecular hybrid 
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framework (POM-TA) for the first time based on molecular recognition. The 

non-covalent interaction between (TA) and inorganic (POM) units has been 

investigated by single-crystal X-ray diffraction (XRD). Further using different 

techniques, TGA, PXRD, FT-IR and BET-BJH was carried out. N2 sorption 

determination confirms that the material is nonporous but has a relatively high 

surface area that suggests that this could be a great potential candidate as catalyst 

in some industrial processes. 

5.3 Experimental Section 

5.3.1 Materials 

All chemicals and reagents were purchased from commercial suppliers and used 

without further purification. 

5.3.2 Methods: Synthesis and Characterization 

Single Crystal X-ray Diffraction (SCXRD) 

Intensity data were collected using a Bruker D8 Venture diffractometers. The D8 

Venture with Photon II CPAD detector also employs a multilayer monochromator with 

MoKα radiation (λ = 0.71073 Å) from an Incoatec IµS microfocus source. It is equipped 

with an Oxford Cryosystems Cryostream 800Plus cryostat supplied with liquid 

nitrogen.   

Data reduction was carried out by means of a standard procedure using the Bruker 

software package SAINT39 and the absorption corrections and the correction of other 

systematic errors were performed using SADABS40. The structures were solved by 

direct methods using SHELXS-2016 and refined using SHELXL-201641. X-Seed42 was 
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used as the graphical interface for the SHELX program suite. Hydrogen atoms were 

placed in calculated positions using riding models. Due to the fact that the solvents in 

the crystal structure were badly disordered and could not be modeled even with 

restraints, SQUEEZE (from PLATON) was used to calculate the void space, the 

electron count and to get a new HKL file. 

Powder XRD (PXRD)  

Routine powder X-ray diffraction (PXRD) data were collected using Cu Kα radiation 

(λ = 1.5418 Å, 40 kV and 30 mA) on a PANalytical X’pert PRO instrument operating 

in Bragg-Brentano geometry. Intensity data were recorded using an X’Celerator 

detector, and 2θ scans in the range of 4−40° were performed with a step size of 0.02° 

at a scan speed of 0.02 (°/s). The sample was placed in a zero background sample holder 

and normal configuration of the instrument was used.  

Nuclear Magnetic Resonance (NMR)   

NMR spectra were recorded on a Bruker Avance 500 MHz. Chemical shifts are 

reported in ppm relative to the signals corresponding to the residual non-deuterated 

solvents. 

Thermogravimetric Analysis (TGA)  

Thermogravimetric analysis was carried out using an automatic sample loading TA 

Instruments Q500 analyzer. The instrument records weight loss as a function of 

temperature. It was used to determine onset temperature and temperature ranges of 

guest loss and sample degradation. Usually a sample of 0.5-4 mg was heated from room 

temperature to 1000 °C in a standard TA instrument platinum pan at a heating rate of 

10 K min-1. Samples were analyzed under constant flow of dry nitrogen gas at a flow 
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rate of 50 ml min-1. TGA traces were analyzed and figures generated using OriginLab 

2019. 

FTIR   

A Thermo Nicolet iS10 spectrometer with ATR attachment was used. A background 

scan was collected immediately before the sample scan. 

Gas sorption experiments 

Low pressure N2 adsorption analysis was carried out using ASAP 2020 Micromeritics 

instrument. The Cryogenic temperature was controlled using liquid Nitrogen bath (77 

K). 50-70 mg of wet sample were transferred to a 6 mm sample cell and outgassed 

overnight under dynamic vacuum (~10-5 bar) at 333 K. N2 adsorption and desorption 

isotherms were measured at 77 K and surface area was calculated using the Brunauer-

Emmett-Teller (BET) method.  

Synthesis of the trianglamine (TA) 

The trianglamine was synthesized according to the procedures in the literature with 

little modification (Scheme 5.1).29 
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Scheme 5.1: Synthesis of TA. 

 

Preparation of [(PW12O40).19H2O] with TA 

To a solution of the trianglamine (TA) (3 mg, 0.0047 mmol) in 5 mL HCl (3.7%), 100 

mg of phosphotungestic acid dissolved in 5 mL HCl (3.7%) were added continuously 

upon stirring. The solution was then stirred for 1 hour at room temperature. The turbid 

solution was centrifuged to collect the beige precipitate then dried in vacuum oven at 

60oC. The white crystalline product was obtained (Scheme 5.2), then it was crystallized 

by dissolving it in a mixture of ethanol, acetone, water and chloroform(antisolvent). 

The solution was allowed to slowly evaporate and block colorless POM-TA crystals 

were obtained after two weeks. The crystals were analyzed using single crystal X-ray 

diffraction (Scheme 5.3). 
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Scheme 5.2. Preparation of Beige precipitate. 

 

 

Crystallization of POM-TA 

 

Scheme 5.3. Crystallization of POM-TA in different solvents mixture. 
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5.4 Results and Discussion 

Firstly, trianglamine (TA) was prepared according to the procedure reported in the 

literature by reacting (R,R)-1,2-diaminocyclohexane (20 mmol) with 

terephthaladehyde (20 mmol) in methanol in the presence of triethylamine (50 mmol) 

followed by reduction with sodium borohydride (Scheme 5.1). 1H and 13C NMR 

confirm the structure and purity of the prepared trianglamine (Figure 5.S1). 

Subsequently, the POM-TA was prepared as illustrated in (Schemes 5.2 and 5.3). The 

IR spectra confirm the formation of POM-TA (Figure 5.1). The peaks below 1000 cm-

1 in (a) correspond to the Polyoxometalate functionality while peaks between 3000 and 

2750 cm-1 correspond to that of the trianglamine as well as a peak around 1500 cm-1 

(Figure 5.1a). The broad peak in (a) around 3500 cm-1 indicates the presence of 

hydrogen bonded O···H.  This is further confirmed by the disappearance of the peak 

around 3300 cm-1 (N-H stretch of amine) in IR spectrum (b). 

 
Figure 5.1. FTIR spectra of POM-TA and trianglamine TA. 
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Diffraction quality single crystals were obtained after two weeks by slow 

evaporation of POM-TA in solvent mixture of ethanol, acetone and water while 

chloroform was used as the anti-solvent (Scheme 5.2). A suitable single crystal 

was selected and the unit cell determination was carried out at 120 K. The 

compound crystallizes in a chiral space group trigonal P321 (Scheme 5.3, Figure 

5.3 and Table 5.S1). Close inspection of the crystal structure reveals that one 

molecule of the trianglamine is flanked on two opposite sides by one molecule 

of POM each through strong N‒H···O hydrogen bonding interactions (Figure 

5.2, and Figure 5.4). The D···A distances ranging from 2.909 to 3.127 Å (Table 

5.S2). It is pertinent to mention that due to the size of the POM (diameter of 8 

Å), it appears that the intrinsic cavity of the TA with diameter ca 6.3 Å is too 

small to accommodate the POM molecule but rather undergoes strong 

intermolecular interactions predominantly N‒H···O hydrogen bonding 

interaction (Figure 5.3). In addition, the crystal packing also reveals that the TA 

and POM molecules are connected via C‒H···O interactions. The presence of 

some C‒H···O interactions, one of which involves one hydrogen atom of 

aliphatic CH2 group of TA and an oxygen atom of the POM and the other 

between the hydrogen atom of the phenyl ring of TA and another oxygen atom 

of the POM (Figure 5.S6 and Table 5.S3). Also available are strong O···O 

interactions with the shortest distance 2.829 Å. 
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Figure 5.2. Perspective showing the N‒H···O hydrogen bonding interactions between 

two POM molecules and one TA molecule. 

 

 
Figure 5.3. Crystal packing showing how POM is positioned around the cavity of TA 

macrocycle when viewed along the c axis.  

 

The interactions occur between the oxygen atoms of two neighboring POM molecules 

in the same layer that are arranged parallel to each other and perpendicular to the TA 

molecules (Figure 5.4 and Table 5.S4). Thus, the crystal packing confirms the 
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presence of hydrogen bonding interactions, a form of electrostatic interactions, between 

the POM molecule and the trianglamine TA. 

 
Figure 5.4. Perspective showing O···O intermolecular interaction between two 

parallel neighbouring POMs. 

 

The PXRD pattern of POM-TA confirms the formation of the phase pure hybrid 

material. The experimental PXRD pattern also matches with the simulated one 

generated from the single crystal structure (Figure 5.S7). Thermogravimetric analysis 

also of POM-TA reveals rapid weight loss up until 100 °C which corresponds to loss 

of water molecules followed by the decomposition of the trianglamine around 250 °C 

and complete decomposition of the POM (Figure 5.S8). Most importantly the hybrid 

is stable even after the loss of water and other solvents up to 250 °C. To investigate the 

porosity of the framework, the POM-TA hybrid material was activated at 60 °C under 

vacuum overnight to ensure the formation of fully activated material. The PXRD 

patterns of the as synthesized and activated POM-TA shows that the activated POM-

TA still retains its crystallinity to a degree upon activation (Figure 5.S9). Therefore, 

the permanent porosity of the activated POM-TA was confirmed by reversible gas 
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sorption analysis. A nitrogen adsorption experiment at 77 K shows quick saturation at 

low N2 pressures (Figure 5.5). From the sorption analysis, we observed that POM-TA 

is non-porous to N2. The BET surface area and pore volume of the activated POM-TA 

determined from the isotherm are 574 m2/g and 0.154 cm3/g at P/Po= 0.99 respectively. 

Interestingly, the BET surface area of activated POM-TA is higher than that of the 

individual starting materials (BET surface area of the POM36 is ≤ 10 m2/g while that of 

the TA29 is 170 m2/g), and it is comparable to some other related materials previously 

reported (Table 5.S5). This relatively high BET surface area could be as a result of the 

window-to-window packing.37 When the crystal packing is viewed along the 

crystallographic c axis, an infinite channel is formed by window-to-window 

arrangement of POM-TA (Figure 5.3 and Figure 5.S5). The result agrees with the 

high BET surface area observed for POM-TA even though the intrinsic cavity of the 

TA is sandwiched by POM.  

 
Figure 5.5. Nitrogen adsorption isotherm at 77 K for activated POM-TA. 

 

The major disadvantage of POMs as catalyst is low surface area as well as POMs in the 

bulk phase display no characteristic porosity which limits their utility in many catalytic 

reactions.38 To overcome this problem, it is proposed that increasing the surface area 
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can be achieved by the deposition of POMs into intrinsically porous solid supports with 

high surface area. It is well known that surface area is the main aspect influencing the 

reaction rate during heterogeneous catalysis. As a result of this relatively high surface 

area we believe that this material will be a potential candidate as catalyst in some 

industrial processes.  

 

 

5.5 Conclusion and Future plan 

In conclusion, an inorganic-organic hybrid containing polyoxometalates and 

trianglamine (POM-TA) supramolecular based framework has been prepared and 

investigated for the first time. We have demonstrated that the assembly of the 

framework is enhanced by noncovalent interactions such as hydrogen bonding and van 

der Waal interactions as revealed in the crystal structure. We have been able to also 

demonstrate that the surface area of POMs can be improved/increased through 

incorporation of organic moiety to form a hybrid supramolecular framework as shown 

by the sorption experiment. In addition, the window-to-window crystal packing along 

one of its axes could be responsible for the high surface area of the framework. The 

high surface area thus suggests that POM-TA material can be suitable as catalyst for 

some industrial processes such as selective catalytic oxidation of benzyl alcohol 

derivatives to produce benzaldehyde, which is one of the most useful products in 

cosmetics industry. For confirming whether this system can be used as catalyst, it is 

necessary to evaluate their catalytic performance and check the product by GC and 

NMR. 
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5.7 Supporting Information 

 

 

Figure 5.S1. NMR spectrum of TA. 

 

 

Figure 5.S2. Asymmetric unit of POM-TA when viewed along c- axis. 
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Crystallographic data 

Table S1: Crystallographic details of POM-TA. 

IDENTIFICATION CODE POM_TA 
Empirical formula C21H30N3O40PW12 

Formula weight (g/mol) 3201.64 
Temperature /K 120 
Crystal system Trigonal 
Space group P321 

a/ Å 21.5737 (9) 
b/ Å 21.5737 (9) 
c/ Å 26.2576 (15)  
α/° 90 
β/° 90 
γ/° 120 

Volume/ Å3 10583.6 (11) 
Z 6 

ρcalc g/cm3 3.014 
F(000) 8400 

Crystal size/mm-3 0.078 x 0.175 x 0.214 
Radiation MoKα radiation(γ = 0.71073) 

reflections collected 570476 
Independent reflections 17561(Rint = 0.0635) 

Data/restraints/para meters 15638/6/696 
Goodness-of-fit on F2 1.249 

Final R indexes [I>=2σ (I)] R1 = 0.035, wR2 = 0.0821 
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Crystal structure analysis 

 
Figure 5.S3: Crystal packing of POM-TA along (a) a-axis, (b) b-axis and (c) c-axis. 

 
Figure 5.S4: Perspective showing intermolecular interactions N‒H···O (dark green), 

O···O (light green and red) and C‒H···O (purple) in the crystal packing of POM-TA. 
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Figure 5.S5. Perspective showing only N‒H···O intermolecular interaction distances 

holding TA in position between two POMs on opposite sides.  

Table S2: Some strong N‒H···O intermolecular interactions between TA and POM in 

the crystal packing of POM-TA.    

Distance D-H···A (Å) H···A (Å) D-H···A (°) 

N1‒H1A···O14A 2.909 2.029 146.94 

N2‒H2A···O2C 3.127 2.247 139.47 

N3‒H3A···O2B 3.017 2.137 146.95 
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Figure 5.S6. Perspective showing only C‒H···O intermolecular interaction between 
TA and POM. 

 

 

 

Table S3: Some C‒H···O intermolecular interactions between TA and POM in the 
crystal packing of POM-TA. 

Distance D-H···A (Å) H···A (Å) D-H···A (°) 

C5‒H5A···O5C 3.521 2.531 131.70 

C12‒H12B···O4B 3.558 2.568 115.12 

C20‒H20···O5A 3.613 2.663 133.46 
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Table S4: Some O···O intermolecular interactions available in the crystal packing of 
POM-TA. 

Distance D···A (Å) 

O4B···O5A 3.394 

O5C···O5C 3.017 

 

 

 

Figure 5.S7. PXRD patterns of TA, POM-TA and the simulated POM-TA. 
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Figure 5.S8. Thermogram of POM-TA. 

 
Figure 5.S9. PXRD patterns of the as synthesized and activated POM-TA at 60°C 
overnight. 
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Table S5: BET surface area and pore volume of reported supramolecular assembled 
frameworks calculated from N2 adsorption isotherm at 77 K.  

Supramolecular Assembled 
Frameworks 

Surface area 
(m2/g) 

Pore volume 
(cm3/g) Ref 

POM-TA 574 0.154 Our work 

POM ≤10 0.1 8 

TA 170 0.11 7 

CB[6] 210 0.13 9 

CC2 533 - 10 

CC3 624 - 10 

SOF-7a 21.03 0.097 11 

POM@CD NA NA 12 

POM.Sn-MIL101 573.08 0.491 13 

POM.Ce-MIL101 690.14 0.376 13 

POM-CD-MOF NA NA 14 

POM@MOF-545 1180 - 15 
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CHAPTER 6 

 

Conclusion and Perspective 
 
 

        In this dissertation, several organic-inorganic hybrid nanomaterials with an 

intrinsic porosity have been designed, synthesized and well characterized for catalytic 

and energy applications.  

 In chapter 2, we report the confinement of ligand-free gold nanoclusters inside the 

pores of aminated mesoporous silica nanoparticles with 2-3 nm pore size. The average 

size of gold nanoclusters was determined by HR-TEM to be 1.37 +/- 0.4 nm. 

Consequently, the catalytic activity of this material was evaluated via the solvent-free 

epoxidation of styrene in the presence of TBHP as oxidizing reagent. Our 

heterogeneous catalyst shows that the conversion rate of styrene reaches up to 88% with 

high selectivity of styrene oxide (74%). Moreover, the epoxidation of cyclohexene, 1-

Phenylpropene and Cis-stilbene to the corresponding epoxide were done with high 

selectivity. This “green” approach might be applicable to numerous of noble metals. 

Chapter 3 explains a facile strategy to a rational design of metal organic frameworks 

(MOFs) with well controlled functionality and porosity. The creation of these 

frameworks was done by employing intrinsically porous molecular building blocks 

(MBBs). Seven crystal structures of MOFs were obtained via the self-assembly of 

cyclodextrins (CDs) with polyoxomolybdates (P2Mo5O23) through the bridging effect 

of counter cations (Na+, K+, and 

Cs+). We found that the structural properties of POM-CD MOFs, and its water solubility 

could be highly controlled through the size effect of counter cations. This new strategy 
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could be applied to a wide range of macrocycles to construct new frameworks with 

optimized properties. 

 In chapter 4, one of the well-known and characterized structures (motioned previously 

in chapter 3), K-PMo-γ-CD have been chosen for catalytic study. This hybrid POM 

structure was obtained in high yields compared to other reported POM-CD MOF 

structures. It shows high catalytic performance in ketalization process of cyclohexanone 

with glycol to protect carbonyl group. These results confirmed that such intrinsically 

porous hybrid materials could have a better catalytic performance than POM-based 

homogeneous catalysts. Due to their ability to enhance the interactions between organic 

substrates and reactant molecules they can also facilitate the access to the catalytic sites. 

Further studies will be carried out on this hybrid material to explore it further for 

different industrial applications. 

 Chapter 5 involved the designing and the formation of a supramolecular hybrid 

framework through the non-covalent interaction between organic trianglamine (TA) 

and inorganic (POM) units. Nitrogen adsorption measurement confirmed that POM-TA 

hybrid structure is nonporous, nonetheless it has a relatively high surface area that 

makes the material a potential/suitable catalyst for some industrial processes.  

          In summary, the combination of organic and inorganic units will lead to the 

formation of novel materials with unique smart and interesting physical and chemical 

properties. In fact, these materials have been attracting considerable attention in various 

fields including heterogeneous catalysts, sensing, energy storage and biochemistry 

during the last few decades and as a result we have seen a rapid development in the use 

of organic-inorganic hybrid materials, an indication that these materials are very 

promising and will be readily applicable in the near future.  
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