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ABSTRACT 
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EXPANDING BEYOND THE MICROPORE: HARNESSING PENDANT 

SILANOLS WITHIN HIERARCHICALLY POROUS ALUMINOPHOSPHATES 

FOR TARGETED CATALYSIS  

Stephanie Hope Newland 

 

Discrete solid-acid centres within hierarchically porous (HP) architectures, 

which contain micropores with interconnected mesopores, offer the potential 

to overcome the diffusional limitations in the conventional microporous 

zeotypes. This thesis presents a design strategy to synthesise hierarchically 

porous isomorphously metal (Me) substituted aluminophosphates (AlPOs) and 

silicoaluminophosphates (SAPOs), with AFI and CHA frameworks, as a means to 

create a solid acid catalyst for both the liquid and vapour phase Beckmann 

rearrangement with enhanced catalyst lifetimes, catalyst activity and substrate 

versatility. By employing a one-step soft templating approach coupled with 

detailed physicochemical and spectroscopic characterisation, isolated solid 

acid sites can be suitably tailored and discretely modulated within the 

micropores and mesopores. The resulting HP SAPOs and AlPOs were designed 

to possess an auxiliary mesoporous network (as confirmed via pXRD, BET and 

N2 isotherms), to mimic the microporous analogues active sites and to have 

additional active silanol sites lining the mesopores (as confirmed via FTIR 

spectroscopy, NMR spectroscopy and TPD). Owing to the interplay between 

mesoporosity, Brønsted acidity and silanol sites the HP catalysts were shown to 

have superior catalytic properties to the microporous analogues.  



   

  

  

The HP AlPO’s potential as scaffolds for the heterogenisation of bulky 

functional groups was also assessed. The pendant silanols were harnessed to 

covalent anchor an imidazolium organocatalyst to the HP mesopores. The 

resulting catalyst was active in the formation of cyclic carbenes from epoxide 

and CO2. Thus, this further highlighted the efficacy of our design rationale in 

the synthesis of HP AlPOs and its amenability for creating a range of active 

sites for catalysis. 
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Chapter 1 Introduction 

1.1 Catalysis 

1.1.1 Role of catalysis in sustainable chemistry  

Chemistry has led a societal revolution over the past couple of centuries. 

The use of the technologies that originate from chemistry has produced 

improvements in quality of life from easy access to life saving medicines to 

production of fuels for transportation. With the World’s population expected to 

exceed 8 billion within twenty years, chemistry has never been more essential 

in ensuring the continued supply of water, food and energy to an ever more 

affluent and demanding society. Despite the tremendous challenges that 

chemistry has already solved and will solve in the future, many still regard the 

chemical sector as being dangerous and polluting.  

  Knowledge is continually growing and over the past few decades the 

chemical industry has changed its practices and public image due to a 

widespread acceptance of factors; the long-term effects of pollutants are now 

realised, the Earth has finite resources and the threat of global warming. This 

increased knowledge has led to the notions of sustainability and efficiency 

within the sector to become commonplace. Green chemistry has helped the 

chemical sector to become more organised and more ethical. Anastas and 

Warner were able to cement the ideals of green chemistry and how it can be 

achieved in their 12 principles through more efficient, safer, and cleaner 

practices.1   

Catalysts can help to secure the goals of green chemistry by lowering 

activation energies and by creating a more selective process thereby 

minimising waste as well as energy. They lower the activation energy of the 

reaction by interacting with the starting materials and providing a lower energy 

route to the product, whilst they, themselves, remain chemically unchanged 

(Figure 1). There are two main categories of catalysts: homogeneous and 

heterogeneous. Homogeneous catalysts are often considered to be highly 
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selective and active with strong mechanistic understanding. In contrast, 

heterogeneous catalysts are readily separated, regenerated and have increased 

stability. Each have their own individual advantages and disadvantages and this 

report will focus on heterogeneous catalysts owing to their strong industrial 

uses.  

  The molecular level heterogeneous catalytic process involves the 

reactant diffusing through the reaction mixture (for example the gas phase) to 

adsorb and bond with the catalytic surface in a molecular form. The reactant 

may then dissociate or migrate on the catalytic surface. Then the surface 

reaction will occur, and quite often this will be the rate-determining step in the 

catalytic reaction. The product then desorbs from the catalyst’s surface and 

diffuses through the catalyst’s pore.  

  The bonding sites on the heterogeneous catalyst provide lower energy 

pathways for the molecules to undergo the chemical reaction, and thus the 

availability of such sites favour the catalytic process. In the gas phase reaction 

in Figure 1 the reaction activation energy (Eg) is large, owing to the high energy 

required to break and rearrange bonds. In the catalytic pathway, the molecules 

are adsorbed on the surface, this anchoring results in the intermediates being 

stabilised in the reaction. Hence the activation barriers for the catalysed 

reaction are lower than for the non-catalysed process. Thus the presence of a 

catalyst increases the reaction rates of the reaction.  
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Figure 1 Simplified energetics associated with a catalytic reaction, where 

activation energies associated with adsorption (Ea), surface reaction 

(Es), desorption (Ed) and gas phase reaction (Eg) are labelled.2  

1.2 Importance of Single Site Catalysts 

  Prior to the early 20th century heterogeneous catalysis was largely 

based upon the traditional Langmuir perceptive. It was believed that there was 

a uniform distribution of static sites that do not interact with each other. It 

wasn’t until 1925 that Taylor conceived the idea that perhaps catalysis was not 

based upon uniform sites instead the surface sites would have varying degrees 

of saturation and hence properties giving rise to specific active sites.3 This 

work has since inspired other chemists to investigate the geometric, electronic 

properties of specific metals within the active site at the atomic level; these 

properties are vital in determining catalysts properties. Heterogeneous 
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catalysts such as metals and metal oxides often have their active sites in close 

proximity to one another; this can lead to less control of the active site 

structure due to site-site interactions. It would be preferable instead to have 

isolated active sites where the metal’s environment and activity could be 

controlled and understood at the atomic level. 

 In nature incredible catalytic properties are achieved via the use of 

enzymes. Enzymes have isolated defined active sites that are commonly 

composed of metal atoms surrounded by organics. There are interactions 

between the organic ‘bucket’ and the metals that results in subtle variations in 

the properties of the active site to achieve optimised results. Despite the 

plethora of advantages that enzymes offer, there are few industrial examples, 

due to their poor substrate scope and narrow operating range (temperature, 

pH). This shortfall has led to a surge of research that aims to recreate these 

active sites inside the confines of a stable inorganic matrix, known as enzyme 

mimics or bio-inspired solids. Synthetic chemists have harnessed knowledge 

gained from enzymatic active sites to rationally develop porous inorganic 

frameworks, such as zeolites, as successful mimics with the added advantage 

of increased stability making the materials more amenable for industrial 

processing.4, 5 Heterogeneous catalysis research is largely focused on 

replicating such activities in a more stable host. Open framework structures 

such as the zeolites (aluminosilicalites) and their related structures (for 

example silicas and aluminophosphates, AlPOs) have enabled the meticulous 

design of single sites and encompass the ideals of single site heterogeneous 

catalysis (Table 1). 

 The rational design of isolated active centres within porous architectures 

affords a viable strategy for the production of sustainable catalysts. Precise 

design of discrete active centres is widely recognised as being the cornerstone 

in the development of a single-site heterogeneous catalyst (SSHC).6 SSHC can 

be composed of isolated individual atoms or complexes, which are spatially 

separated without interaction, so each active site will have an equivalent 

energetic interaction with incoming reagents. This results in the generation of 

highly active and selective active sites, which have proved effective for 
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catalysing a wide-range of chemical transformations that have benefited both 

industry and society. 7-12 

Researchers have long explored the development of such isolated active 

sites through isomorphous substitution within aluminosilicalites (zeolites) and 

aluminophosphates (AlPOs), since their conception in 1982.13 The introduction 

of a range of transition-metal dopants was explored within zeolites for a 

variety of oxidation and acid-catalysed transformations.14-16 One of the most 

striking examples was the discovery of titanosilicalite-1 (TS-1), where 

isomorphous replacements of Si(IV) with small quantities (c.a. 2 atom per cent) 

of tetrahedral Ti(IV) species, catalysed a range of industrially-significant, 

selective oxidation reactions (e.g. oxidation of benzene, phenol, epoxidation of 

propylene, etc), using hydrogen peroxide (H2O2) as the oxidant.15, 17-20 Similarly, 

the introduction Fe(III) in MFI architectures (Fe-ZSM-5) proved effective in the 

singlet-oxygen catalysed oxidation of benzene to phenol, which was an 

important milestone in the C-H activation of hydrocarbons and aromatics.7, 21, 22 

Table 1 Merits of single site heterogeneous catalysis 

Merits of Single Site Heterogeneous Catalysis 

Active sites can possess more than one atom 

Active sites are spatially isolated  

Allows for subtle modification of active sites by altering local environment 

Uniform active sites throughout the framework 

Functionality of each site can be assigned to a particular function 

Isolated active sites can be introduced via four key processes within porous 

inorganic solids (Figure 2): 

1. Isolated organic active sites anchored to high area supports 

2. Heterogenised organometallic species on high area supports 

3. Active sites can be entrapped within the pores of a porous support 
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4. Isomorphously substituted active sites distributed within a porous solid 

 

Figure 2 Possible mechanisms to generate isolated sites within molecular 

sieves. 

1.3 Zeotypes as Single Site Catalysts 

   There are a myriad of zeolites that have been synthesised and are 

available for catalytic applications. However, despite there being over 200 

different zeolite frameworks available only a handful of these structures have 

been effectively implemented in acid catalysed industrial processes (Table 2). 

Zeolites are most commonly deployed in the chemical industry as FCC (Fluid 

Catalytic Cracking) catalysts and in isomerisation, dehydration and dewaxing 

applications.  
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Table 2 A selection of solid-acid catalysed processes facilitated by zeolites. 

  Novel synthetic approaches coupled with advances in operando 

spectroscopy means that a diverse range of active sites can be engineered 

within the porous architectures, whereby any subtle deviation from the bulk 

Process                                         Catalyst                Company      Ref 

 
Modified ZSM-5 Mobil 5 

 

Solid phosphoric 

acid 

 

Zeolite-Beta 

UOP 

 

Enichem 

6 

 

ZSM-5 

 

Sumitomo 7 

 

Na/NaOH/γ-Al2O3 Sumitomo 8 

 

ZSM-5 Mobil oil 9 

 

Mordenite UOP 10 

 

Ga-modified-ZSM-5 BP-UOP 
11 

 

 Al2O3  Petrobass 
12 

 

ZSM-5 Mobil 
11 
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silicalite structure has the potential to lead to the formation of a catalytically 

active centre (Figure 3).  

 

Figure 3 Some industrially significant zeolite frameworks (A) with designed 

active centres (B). 

Dopants in the zeolitic framework, charge-balancing cations associated 

with the framework and defect sites within the framework, can all be utilised as 

active sites for reactions. Arguably it is possible to generate a much narrower 

range of active sites though isomorphous substitutions, where heteroatoms 

replace silicon atoms within the porous framework. However, only a few 

illustrations of this exist in literature, with the most well known example being 
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titanium silicalite, TS-1. In TS-1 a small per cent of Si(IV) ions have been 

replaced with Ti(IV) ions (Figure 4). Owing to the isoionic nature of the ion 

substituent a charge imbalance does not occur, and hence a charge balancing 

cation is not required. Instead the active site is securely and intricately 

incorporated into the pore walls of the MFI framework. This method has many 

advantages, for example, the active site can be designed to be isolated and it 

is securely positioned in the framework and less susceptible to leaching. 

Despite the many advantages this strategy is not widely applied to zeolites. 

This is in part due to stringent restrictions that are imposed on the dopant 

ions; they must be of a comparable size to the replaced ion, they must possess 

an appropriate charge and the dopant species must be able to adopt a 

tetrahedral geometry within the framework. To overcome the strict regulations 

within the zeolitic regime there was an expansion in synthetic research to 

devise more compositionally diverse alternatives. In 1982 a class of 

microporous materials, aluminophosphates (AlPOs) were engineered, where 

isomorphous substitution of heteroatoms was, and still is, commonplace.  

 

Figure 4 TS-1 with a small atom percent of Si(IV) substituted with Ti(IV).  

  AlPOs can form analogous frameworks to zeolites. They are derived of 

strictly alternating AlO4 and PO4 tetrahedra.23 The Al-O-P bonds in the AlPO 

architecture are more ionic in character than the bonds found within zeolites, 

and hence these materials are far more amenable to a wider-range of 

isomorphous substitution than zeolites. AlPOs, indeed, have proved 

themselves to be extremely compositionally diverse with more than 20 
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different transition metals being substituted into the framework (in a 

tetrahedral geometry) with various oxidation states.24, 25 Hence these 

frameworks have the potential to combine a specific coordination geometry, 

with isolated catalytically active sites, in order to create novel, robust, superior 

catalysts with high activities and selectivities.  

Within AlPOs there are three possible substitution mechanisms (Figure 5). 

It is possible to substitute a Al(III) with either M(II) or M(III) via type I 

substitution mechanism. In the case of M(II) substituting for Al(III) a charge 

imbalance would be present and hence an acid site is created, likewise if M(IV) 

substituted for P(V) via type II substitution. This synthetic strategy is 

fundamental in the synthesis of SAPO-34, in which the substituted silicon 

bestows Brønsted acidity onto the framework. The combination of isolated acid 

sites and the confining micropores (0.38nm), result in a remarkable methanol-

to-olefin catalyst that has been commercialised for many years. It is also 

possible to substitute both Al(III) and P(V) simultaneously with two M(IV) ions 

via type III substitution, this commonly occurs with Si(IV) and those sites are 

referred to as silicon islands. Redox sites can be generated by the 

incorporation of Mn(II/III), Co(II/III) or Fe(II/III) via type I substitution. The range 

of active sites and the ease of modulating their characteristics result in AlPOs 

being extremely amenable to catalysis.   

 

Figure 5 Substitution mechanisms in aluminophosphates. 
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 The microporous molecular sieves have been demonstrated to be 

exceptional catalysts for a range of redox and acid-catalysed processes. Their 

microporous nature (pore diameters <0.2nm) only allows specific molecules 

with appropriate dimensions to access the large internal surface area; this 

enhances both their selective adsorptive capacity, and consequently their 

specificity. Through careful consideration of the framework (cage vs. channel) 

the heterogeneous catalyst’s selectivity (shape-, regio-, chemo- and enantio-) in 

demanding catalytic transformations can be suitably tailored.7, 26, 27 

 However, the interconnecting micropores of the microporous molecular 

sieves are of a comparable size to the substrates involved in the catalytic 

reaction. Therefore diffusion can be restricted and hindered for larger organic 

molecules. This can have a detrimental effect of lower reaction rates, and 

consequently reduced versatility, for the range of substrates that can access 

the active sites. Hence, there was significant interest to develop molecular 

sieves with larger pores.28 Numerous large pore materials have been 

developed, for example AlPO-8,29 VPI-530,  cloverite31, M41S32, SBA-n33 and FSM-

n34 that possess pore diameters in the range of 8-200Å (Figure 6).  
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Figure 6 Synthetic microporous and mesoporous architectures with larger 

pores.  

 It was envisaged that these molecular sieves with larger pores (Figure 6) 

would overcome the issues associated with the traditional microporous 

zeotypes. The mesoporous molecular sieves attracted considerable attention 

due to their high surface areas (>1000m2g-1) and long range ordering. The 

purely siliceous M41S and SBA-n families are comparatively inactive in their 

non-doped form. They can be doped with active species through isomorphous 

substitution, deposition or grafting and have been shown to yield active 

catalysts. However, the resulting frameworks often consisted of mixed-metal 

ion coordination sites and terminal OH groups which resulted in reduced 

stability and activity of the materials;35 this has impeded their wide 

implementation within industry.  
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 Despite the vast range of subtle manipulation techniques to alter and 

optimise the catalytic activity of microporous and mesoporous molecular 

sieves, some fundamental shortcomings still exist. Microporous molecular 

sieves can suffer from poor mass-transfer, short life times, and limited 

substrate scope. In the 1990s, mesoporous materials were developed as an 

alternative to overcome the mass-transport and diffusion restraints that is 

prevalent in microporous catalysts. However, despite some successes in the 

functionalisation of bulky active sites, the overall stability and limitations in 

scope for a wider integration of transition metals restricted their industrial 

applicability. For example, tetrahedral Ti(IV) ions were incorporated into the 

framework of Ti-MCM-41 (mesopore aperture 30 Å), but the resulting material 

did not evoke the same catalytic potential of its microporous analogue, TS-1.36, 

37 Therefore hierarchically porous (HP) molecular sieves, which contain at least 

two scales of porosity (often micropores and mesopores), represent a fantastic 

comprise between the microporous and mesoporous zeotype materials. The 

concept of designed microporous catalysts possessing defined isolated active 

sites that can be suitably tailored at the atomic level, coupled with the added 

advantage of an auxiliary mesoporous network to facilitate diffusion, holds 

great potential in the engineering of novel single site heterogeneous catalysts 

(Figure 7). Early research has already highlighted the ability of the 

hierarchically porous catalysts to circumvent the diffusion limitations imposed 

by the conventional microporous frameworks.38, 39  
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Figure 7 A schematic of design strategy combining the optimal attributes of 

both microporous and mesoporous materials to generate a 

hierarchical porous catalyst. 

1.4 Beckmann Rearrangement: The Need for Improved 

Catalysts 

1.4.1 Significance of the Beckmann rearrangement to ε-caprolactam 

The ever-growing demand for clean and sustainable processes in industry 

has led to efforts to synthesise recyclable and sustainable polymers. There is a 

growing trend to replace polymers which are not amenable to recycling with 

ones that are; for example Nylon 6,6 with Nylon 6. The polyamide Nylon 6,6 

has a plethora of uses from electro-insulating elements to blankets owing to its 

high mechanical strength and good stability under heat. However, it is formed 

via a condensation reaction between diamines with dicarboxylic acids, which 

impedes its recyclability (Scheme 1). In stark contrast, the similar Nylon 6 

polyamide is far more amenable to recycling as it is formed via the ring 

opening of lactams (Scheme 1), thus resulting in Nylon 6 being the ‘green’ 

alternative to Nylon 6,6. 40 
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Scheme 1 The formation of Nylon 6,6 and Nylon 6 from their precursors. 

Owing to Nylon 6’s increasing popularity, the interest in the production of 

its precursor, ε-caprolactam, has grown. There are a number of routes to reach 

ε-caprolactam but none are ideal. All the routes are multistage processes that 

produce large quantities of by-products (Scheme 2). Therefore there is a lot of 

scope for improvement through the creation of novel catalysts.  

 

Scheme 2 Typical routes to ε-caprolactam from benzene. 

  The classical production of ε-caprolactam is based upon cyclohexanone 

oxime and consists of three main steps (Scheme 2): 

1. The synthesis of cyclohexanone (Scheme 2a’ or a’’, and b) 

2. The ammoxiation of cyclohexanone to cyclohexanone oxime with 

hydroxyl amine (Scheme 2c) 

3. The Beckmann rearrangement of the oxime to ε-caprolactam. (Scheme 

2d) 

This thesis focuses on the third step, the Beckmann rearrangement. 

Currently in industry the Raschig Process is commonly deployed to produce ε-
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caprolactam (Scheme 3) and produces a large excess of ammonium sulfate by 

product, between 1.3kg and 1.6kg per 1kg of ε-caprolactam produced.41 

Oleum, sulfuric acid, is utilised in almost stoichiometric amounts to effect the 

reaction and due to the strong interaction between the basic lactam and 

sulfuric acid a large amount of ammonia is necessary to liberate the product. 

Hence this results in a large excess of ammonium sulfate. This by-product is 

often utilised as a fertiliser but this is not always logistically feasible, and 

oleum and ammonia have a higher market value than ammonium sulfate. 

Therefore to try to find a more benign process research investigated the use of 

solid acid catalysts in the vapour phase to try to create a more sustainable 

process.  

 

Scheme 3 Traditional Raschig process to ε-caprolactam. 

1.4.2 Industrial Beckmann rearrangement catalyst: High silica ZSM-5 

The replacement of conventional homogeneous acid catalysts such as 

H2SO4 with heterogeneous analogues has received a lot of attention in the 

chemical industry for the development of environmentally sustainable 

production of fuels and essential chemicals. Thus there have been many 

attempts to replace the corrosive oleum in the traditional Beckmann process 

with solid acid catalysts. Research in the utilisation of silica containing 

heterogeneous catalysts was instigated in the 1940s when Dupont reported 

that ε-caprolactam could be produced from cyclohexanone oxime on SiO2 gel in 

the vapour phase.42 Since then the field has a lot of varied examples of solid 

acids being utilised in the Beckmann rearrangement with the high silica MFI 

catalytic process (Scheme 4) being arguably one of the more efficacious owing 

to its successful implementation in a commercial plant operating on 60000 

tons per year.43 
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Scheme 4 Beckmann process utilising high silica MFI zeolite catalysts to 

produce ε-caprolactam in the vapour phase. 43  

 The process in Scheme 4 utilises a highly siliceous MFI zeolite catalyst 

(Figure 8) to convert cyclohexanone oxime into the lactam, in the vapour 

phase,  with selectivity and conversion being at almost 100%.43 As the zeolite is 

a solid acid catalyst it means that there is no need for ammonia to liberate the 

product, so the process does not produce any undesired by-products and could 

have a theoretical atom economy of 100%.  

 Research has been fascinated with the strength, type and location of 

active site required for the Beckmann rearrangement. Conventionally, very 

strong sulfuric acid has been utilised to catalyse the Beckmann rearrangement. 

Therefore initially it was thought that this reaction would belong to strong acid 

chemistry, and consequently a stronger solid acid catalyst would result in 

better selectivity and activity for the Beckmann rearrangement of 

cyclohexanone oxime. Owing to the ability to carefully tune the acidity of 

zeolites it was possible to explore this hypothesis.  
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Figure 8 MFI framework. 

 Significant research effort has focused on finding the optimum acidity to 

fulfil the requirements of the Beckmann rearrangement. Despite earlier papers 

suggesting that the reaction does proceed via sites with medium and strong 

acid strengths,44 the current consensus indicates that minimal acidity is 

preferential. Instead of a high acidity being favoured it has been found that MFI 

zeolites with a higher Si/Al ratio (atomic ratios above 1000), with minimum 

acidity actually have the highest conversion and selectivity.43, 45-47 Temperature 

programmed desorption of ammonia indicated that when the Si to Al ratio 

exceeded 1000, the strong acidic sites were no longer present in the zeolite. 

This led to a more selective catalyst with longer life times as coke formation 

was decreased. Therefore it is believed that silanol sites are responsible for the 

high activity of the MFI catalyst in the vapour phase Beckmann rearrangement 

reaction (Figure 9). 

5.1 x 5.5 Å 

Si O 
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Figure 9 Silanol sites present in the high silica MFI catalyst that are active in 

the vapour phase Beckmann rearrangement.  

The active sites and mechanisms have been further investigated 

experimentally by utilising MAS NMR spectroscopy together with theoretical 

calculations.48-50 Marthala et al48 compared and contrasted the conversion of 15N 

cyclohexanone oxime  via 15N CP MAS NMR spectroscopy (Figure 10) over MFI 

catalysts, with very different Si/Al ratios in order to assess the relative 

significance of the Brønsted acid sites (found in H ZSM-5, Si/Al= 14) and silanol 

sites (in silicalite-1, Si/Al>1000). Both sites are active sites in the Beckmann 

rearrangement but they were found to follow slightly different reaction 

mechanisms (Scheme 5) as revealed via NMR spectroscopy.  

The first step in the rearrangement is either protonation of the oxime via 

the Brønsted acid sites (-160ppm) or the oxime is adsorbed onto the catalyst 

via the silanol sites (-46ppm). The protonated oxime then undergoes 1,2 H-

shift. The molecule undergoes the rearrangement with a loss of a water 

molecule to create a carbenium ion or the more stable nitrilium ion (-237ppm). 

The displaced water then hydrates the cation to the corresponding lactam (-

260ppm). The strength of the acidic site is incredibly important in this 

reaction; if it is too weak the reaction may not be catalysed, if too strong it can 

lead to stronger adsorption of the basic lactam product that can reduce the 

catalysts activity and lead to consecutive undesired reactions.  
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Figure 10 15N CP/MAS NMR spectra recorded at room temperature after 

conversion of 15N-cyclohexanone oxime over silicalite-1 (left) and H 

ZSM-5 (right). Colours refer to the intermediates and products 

discussed in Scheme 5. 48 

The stronger Brønsted acid sites in the H ZSM-5 lead to formation of the 

protonated lactam product (-347ppm), and this causes strong adsorption of 

the product on the catalyst surface. This can have the undesired effect of 

reducing the activity of the zeolite and enabling consecutive reactions, for 

example the formation of by-products and polymerisation products. These by-

products will decrease the catalysts selectivity for the desired lactam and even 

lead to the catalyst deactivation. Therefore, weak acid sites such as the silanol 

sites in silicalite-1 are considered the preferred active site for the Beckmann 

rearrangement.  



  Chapter 1 

21 

 

 

Scheme 5 Proposed mechanism for the Beckmann rearrangement over MFI 

zeolites, silicalite -1 (Si/Al >1000) and H ZSM-5 (Si/Al= 14).48 

 Although the high silica ZSM-5 MFI catalyst does exhibit extremely high 

selectivity and high conversions in the vapour phase Beckmann rearrangement, 

it does suffer from some limitations. When substrates (e.g. cyclooctanone 

oxime) were larger than the MFI micropore, the reaction did not proceed and 

no lactam was produced This was attributed to the active sites not being 

located on the external zeolite surface.43 Another problem with the high silica 

ZSM-5 catalyst is its poor life-time due to a combination of strong acid sites 

and poor mass transfer. Additionally the high operating temperatures of the 

vapour phase Beckmann rearrangement compromises the structural integrity of 

the ZSM-5 catalyst. These drawbacks in terms of life-time, substrate scope and 

catalyst stability means that research is still rife in this field, with scientists still 

determined to develop the optimal catalyst for the industrially significant 

Beckmann rearrangement.  
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1.4.3 Beckmann rearrangement and molecular sieves 

 

Figure 11 Viable acid sites for the Beckmann rearrangement in high silica 

zeolites, substituted zeolites, substituted AlPOs and mesoporous 

silicas.  

 It is now commonly accepted that the Beckmann catalyst must contain 

weak isolated Brønsted acid sites that are strong enough to facilitate the 

rearrangement but weak enough to enable facile desorption of the basic 

product (Figure 11). These preferential active sites can be found in zeolites as 

defect silanol sites (as seen with ZSM-5, (Figure 9)) or they can be engineered 

into zeolites and AlPOs through isomorphous substitution. As long as careful 

consideration is taken to ensure these sites are of the appropriate strength 

they will be active in the Beckmann rearrangement. 

 AlPOs can be designed to incorporate small amounts of dopant metal 

ions to create active sites for the Beckmann rearrangement.51 The isomorphous 

substitution with M (II) ions via a type I (e.g. Mg AlPO-5) or M (IV) via a type II 

(e.g. Si AlPO-5) pathway will result in a proton being bound to the AlPO to 

satisfy the charge imbalance (Figure 5). The strength of this acid site will 

depend on both the structure of the framework and the metal ion. By 

harnessing in situ FTIR spectroscopy the relative strength and quantity of the 
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acid sites can be assessed. Application of 2,6-dimethylpryride with FTIR 

spectroscopy has enabled the Brønsted sites to be observed owing to its high 

basicity and its low propensity to interact with Lewis acids. The stretch due to 

the VC8a is particularly insightful; direct observation of this stretch indicates 

acid strength. It was found that Mg AlPO-5 was the most acidic and Si AlPO-5 

had intermediate acidity as ascertained from the wavenumber of the 2,6-DMP 

stretch (1642 and 1648cm-1 respectively). In the Beckmann rearrangement it is 

necessary to have a Brønsted acid that is strong enough to protonate the 

oxime but is weak enough not to interact strongly with the solvent or product 

molecules leading to undesired secondary reactions and hence decreased 

selectivity and activity. Therefore Si AlPO-5 was shown to have the best activity 

in this reaction owing to its intermediate acidity (Figure 12).  

 

Figure 12 Comparison of the stronger acid Mg AlPO-5 and the weaker acid Si 

AlPO-5 in the vapour phase Beckmann rearrangement of 

cyclohexanone oxime.52 

 The AlPOs, and zeolites, typically have micropore sizes between 3-10Å. 

Therefore, it is likely that as the substrate becomes larger, it will have 

difficulties accessing the active sites within the microporous framework. It 

would, therefore, be expected that the conversion of the catalysts with bulkier 

substrates would be lower, as seen with H ZSM-5. 43 To overcome the issues of 
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diffusion mesoporous materials have been deployed in the Beckmann 

rearrangement.  

 

Figure 13 Effect of the density of silanol nests on the conversion of 

cyclohexanone oxime in the vapour phase Beckmann 

rearrangement.53 

 The design principles seen in the microporous systems can be applied 

to the mesoporous systems too, to create active catalysts for the Beckmann 

rearrangement. In the case of MCM-41, it was found that if the quantity of 

aluminium isomorphously substituted into the framework was increased, the 

conversion of the oxime was also enhanced (Figure 13 A). The nature of the 

active sites within the Al MCM-41 was investigated via FTIR spectroscopy. The 

band at 3590cm-1 was attributed to the silanol nests, and it was found that with 

increasing aluminium content in the MCM-41, the area of this peak became 

larger. Therefore it could be hypothesised that the silanol nests within MCM-

41are the active sites for this reaction. Isomorphously substituted aluminium 

promotes the formation of the active sites, silanol nests, and hence enhanced 

conversions are observed with increasing aluminium content. Thus this study 

highlights that it is possible to suitably tailor the catalyst to create an active 

catalyst for the reaction through careful consideration of active site 

requirements.  
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However, the activity of the mesoporous Al MCM-41 is considerably lower 

than seen with the industrial H ZSM-5. This could be attributed to the 

amorphous nature of MCM-41, the framework topology (channel vs. cage), the 

nature of the actives or most likely a combination of all three. There is still 

tremendous scope to improve upon the catalysts used with the Beckmann 

rearrangement. The microporous ZSM-5 is extremely active and selective, but 

suffers from poor lifetimes and reduced substrate scope; which is due in part 

to the restricted pores in the framework. Mesoporous silicas containing more 

accessible active sites are not as active as the microporous catalysts. 

Therefore, the concept of being able to combine the advantages of a 

microporous system (defined isolated active sites) with the advantages of a 

mesoporous system (more facile diffusion) is very attractive, and has 

blossomed into the exciting field of hierarchically porous (HP) catalysts. 

1.4.4  Hierarchically porous frameworks and the Beckmann 

rearrangement  

Over the last decade researchers have already highlighted and realised 

the potential of these hierarchical catalysts to circumvent the limitations 

imposed by the conventional microporous and mesoporous frameworks within 

acid catalysed reactions.39 HP silicalite-1 has been synthesised by using a PVA 

as a mesoporous template.54 This resulting catalyst retained the MFI framework 

and had enhanced surface areas and mesoporosity (Figure 14 A). The HP 

silicalite-1 showed significantly higher activity and selectivity than the 

microporous analogue (Figure 14 B). The acid sites of the catalysts were 

investigated via FTIR spectroscopy. The FTIR spectra indicated that the HP 

silicalite-1 had strong adsorption peaks assignable to H-bonding vicinal 

silanols (circa 3690cm-1) and silanol nests (3500cm-3400cm-1). It is well 

documented that silanol nests are one of the preferred active sites for the 

vapour phase Beckmann rearrangement. In contrast the conventional silicalite-

1 had low IR spectral intensities and there were no observable silanol nests. 

This indicates that the synthesis procedure of the HP silicalite-1 favoured the 

production of the active silanol nests. Therefore the high activity of the HP 

silicalite-1 could be attributed to the hierarchical porosity facilitating the mass 
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transport of reactants and products, the increased density of silanol nests or a 

combination of both. This study highlights the potential of new HP zeolites and 

zeotypes as enhanced catalysts for the Beckmann rearrangement.  

 

Figure 14 Comparison of HP Silicalite-1 and Silicalite-1 porosity (A) and efficacy 

in the vapour phase Beckmann rearrangement of cyclohexanone 

oxime to ε-caprolactam.54  

 Meticulous design of the active site, regardless of whether it is in a 

mesoporous, microporous or hierarchically porous framework, is crucial. This 

was exquisitely demonstrated by Ryoo et al.55 Ryoo synthesised a range of 

different frameworks; a MFI nanosheet (Figure 15 A), a conventional bulk MFI 

and a HP MFI catalyst utilising mesoporous carbon as a mesopore directing 

agent. Interestingly, the bulk MFI and HP MFI had very similar conversion of 

cyclohexanone oxime in the vapour phase Beckmann rearrangement, and 

equally poor selectivity of just 5% to the desired lactam (Figure 15 C). In 

contrast, the MFI nanosheet had enhanced catalytic properties; 77% conversion 

of the oxime and 92% selectivity to the lactam. FTIR spectroscopy was utilised 

to elucidate the nature of the active sites (Figure 15 B). The FTIR spectra of the 

MFI nanosheets revealed that this catalyst contained a large quantity of the 
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active silanol sites, whereas in the bulk MFI this peak was far less intense 

indicating a much lower quantity of the active sites. The MFI nanosheets were 

synthesised utilising an organosilane surfactant, therefore it is likely that the 

presence of this surfactant is responsible for the formation of the active sites 

(silanols) and hence the high activity of this catalyst. Whereas HP MFI and the 

conventional MFI have lower quantities of silanol sites and are far less active 

and selective in the Beckmann rearrangement. It could be envisaged that by 

using a similar organosilane surfactant, to the one used for the synthesis of 

the nanosheets, it may be possible to create a highly active hierarchically 

porous MFI catalyst for the Beckmann rearrangement.  

  Therefore, the issues associated with the mesoporous and microporous 

catalysts cannot simply be addressed by just synthesising a hierarchically 

porous catalyst. Instead, the nature of the active sites needs to be carefully 

considered. Meticulous design of both the active sites and the porous 

framework needs to be in place in order to synthesise a highly active and 

selective catalyst in the Beckmann rearrangement.  
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Figure 15 Zeolite MFI nanosheet (A) synthesised by utilising an organosilane 

structure directing surfactant. (B) FTIR spectra of hydroxyl region of 

MFI nanosheet and MFI bulk. (C) Comparison of catalytic activity of 

MFI nanosheets, MFI bulk and HP MFI (synthesised using a carbon 

template) in the vapour phase Beckmann.55  

1.4.5 Potential of hierarchically porous aluminophosphates in the 

Beckmann rearrangement 

  There are only a handful of examples detailing the use of hierarchically 

porous zeolites as catalysts in the Beckmann rearrangement, and no examples, 

prior to this thesis, of HP AlPOs as catalysts for this process. As discussed 

previously AlPOs are extremely compositionally versatile frameworks that have 

proven activities within the Beckmann rearrangement. Therefore, hierarchically 

porous analogues of these diverse frameworks would be excellent candidates 

for catalysts in the Beckmann rearrangement.  
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 HP AlPOs have already been reported in the literature as being active 

catalysts in a range of acid catalysed reactions (Table 3). Therefore, logically it 

should be possible to develop these catalysts further to contain the 

appropriate properties to be enhanced catalysts for the Beckmann 

rearrangement.  
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Table 3 Examples of HP AlPOs in acid catalysis. 

Catalyst Reaction HP Catalyst  

Yield (%) 

Microporous  

Catalyst Yield (%) 

Ref. 

HP SAPO-5 

containing CRI impurities  

66 17 56 

HP SAPO 11 

 

65 5 57 

HP SAPO-34 
 

100 50 58 

HP SAPO-5 

 

88 - 59 

HP Pt/ SAPO-11 
 

80 70 60-62 

HP Pt/SAPO-11 
 

84 44 63, 64 
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HP SAPO-34  45 8 65 

HP SAPO-34 

 

19 4 66 
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1.5 Thesis Outline 

  This thesis consists of 9 chapters. Beginning with this broad 

introduction (Chapter 1) about the area of research and the techniques 

(Chapter 2) used, then finishing with a summary (Chapter 9). The 7 chapters in 

between can be divided into three categories. Chapter 3 focuses on the design 

of hierarchically porous SAPOs for catalysis. Chapters 4-6 concentrate on 

isomorphous substitution within HP AlPOs to create highly active catalysts for 

the Beckmann rearrangement. Chapters 7-8 touch on using pendant silanol 

sites within mesopores to functionalise the HP catalysts with bulky functional 

groups for benign catalysis.  

  The use of amphiphilic surfactants to create mesoporous silicas is well 

established. Researchers have now applied these same principles to synthesise 

HP zeolites. However this technique is in its infancy with the synthesis of HP 

AlPOs. Chapter 3 introduces the design strategy to synthesise HP SAPOs with 

targeted functional groups for catalysis. Within this chapter the in-depth 

characterisation (FTIR spectroscopy, NMR spectroscopy, BET, XRD, TEM, SEM) of 

these materials is discussed in detail. It is believed that this design strategy 

could be applied to create highly active catalysts for a range of reactions.  

 Chapters 4 and 5 assess the HP SAPO-5 and HP SAPO-34 potential as 

acid catalysts in the vapour and liquid phase Beckmann rearrangement of a 

range of cyclic oximes. The catalysts were found to have enhanced properties 

compared to their microporous analogues and traditional mesoporous silicas.  

 The principles learnt from Chapters 3-5 in the design, synthesis and 

catalysis with HP SAPOs were applied to synthesising multi-metallic HP AlPO-5 

with transition metals isomorphously substituted into the framework. The 

multi-metallic nature of these catalysts resulted in additional acid sites being 

present in comparison to the HP SAPOs, thus highlighting the potential to 

create a range of active sites within the HP AlPO family. The HP Me AlPO-s 

catalytic abilities were assessed in the liquid phase Beckmann rearrangement 

of cyclohexanone oxime and cyclododecanone oxime.  



  Chapter 1 

33 

 

 Chapter 7 and Chapter 8 detail the future potential of these HP AlPOs 

through some preliminary results. As well as the benefits in acid-catalysts 

(Chapters 3-6), HP AlPOs can also be exploited in the immobilisation of bulky 

functional groups. Chapter 7 demonstrates that it is possible to anchor bulky 

organocatalysts onto mesoporous silicas via their pendant silanols to create 

highly active site isolated catalysts. Chapter 8 then goes on to establish that 

the same strategy from Chapter 7 can be applied to HP AlPOs. The HP AlPOs 

have pendant silanol sites that can be harnessed for the immobilisation of 

bulky functional groups. Chapter 8 demonstrates that the resulting hybrids can 

be active catalysts in the formation of carbonates from epoxides and CO2.  

 Chapter 9 reflects and summarises the results obtained and identifies 

the future potential of this work.  
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Chapter 2 Experimental Techniques 

  The primary aim of this thesis was to design and synthesise 

hierarchically porous aluminophosphate catalysts for the Beckmann 

rearrangement. In order to be able to achieve this it was necessary to use an 

array of techniques to elucidate the nature of the active sites and hence make 

structure-property correlations. Despite the wide range of characterisation 

techniques at our disposal, the challenge of unravelling the principles of the 

active site of the catalysts still remains. However, the constant improvement in 

characterisation techniques has led to the notion of being able to rationally 

design the materials with targeted active sites for a sustainable chemical 

reaction being considered achievable.  

  Therefore it is paramount that we are able to astutely characterise the 

catalysts by using a combination of techniques (see Table 4 for overview of 

techniques which are discussed in more detail within this chapter) in order to 

develop structure-property relationships. The development of strong structure-

property correlations is crucial to further our understanding of the 

heterogeneous catalyst and to enable the rational design of such material. 

 The catalytic efficacy of the framework depends upon the nature of the 

metal site incorporated (coordination environment, oxidation state) and the 

nature of the framework (pore dimension, pore volume, structure). There are 

five key processes within a heterogeneous catalytic reaction cycle (Figure 16). 

Steps 1 and 5 depend very much on the porosity of the zeotype, which can be 

investigated via physisorption analysis (BET and electron microscopy). In 

contrast steps 2, 3, 4 depend more on the nature of the active site, which can 

be investigated via chemisorption and spectroscopic techniques (UV-Vis 

spectroscopy, TPD, FTIR spectroscopy, FTIR- probe spectroscopy etc.). These 

techniques (Table 5) will be discussed in more detail within this chapter. 
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Table 4 Summary table detailing the information gathered from each 

characterisation technique used in this thesis.  

Technique Inference 

pXRD Phase purity and framework 

architecture of catalyst. 

BET Porosity and surface area of catalyst. 

SEM Surface morphology, structural 

features and particle size. 

TEM Particle size and porosity.  

EDS Elemental mapping. 

MAS NMR spectroscopy Coordination environment of Al, P and 

Si sites.  

ICP-OES Framework composition.  

FTIR spectroscopy Type of hydroxyl species present. 

FTIR-CO spectroscopy Type of hydroxyl species present as 

well as strength, type and quantity of 

acid sites.  

FTIR-Collidine spectroscopy Type of hydroxyl species present and 

acid strength. 

TPD-NH3 Strength and quantity of acid sites. 

UV-Vis spectroscopy Oxidation state and coordination 

number of transition metals.  

Catalysis: Beckmann rearrangement Catalysts efficacy in the Beckmann 

rearrangement and indirectly assess 

the nature of the acid sites.  
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Figure 16 Key process within a heterogeneous catalytic reaction cycle. 

2.1 Structural Characterisation 

2.1.1 Powder X-ray Diffraction (pXRD) 

  pXRD provides information on the long range ordering of the structures, 

and is used to confirm the purity and crystallinity of the structure made.  

  X-ray diffraction occurs when a monochromatic beam of X-rays interact 

with scattering centres (atomic electrons) that are separated by comparable 

distances to the wavelength of the X-ray. The impinging X-rays will scatter from 

atoms in the top layer, as well as scatter from the next layer, and so on. 

However, in order to observe the scattered X-ray the X-rays must be in phase, 

they must have constructive interference.  

  Scattering of X-rays from a crystalline solid can be demonstrated by 

considering the diffraction of the X-rays from points on a pair of lattice planes 

(Figure 17). Constructive interference will only occur if the extra distance 

(2dsinΘ) travelled by the photon from D is an integral number of wavelengths 

(nλ), and therefore it must satisfy the Bragg’s equation (Equation 1).  
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Figure 17 Derivation of Bragg's Law. 2 sin  =  

Equation 1 Bragg’s Equation, where n is an integer and λ is the X-ray  

wavelength 

  Within a powder sample there will be numerous crystallites that can 

fulfil the Bragg equation at a particular value of θ and λ, therefore a cone of 

diffracted X-radiation will be produced (Figure 18). The cone is comprised of 

dots with each dot representing a single crystallite. The position of the cone is 

then determined by using a diffractometer X-ray detector, which moves around 

the circumference and cuts through the cones at various diffraction maxima 

and the intensity is recorded as a function of the angle. This is often presented 

as a diffraction pattern. By indexing the diffraction pattern it is possible to 

determine phase purity as well as particle size (Equation 2) and unit cell 

parameters via Rietveld analysis, which is based upon an optimisation 

algorithm.  
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Figure 18 Production of diffraction cones. 

    =     

Equation 2  Scherrer’s equation to calculate the particle size via XRD data, 

where K is the shape factor of the system (typically 0.9 Å), λ is the 

wavelength of the X-ray source and FWHM is the width of the XRD 

peak at half the intensity.  

2.1.2 Nitrogen adsorption/desorption  

One of the most advantageous properties of molecular sieves is their high 

surface area and porosity. In many cases the pore size of the catalyst is 

meticulously designed to promote certain selectivity and reactivity. In order to 

characterise this textural property gas adsorption/desorption experiments can 

be performed. This technique can accurately determine the amount of gas 

adsorbed on a solid material at a given temperature and pressure, and yield 

information regarding the surface area, pore distribution and pore volume of 

the catalyst. Nitrogen is commonly used as an adsorbate at -196oC, and is the 

adsorbate used within this thesis.    
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2.1.2.1 Brunauer, Emmett and Teller (BET) model to determine surface 

area 

The BET isotherm is widely used to determine the surface area of 

zeotypes, it typically uses low-temperature nitrogen adsorption at -196oC. 

 

Figure 19 Schematic of the BET model.  

The BET model follows four key assumptions (Figure 19)67: 

1. Adsorption of the first adsorbate layer can occur on a range of surface 

sites which have equal energy 

2. Second layer adsorption can only occur on the first layer of adsorbates, 

and the third can only occur on the second layer of adsorbates and so 

on. Therefore when the pressure equals the saturation pressure an 

infinite layer of adsorbates should be present 

3. The rate of condensation and evaporation is equal at equilibrium for 

each layer 

4. The first adsorbed layer will have an enthalpy of adsorption that is equal 

to the Langmuir case; however the following adsorbed layers will have 

equilibrium constants that are equal. Hence this will lead to the BET 

equation: 

 ( − ) = 1 + ( − 1) ×  

Equation 3 BET equation where P is pressure, P0 is standard pressure, Vm is 

volume of gas required to form a monolayer, V is volume of gas 

adsorbed at pressure P, C is BET constant (related to energy of 

adsorption of first layer). 
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The plot of ( ) versus  should result in a straight line graph; 

inspection of the intercept on the y axis with the gradient (over the linear 

range (Equation 6)) will lead to values of Vm (Equation 4) and C (Equation 5) 

being solved and hence the total surface area can be calculated.  

= 1+  

Equation 4 Calculation of Vm where m is the gradient and i is the intercept of 

the BET equation (Equation 3). 

 

= 1 +   

Equation 5 Calculation of the BET constant.  

0.05 <   < 0.3 

Equation 6 The BET plot region of linearity, and therefore the surface area, of 

zeotypes is often restricted to the above. 

   =  ℎ    

Equation 7 Total surface area equation using BET theory. 

  It is important to note that BET theory is a very simplified model of 

physisorption. It does not recognise that adsorbents might interact with each 

other or that adsorption may occur in a random manner. It also assumes that 

adsorption occurs by multilayer formation and the number of adsorbed layers 

is infinite at the saturation pressure. 

2.1.2.2 Braunauer, Deming, Deming, Teller (BDDT) classification of 

isotherms 

The shape of the isotherm is also very relevant as it can indicate the nature 

of the porosity of the material. The BDTT isotherms (Figure 20) categorise the 

different type of isotherms that have been exhibited by real surfaces: 
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 Type I: The material exhibits Langmuir behaviour and hence the filling 

of the micropores within a solid such as a microporous zeolites and 

AlPOs. 

 Type II: The material has unrestricted adsorption of the adsorbate and 

therefore is indicative of a macroporous material or a solid surface.  

 Type III: This isotherm suggests weak adsorbate-adsorbant interactions. 

 Type IV: The hysteresis loop in this isotherm is indicative of mesoporous 

materials or hierarchically porous materials. The mesopores facilitate 

condensation and this results in the hysteresis loop.  

 Type V: This is an uncommon isotherm that is largely regarded as being 

difficult to interpret.  

 Type VI: Each step within this isotherm represents the completion of a 

layer of adsorbate on the surface of the material. This is often observed 

with noble gas adsorption on uniform solids. 

 

Figure 20 The BDDT classification of isotherms. 
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2.1.2.3 Barret-Joyner-Halenda (BJH) and Kelvin equation  

The classical BJH model is based upon the Kelvin equation and is used 

widely for calculations of the pore size diameter over the mesopore and 

macropore range.  

 

Figure 21 Illustration of the elements of the Kelvin equation, where rk is the 

Kelvin radius, rp is the pore radius and t is thickness.  

 In mesoporous and macroporous solids multilayer adsorption is 

possible. As such the adsorption of adsorbates into the pores will increase at 

partial pressures far beyond the microporous materials uptake. In mesoporous 

materials a sharp uptake of adsorbate can be observed owing to capillary 

condensation, resulting in a hysteresis being observed. The pressure at which 

this occurs is derived from the Kelvin equation (Figure 21 and Equation 8) and 

is related to the core radius; hence the pore size distribution can be calculated 

(Equation 9). This model is based upon the adsorbent being a collection of 

cylindrical pores and assumes a liquid vapour meniscus with well-defined 

surface tension (Figure 21).  

t t 2rk 

2rp 

Liquid 

Solid 

Vapour 
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= 2 cos  

Equation 8 Kelvin equation for the pressure drop across a liquid meniscus, 

where γ is the surface tension of nitrogen (the adsorbate), rK is the 

kelvin radius and V is the molar volume.   = +  

Equation 9 This equation accounts for the adsorbed layer (t) and results in 

the pore radius (rp) being calculated from the kelvin radius (rK).  

2.1.3 Electron Microscopy 

Electron microscopy essentially works upon the same principle of optical 

microscopy, but instead of harnessing light to image the sample, accelerated 

electrons are used. This leads to an image with far greater resolution as well as 

a lower depth of focus due to the wavelength of accelerated electrons being 

much lower (6pm) than light (600nm). The speed of the electron directly 

correlates to the electron wavelength (Equation 10); faster electrons result in a 

shorter wavelength and therefore a higher resolution of the image.   

= ℎ
 

Equation 10 de Broglie equation where h is Planck’s constant, and p is the 

relativistic momentum of the electron.  

This technique, therefore, can be used to reveal a level of complexity of 

the sample that is not possible by light microscopy; objects to the order of a 

few angstroms can be visualised. Within this thesis both scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) coupled with energy 

dispersive spectroscopy (EDS) have been used as tools to investigate the 

samples topology, porosity and composition.  



  Chapter 2 

 45 

  

2.1.3.1 Scanning Electron Microscopy (SEM) 

 In brief, an electron beam is scanned over the sample under vacuum and 

electrons or X-rays are emitted (Figure 22), which are detected and analysed in 

order to generate an image.  

Secondary electrons (SE) are most commonly detected with SEM; they are 

generated from the collision between incoming electrons and loosely bound 

outer electrons. They are low energy electrons; this is important as it enables 

the topology of the sample to be uncovered as only SE generated close to the 

surface reach the positively charged detector.  

Another form of detection is from back-scattered electrons (BSE). The 

incoming incident electrons can interact with the nucleus before being deflected 

out as high-energy electrons due to the elastic scattering. There are often less 

BSE than SE, and the quantity is proportional to the atomic number of the 

elements present. Therefore it can be used to distinguish between heavier and 

lighter nuclei; the heavier nuclei will appear brighter.  

  

Figure 22 Signals generated with SEM. 
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 SEM micrographs of the synthesised catalysts can be compared with 

literature dimensions and shapes to ensure that a phase pure, crystalline and 

uniform sample has been synthesized.  

2.1.3.2 Transmission Electron Microscopy (TEM) 

  In contrast to SEM that utilises scattered electrons, TEM relies upon 

transmitted electrons and therefore it can allude to porosity.  

  TEM accelerates a beam of monochromatic electrons through an 

electromagnetic field that focuses the beam at the sample. Some of the 

electrons will interact with the sample and scatter, others will not. Electrons 

that are unobstructed will pass though the sample and hit a fluorescent 

phosphor screen causing the emission of a photon resulting in a shadow 

image. The shadow image displays different parts of the sample in varying 

darkness according to the density; darker implies that the sample is denser as 

more electrons have been scattered and not reached the detector. Therefore 

TEM can be used to provide information of structure, texture, shape and size 

of the sample. In order for a sample to be visualised by TEM it has to be 

electron transparent and able to tolerate the vacuum chamber.  

2.1.3.3 Electron Dispersive Spectroscopy (EDS) 

EDS can be combined with SEM and TEM in order to investigate the 

elemental composition of the catalyst. When a sample is bombarded with a 

focused beam of electrons it will emit X-rays that are characteristic of the 

elements that are present. The emitted X-rays are formed when the incident 

energetic electrons cause the ejection of a core electron, as an outer electron 

relaxes into the vacancy in the core level an X-ray is emitted (Figure 23). The 

energy of the X-ray is specific to the difference in the energy between the two 

shells and therefore is specific to a particular element. EDS can reveal both the 

element present and its quantity in a particular area. It is important to note 

that this technique is surface sensitive (1-10nm), so it was used to gain an idea 

of the distribution of elements within the catalysts and not a definitive 

elemental composition (instead ICP was used for this, see page 50). 
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Figure 23 Schematic describing the theory behind EDS. A core electron is 

emitted after bombardment with a high-energy electron beam; this 

causes a valence electron to relax into the hole emitting an X-ray, 

which is characteristic of the element. 

2.1.4 Magic Angle Spinning Nuclear Magnetic Resonance (MAS- NMR) 

spectroscopy 

  MAS- NMR spectroscopy was used to gain information on the local 

environments of the T sites (tetrahedral TO4 sites) within the catalysts. One of 

the advantages of MAS-NMR spectroscopy over techniques such as pXRD is that 

the sample does not have to be crystalline to be observed. Therefore 

amorphous regions such as extra framework alumina or silica can be observed 

via MAS-NMR spectroscopy that typically can be more difficult to observe.  

MAS-NMR spectroscopy essentially follows the same principles as 

traditional solution NMR spectroscopy. It can be used to investigate nuclei that 

have nuclear angular momentum spin quantum number, I, greater than zero. If 

I=0 then the nucleus has no spin, thus no magnetic moment and hence no 

NMR properties. When the nuclei with I>0 is placed in a magnetic field, B0, this 
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causes the nucleus to no longer be degenerate, and hence it adopts a defined 

number of possible orientations (2I+1, where I is the spin quantum number) 

that obey the selection rule Δm=+/- 1 (m= spin state of the nucleus) (Figure 

24). The lowest energy level will be the most highly populated. Commonly 

electromagnetic radiation in the range 200-900MHz is applied in order to 

increase the difference in energy between the two states, and hence the 

sensitivity of the instrument (stronger electromagnetic radiation will result in 

higher sensitivity).  

 

Figure 24 A nucleus with spin l>0 in a magnetic field (B>0) will have 2l+1 

(labelled ml) orientations have different energies.68 

  The frequency of a NMR transition depends on the local environment of 

the nuclei (Table 5), therefore it can be considered characteristic of a particular 

environment. The frequency is reported with respect to a standard spectra 

collected from different instruments can be compared. The frequency of the 

NMR transition is therefore expressed as a chemical shift, δ. 

= − × 10  

Equation 11 The chemical shift, δ, is the difference between the resonance 

frequency of a nucleus, ν, and that of a reference compound, ν0.  
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Table 5 Chemical shifts and their corresponding environments within 

aluminophosphates. 

Nucleus Local Environment Chemical Shift (ppm) 

27Al Tetrahedral Al 

Octahedral Al 

Pentahedral Al 

55 

0 

30 

31P P(OAl)4 -27 

29Si Si(OAl)4 

Si(OAl)3(OSi) 

Si(OAl)2(OSi) 

Si(OAl)(OSi)3 

Si(OSi)4 

-90 

-96 

-100 

-105 

-110 

  Unfortunately the NMR spectra of solids do not show the same high 

resolution of solution NMR spectroscopy. This is due to the static nature of the 

nuclei within the solids. In solution the molecules are moving and tumbling, 

hence anisotropic interactions are cancelled. Whereas in solids the nuclei are 

static and all possible orientations are present leading to a broadening of the 

signal being observed, often more than 10kHz wide. In order to remove this 

broadening effect the samples are spun at a magic angle (54.7o) at high speeds 

(10-25kHz). At this magic angle the chemical shift anisotropy becomes zero, as 

it is proportional to 1-3cos2Θ. The simple angle adjustments enable the 

observation of high-resolution NMR spectroscopy and the environments of 

various atoms in molecular sieves can be distinguished (Table 5).  

However in some cases it may be necessary to enhance the resolution 

further by using techniques such as cross-polarisation (CP) if the nuclei of 

interest are in low abundance. If there are protons present in the sample it is 

possible to apply the electromagnetic radiation to the protons that will then 
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transfer it to the nucleus of interest. This is due to the tendency of 

magnetisation to flow from highly polarised nuclei to nuclei with lower 

polarisations when the two are in contact. This is very beneficial as it improves 

the signal to noise ratio owing to the polarisation transfer and shortening of 

pulse delays as proton relaxation is generally faster. Although it should be 

noted that cross polarisation NMR spectroscopy is only qualitative and it is also 

selective, it will only lead to signal enhancement where protons are present. 

1D MAS-NMR spectroscopy can provide detailed information on the 

coordination environment of the T atoms within AlPOs (Table 5). However, it is 

unable to elucidate atom-atom connectivities, and this can be crucial in 

deriving structural information. 2D MAS-NMR spectroscopy, in which 

magnetisation is transferred from one set of nuclei to another, can enable the 

connectivities in zeotypes to be established, and hence provide additional 

information regarding the frameworks structure.  

2.1.5 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) 

  The molecular sieve catalysts within this thesis have been doped with 

small quantities of active sites (metals) and it is primarily those active sites that 

participate in the reaction. Small quantities are deliberately used in order to try 

to create site-isolated sites. Therefore, in order to be able to compare catalysts, 

it is important to be able to calculate turnover numbers and frequencies that 

account for different levels of doping. Hence it is necessary to know the 

quantities of the active metals/sites within the framework, as the quantity put 

into the synthesis gel may not match the quantity that is incorporated into the 

framework. EDS can provide insights into the elemental make-up of the 

catalysts but it is a surface specific technique; so ICP is commonly preferred to 

quantify the elemental composition of the bulk catalyst.  

 In most analyses using ICP the sample is introduced as a liquid, 

therefore one of the key steps in ICP is properly digesting the sample. In order 

to digest AlPOs concentrated acids HNO3/H2SO4, and sometimes even HF, has to 

be used. This liquid is sprayed into the centre of the high temperature plasma, 

8000K, as an aerosol (Figure 25). The atoms within the aerosol are excited, 
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when the atoms relax to a low energy position they emit photons. The 

wavelengths of the photons are element specific, and can be separated and 

measured in a spectrometer allowing both a quantitative and qualitative 

analysis. Hence, both element identification and concentration can be 

determined.  

 

Figure 25 Schematic of ICP-OES.  

2.2 Acid Characterisation 

Zeolites and the similar zeotypes are predominately utilised as solid acid 

catalysts within the chemical industry (see Table 2 on page 7). This high level 

interest has led to the development and establishment of a plethora of 

characterisation techniques to investigate the acid sites within the catalysts. 

FTIR spectroscopy and TPD are all routinely used in order to investigate the 

acidity of the catalysts, and these techniques have been used within this thesis 

to elucidate the nature of the hierarchically porous Me-AlPOs active sites.  

2.2.1 In situ Fourier Transform- Infrared (FTIR) spectroscopy  

  IR spectroscopy is routinely used, with and without probe molecules, to 

determine the types, strength and quantity of acid sites within the catalyst. 
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  IR spectroscopy involves radiating a sample with radiation from the IR 

region (4000-400cm-1). This causes an excitation of the vibrations (either 

stretching or bending modes) of a covalent bond within the sample. A vibrational 

mode is only observable via FTIR spectroscopy if it is associated with a change 

in dipole moment.   

The energy of the transition can be found by using the Schrödinger 

equation. 

= + 12 ħ  

Equation 12 Schrödinger equation for a harmonic oscillator, where: =  

and = . 

The vibration frequency is dependent on the masses of the two atoms on 

either end of the bond (Figure 26) and the force constant of the bond (k). The 

frequency, ω, will be high when the bond is stiff (large k) and when the 

effective mass of the oscillator is low. Therefore the frequencies of the 

vibrations can be considered characteristic of particular functional groups and 

can aid the characterisation of materials. Usually this frequency is converted to 

wavenumbers, and the FTIR spectra will plot the absorption at a given 

wavenumber. It is important to note that only the vibrations that change the 

dipole moment of a molecule are IR active.  

  

Figure 26 Schematic illustrating Hooke's Law where a molecule can be described 

as two masses connected by a spring 

  FTIR spectroscopy is commonly used to detect the O-H sites within the 

acidic AlPOs and the positions of these sites can give qualitative information 

regarding the acid-site strength. It can also be coupled with probe molecules, 

for example the weakly basic CO, in order to gain detailed quantities information 
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regarding the strength and types of acid sites present. When CO interacts with 

the acid site it will perturb the OH stretch as well as the CO stretch, and hence 

their absorption will be shifted. By evaluating this shift of the OH stretches 

(typically between 3700 and 3400 cm-1) it is possible to assess the relative 

strength of the acid sites (Table 6). Once adsorbed onto the catalyst the CO 

stretches can be found around 2100cm-1, and the precise positioning of these 

stretches can give rise to information concerning the type of acid sites present. 

CO bound to Brønsted acid sites are typically seen at 2170cm-1, whereas CO 

bound to Lewis acid sites are observed around 2230cm-1.52, 69 While CO FTIR 

spectroscopy experiments yields significant insights into the nature of the active 

sites, it is rare that the substrate molecules are as small as CO. Therefore larger 

probes for example, collidine and lutidine, can be used to complement the data 

acquired via CO-FTIR spectroscopy experiments and can be used to investigate 

the location of the acid sites too. 
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Table 6 Position of maxima of the OH stretching frequency of the Brønsted sites (νOH (cm-1)) and their shifts (ΔνOH) upon CO 

adsorption (νOH-CO (cm-1)) in zeotypes.  

Catalyst νOH (cm-1) νOH-CO (cm-1) ΔνOH Ref

SAPO-5 OHA (Bridged hydroxyls, Si(OH)-Al, in 12-ring channels)) 

OHB (Bridged hydroxyls in 6-ring channels) 

3630 

3513 

3370 

- 

260 

- 

70 

AlPO-18 OHA (P-OH lattice defects) 3680 Not recorded Not recorded 71 

Co AlPO-18 (calcined) OHA (P-OH lattice defects) 3680 Not recorded Not recorded 71 

Co AlPO-18 (reduced) OHA (P-OH lattice defects) 

OHB (Bridged hydroxyls) 

3680 

3571 

Not recorded Not recorded 71 

SAPO-34 OHA (P-OH lattice defects) 

OHB (Bridged hydroxyls) 

OHC (Bridged hydroxyls) 

OHD (Bridged hydroxyls) 

3678 

3630 

3610 

3600 

- 

3350 

3280 

3430 

- 

280 

330 

170 

70 

SAPO-37 OHA (Bridged hydroxyls) 3648 3342 305 72 
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Ti SAPO-37 OHA (Bridged hydroxyls) 3647 337 310 72 

SAPO-41 OHA  (Bridged hydroxyls) 3631 3370 261 72 

H-Beta OHA (Silanols) 

OHB (Bridged hydroxyls) 

3737 

3615 

3655 

3310 

82 

305 

73 

H-MOR OHA (Silanols) 

OHB (Bridged hydroxyls) 

3746 

3609 

3660 

3315 

86 

294 

69 

H-Y OHA (Silanols) 

OHB (Bridged hydroxyls in super cages) 

OHC (Bridged hydroxyls in sodalite cages) 

3748 

3648 

3543 

3748 

3373 

3543 

0 

275 

0 

74 

H ZSM-5 OHA  (silanols) 

OHB (Bridged hydroxyls) 

OHC (H-bonded silanol nests) 

3700-3750

3610 

3500 

3576-3639 

3302 

3417 

124-111 

308 

83 

75 
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2.2.2 Temperature Programme Desorption (TPD) 

   The desorption of an adsorbate from the surface of the catalysts can 

provide essential information regarding the strength of the interactions 

between the surface and the adsorbed molecules, and hence can indicate 

relative acid strength if a base is used as a probe. In TPD the desorption of a 

probe molecule (for example ammonia) is measured as the temperature is 

increased. As the temperature rises the thermal energy available will become 

sufficient to break the surface bonds and desorption will be observed. If a 

higher temperature is required to permit the desorption this indicates that a 

stronger bond is present. If multiple desorption peaks are present this 

indicates the presence of more than one distinct binding site with differing 

activation energies for desorption or due to coverage dependent interactions 

between adsorbates. All desorbed molecules are monitored and analysed by a 

thermal conductivity detector. The signal is proportional to the quantity of 

molecules desorbed as thermal energy overcomes binding energy. The 

quantities desorbed at the individual temperatures provide information about 

the distribution and strength of acid sites (see Table 7 for examples of TPD-

NH3 data). 
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Table 7 Comparison of TPD-NH3 data of a range of zeotypes.  

Catalyst NH3 TPD 

 

Ref 

Quantity of NH3 (mmol g-1) Tmax (oC) 

SAPO-5 0.24 200 76 

Co AlPO-5 0.16 265 76 

SAPO-11 0.23 225 76 

Co AlPO-11 0.14 285 76 

SAPO-37 0.93 340 72 

SAPO-41 0.23 313 72 

H ZSM-5 Not recorded 260 77 

MCM-41 Not recorded 180 78 

2.3 Redox Characterisation 

2.3.1 Ultra-Violet Visible (UV-Vis) spectroscopy 

  Transition metal substituted AlPOs have been widely researched due to 

their catalytic properties in oxidising organic molecules. The dopant transition 

metals are only present in very small quantities, typically less than 10% (larger 

quantities compromise the crystallinity and the phase purity), which means 

that X-ray diffraction techniques are not able to provide adequate information 

to ascertain the local structure of the heteroatom. Instead UV-Vis spectroscopy 

has been used extensively to determine the oxidation state of redox ions in 

both as-synthesised and activated states. 
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  Diffuse reflectance (DR) UV-Vis spectroscopy is a useful tool in 

ascertaining the redox capabilities of the transition metals substituted into the 

framework as well as their coordination environments. UV-Vis spectroscopy is 

the observation of the absorption of visible and ultraviolet electromagnetic 

radiation by a molecule/material that corresponds to the energy of a transition 

between electronic energy levels (Figure 27). There can be d-d electron 

transfers as well as ligand to metal and metal to ligand charge transfer (LMCT 

and MLCT respectively). In order for charge transfers to occur certain selection 

rules must be satisfied. The spin selection rule states that a spin allowed 

transition does not change the multiplicity, and the Laporte selection rule 

stipulates that the only allowed transitions in a centrosymmetric molecule are 

those accompanied by a change in parity (this rule is irrelevant in tetrahedral 

complexes). The presence of certain bands at characteristic frequencies can 

provide evidence of the incorporation of transition metals into the framework. 

 

Figure 27 Schematic of a d-d transition of tetrahedral Co(II).  

  UV-Vis spectroscopy can be used to facilitate the understanding of the 

isomorphous substitution of heteroatoms into the aluminophosphates 

framework. Paterson et al79 utilised DR UV-Vis spectroscopy to reveal that the 

inclusion of two metals in the AlPO-5 framework can aid the isomorphous 

substitution of the metals to provide isolated tetrahedral sites79 and hence 

improved catalytic activity. Bimetallic Co (III) Ti (IV) AlPO-5 was found to have a 

pronounced band at 230nm in DR UV-Vis spectra which was assigned to 

isolated tetrahedral Ti(IV) LMCT transitions, whereas in the monometallic Ti(IV) 

this band is shifted to a higher wavelength indicating the presence of 

undesired TiO2 clusters or octahedral Ti centres in the AlPO. It is believed that 

the oxophilic Ti(IV) centre is likely to bind to the oxidant and activate it; it can 
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only do this effectively if it able to expand its coordination sphere. Due to the 

monometallic Ti AlPO-5 having a larger proportion of octahedral titanium 

centres it means it is a less effective catalyst, as it cannot expand its 

coordination sphere like the tetrahedral Ti in bimetallic Co Ti AlPO-5. Therefore 

the evidence from the DR UV-Vis spectroscopy coupled with the catalytic data 

facilitated the understanding that support-metal synergy, which had enabled 

the effective incorporation of the titanium metal into the framework, led to 

enhancements in activity (see Table 8 for more literature examples of cobalt 

and titanium substituted zeotypes DR UV-Vis spectroscopy).  

 

Figure 28 (A) Comparative DR UV-Vis spectra for CoTiAlPO-5, Ti AlPO-5 and Ti-

MCM-41. (B) Comparative catalytic data for the epoxidation of olefins 

with APB.79 
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Table 8 DR UV-Vis spectroscopy data from literature of cobalt and titanium substituted zeotypes.  

Catalyst Wavenumber (nm) Inference Ref

Reduced Co AlPO-5 648, 581, 515 d-d transitions of Co(II) in Td coordination 80 

Calcined Co Ti AlPO-5 659, 592, 530 d-d transitions of Co(II) ions in Td coordination 79 

250-500 (broad) LMCT transitions between oxygen ligands and the tetrahedral Co (III) sites 

Reduced Co Ti AlPO-5 659, 592, 530 d-d transitions of Co(II) in Td coordination 79 

230 Isolated tetrahedral Ti(IV) LMCT transitions 

Calcined Ti AlPO-5 230-300 (broad) Octahedral and tetrahedral Ti(IV) sites LMCT transitions 79 

Ti MCM-41 213 Purely isolated tetrahedral Ti(IV) LMCT transitions 79 

TS-1 215 Purely isolated tetrahedral Ti(IV) LMCT transitions 81 
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2.3.2 Defining a catalyst: Catalytic terminology 

 To quantify the effectiveness of catalysts a number of mathematically 

derived definitions have been formulated (see Table 9). 

Table 9 Catalytic terminology.  

Term Equation 

Conversion [ ] − [ ][ ] × 100% 

Selectivity [ ][ ] − [ ] × 100% 

Yield ×100%  

E factor ( )( ) 
Atom Economy × 100% 

Turnover Number   
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Chapter 3 Design and Synthesis of 

Hierarchically Porous SAPOs for Acid 

Catalysis 
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3.1 Introduction 

3.1.1 Synthetic strategies to hierarchically porous catalysts 

Since the advent of microporous zeolites as industrially viable acid 

catalysts, researchers have been inspired to expand beyond the traditional 

aluminosilicates and create other successful molecular sieves; for example the 

compositionally and structurally diverse microporous AlPOs and SAPOs.25, 29, 82 

Over the last decade it has been shown that it is possible to elucidate the 

nature of the active sites at the molecular level and to use this knowledge to 

predictively design active sites within porous materials for catalysis. It is 

possible to modulate the strength of the acid sites within these zeolites, and 

other related zeotype materials, by adroit consideration of the framework type, 

dopant metal and post synthetic treatments. This tailor-ability of the nature of 

the active sites and their high stabilities has led to zeolites being widely 

implemented within industry. They represent 40% of heterogeneous industrial 

catalysts (see Table 2),83 and as such there are specific zeotypes which are 

highly effective at cracking reactions (the highly acidic USY) and zeolites which 

are more effective in reactions that require weaker acid sites: e.g. H ZSM-5 in 

the Beckmann rearrangement.  

  However, the zeotypes’ microporous nature can lead to difficulties in 

diffusion that result in deactivation of the catalyst, reduced substrate scope 

and reduced versatility of functionality of the catalyst. In the early 1990s 

mesoporous materials were developed, and it was hoped that they would 

overcome the diffusion limitations of the microporous materials. These 

mesoporous materials did have success as scaffolds for the immobilisation of 

larger functional groups. However, they did not fulfil their destiny and are yet 

to be applied within industry owing to difficulties in stability and design of 

active sites.  

  Recently it was envisaged that by coupling a microporous zeolite with an 

auxiliary mesoporous network, thus creating a hierarchically porous molecular 

sieve, it would be possible to merge the advantages of both the microporous 

catalysts (design, stability) and the mesoporous materials (substrate and active 
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site versatility). Indeed these materials have been shown to be very successful 

so far; they can exhibit increased substrate scope and lifetimes compared to 

the microporous analogues and as such have been recognised as having 

industrial potential.  

Hierarchical molecular sieves offer a compromise to the established 

microporous and mesoporous systems; they hold the potential to combine the 

high selectivity, high stability and metal substitution seen in conventional 

molecular sieves with high pore volumes and large surface areas for improved 

diffusion of molecules through the framework. Over the last few years there 

has been a range of synthetic approaches to the creation of a second length of 

porosity in the framework (Figure 29, Figure 30, Figure 31 and Figure 32)38, 84 : 

1. Dual templating 

   a) Soft templating 

This strategy utilises amphiphilic surfactant molecules to self-organise into a 

supramolecular micelle that functions as a mesopore structure-directing agent 

(Figure 29). It is a very versatile technique, size of mesopores can be controlled 

via surfactant choice and synthetic parameters.85 Both the microporous SDA 

and mesoporous SDA are removed via thermal calcination. Owing to the 

versatility of this technique, it has been used for the synthesis of hierarchically 

porous SAPOs and AlPOs (e.g. HP SAPO-559  HP Me AlPO-586, 87, HP SAPO-3458, 65, 66, 

88) with various soft templates (Scheme 6) (Tetradecylphosphonic acid, TDPA60, 

cetrimonium bromide, CTAB61, Dimethyloxtadecyl[3-

(trimethoxysilyl)propyl]ammonium chloride, TPOAC/DMOD5889). 
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Figure 29 Soft-templating synthetic strategy to yield hierarchically porous 

zeotypes.  

 

Scheme 6 Amphiphilic surfactants used in the synthesis of hierarchically 

porous SAPOs.  

   b) Hard templating 

This process is a dual templating technique that utilises preformed templates 

to produce hierarchical structures with high crystallinity and uniform 

mesoporosity (Figure 30). Nanoporous materials or non-porous nano-

beads/nano-fibres can be used as templates; they are commonly carbon which 

enables facile removal via thermal calcination.89, 90 This strategy permits the 

size, shape and connectivity of the mesoporous system within the microporous 

zeotype to be tailored by adroit choice of carbon source.91 Advantageously the 

composition of the hierarchically porous zeotype can be varied 

independently.92 This technique has been used to afford a number of HP AlPOs, 

for example HP SAPO-1163, HP Co AlPO-590 and HP SAPO-34.89 
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Figure 30 Hard templating strategy to afford hierarchically porous catalysts. 

2. Post Synthetic Demetallation 

Within this strategy preformed zeolite crystals are chemically eroded to remove 

T-sites from the framework via acid and/or base treatments (Figure 31). When 

delicately done this should result in randomly distributed mesopores. This 

approach will alter the acidic properties of the catalyst, which in some cases 

can be advantageous. The vast potential of this technique to generate HP 

zeolites has been heavily reported with very few reports concerning the post 

synthetic design of hierarchically porous SAPOs.57  However, Pérez-Ramírez and 

co workers57  have demonstrated that it is possible to leach the framework to 

generate mesopores whilst preserving the microporous framework to create 

hierarchically porous analogues of  SAPO-5, SAPO 11 and SAPO-34 by using a 

variety of base and acid treatments. 
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Figure 31 Post synthetic demetallation methodology to synthesise HP 

zeotypes.  

3. Core shell 

This is a layer-by-layer approach utilises a porous solid core and coats it with 

another porous phase (Figure 32). The shell can modulate the properties of the 

core making them more amenable to catalysis. The shell can also provide a 

scaffold for constructing other catalytic sites or it can offer protection 

increasing the lifetime of an unstable catalyst.  

 

Figure 32 Core shell technique to afford hierarchically porous catalysts.  

3.1.2 Amphiphilic organosilane directed synthesis of hierarchically 

porous silicoaluminophosphates  

The soft templating strategy with amphiphilic organosilane surfactants 

has been proven to be an extremely versatile technique to afford hierarchically 

porous zeolites and more recently SAPOs. Therefore, owing to the vast 
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potential of this technique, amphiphilic organosilanes were chosen to direct 

the formation of mesopores within the hierarchically porous SAPOs in this 

thesis.  

This technique rose to provenance after Ryoo85 reported that it is possible 

to tailor the pore size of the hierarchically porous zeolite by carefully tailoring 

the chain length and synthesis conditions (Figure 33). The hierarchically 

porous MFI zeolites in the study were all shown to be crystalline zeolites with 

strong acidity, and therefore interesting materials for catalytic applications 

involving large molecules particularly seeing as the pore size can be carefully 

engineered for a specific reaction. This method was demonstrated to be very 

versatile and it was extended successfully to the diverse SAPO and AlPO 

frameworks (Figure 34).93  

 

Figure 33 Hierarchically porous MFI zeolite with tuneable mesopore diameters. 

(A) N2 adsorption isotherms and (B) the corresponding pore size 

distribution using organosilanes with different chain lengths 

([(CH3O)3SiC3H6N(CH3)2CnH2n+1]Cl via hydrothermal reaction for 5 days 



  Chapter 3 

 70 

  

at 130oC n=12 (sample 1), 16 (sample 2), 18 (for sample 3) and 

sample 4 was synthesised for 2 days at 170oC with n=16.85  

It was hypothesised that the organic tail of the surfactant directs the 

mesoporous structure while the silica moiety is incorporated into the 

aluminophosphates framework owing to the propensity of silicon to form Si-O-

Al linkages. Therefore, this resulted in an increase of acidity of HP AlPO-5 

compared to microporous AlPO-5, owing to the silicon being substituted into 

the framework. This result demonstrated to the scientific community that it is 

possible to generalise the amphiphilic organosilanes strategy to synthesise a 

range of hierarchically porous zeotypes, and as such it inspired researchers to 

use this strategy in order to afford new and improved catalysts.  

 

Figure 34 (A) XRD patterns, (B) argon adsorption isotherms (isotherms for 

AlPO-5 and HP AlPO-5 are vertically offset by 150ml g-1) and (C) TPD-

NH3 spectra of the microporous and HP AlPOs. 93 

In order to catalyse a reaction utilising a porous catalyst it is paramount 

that the active sites are accessible to the substrate, when trying to alkylate 

bulky molecules this can be a concern. To improve diffusion of bulky 

molecules to the active site hierarchically porous SAPO-5 was synthesised for 

the alkylation of benzene with benzyl alcohol.56 The HP SAPO-5 was synthesised 

by using cyclohexylamine as a micropore directing agent and a silicon 

containing soft template, TPHAC, for the generation of mesopores. There was 
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limited characterisation data of the active site presented. TPD-TGA of n-

propylamine indicated that both the microporous and hierarchical catalysts had 

the same strength acidity. However, despite the similar acidity, the hierarchical 

catalyst’s activity was three times greater than the microporous catalyst’s. The 

significant difference in activity could indicate that the mesopores were key in 

the reaction, seeing as the HP and microporous catalysts had the same 

strength acidity. However, it is important to note that via pXRD the presence of 

the undesired dense phase was observed in the hierarchical sample that was 

not present in the microporous analogue. 29Si MAS NMR spectroscopy and EDX 

spectroscopy additionally indicated that the hierarchical samples contained an 

additional undesired amorphous phase. With this is mind the authors 

compared the HP catalysts activity to amorphous silica-alumina (ASA) and the 

results were very similar to the hierarchical SAPO-5. It is uncommon for a 

catalysts activity to be compared to an amorphous analogue, and it is 

incredibly difficult to characterise the amorphous phase. Therefore the 

enhanced activity seen with the hierarchical system could be due to the 

auxiliary mesoporous network or due to the presence of the amorphous phase. 

However further work is required from a synthetic standpoint in order to 

understand the nature of the acid sites at a molecular level for which phase-

pure materials with well-ordered mesopores are a pre-requisite.  
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Figure 35 pXRD pattern of simulated AFI, microporous SAPO-5 and HP SAPO-5; 

arrow depicts dense phase AlPO (A). Schematic of HP SAPO-5 (B). 

Comparison of catalysis utilising hierarchical SAPO molecular sieve, 

microporous SAPO-5 and amorphous silica (ASA) (C).56 
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Figure 36 Pore size distribution curves of conventional microporous SAPO-34 

(SM) and hierarchically porous SAPO-34 (SH1 and SH2) catalysts (A). NH3-

TPD profiles (B). Comparisons of methanol conversion over time with 

conventional microporous SAPO-34 (SM) and hierarchically porous 

SAPO-34 (SH1 and SH2) catalysts (C),58 

Yu et al58 deployed an organosilane surfactant, DMOD (Scheme 6), to 

synthesise hierarchically porous SAPO-34 in order to create an improved 

catalyst with enhanced lifetimes in the MTO reactions compared to the 

microporous analogue (Figure 36). The resulting HP SAPO-34 had very different 

properties to the microporous catalyst. HP SAPO-34 had lower acidity, reduced 

nanocrystallite size and enhanced porosity compared to the microporous 

analogue. The combination of these properties resulted in the HP catalyst 

having enhanced lifetimes (four times prolonged catalytic life time). This work 
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highlighted the vast potential of the organosilane surfactant approach to 

prepare hierarchically porous SAPOs with improved catalytic properties. 

However, the strategy that the authors have presented may not be ideal 

in all cases as for some reactions the same acidity/ properties of the 

microporous catalyst may be desired in the HP analogue. Additionally the 

mesopores are poorly defined via the pore size distribution curves; ideally a 

defined mesopore size would lead to stronger structure-property correlations 

to be established. Therefore, despite the impressive enhancements made with 

the HP catalysts in comparison to the microporous in the MTO reaction there is 

still scope to improve upon the synthesis of these materials further in order to 

create an enhanced HP catalyst that mimics the properties of a microporous 

catalyst with the added benefit of an auxiliary mesoporous network.  

3.2 Chapter Aims 

  Early research has highlighted the ability of the hierarchical systems to 

circumvent the diffusion limitations imposed by the traditionally microporous 

frameworks. By employing a dual templating technique with an amphiphilic 

organosilane surfactant it has been shown that it is possible to create 

mesopores with a SAPO framework. However in some cases an amorphous 

phase has been created during the synthesis (Figure 35) and the acidity of the 

material does not mimic the microporous framework (Figure 36), hence there 

are opportunities to tailor this strategy further.  

  By employing a dual templating technique and combining design 

principles learnt from the microporous and mesoporous molecular sieves, one 

could envisage creating the same active site with the same metal coordination, 

geometry and oxidation state coupled with a reduced induction period and 

longer lifetime owing to the mesopores. Therefore this chapter will focus on 

the design, synthesis and full characterisation of the HP SAPOs with the aim of 

creating improved catalysts for the Beckmann rearrangement (see Chapter 4 

and Chapter 5). 
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3.3 Results and Discussion 

3.3.1 Design strategy 

The HP SAPOs were designed to be catalysts in the acid catalysed 

Beckmann rearrangement (see Chapter 4 and Chapter 5). Therefore, before any 

efforts of synthesis were attempted, it was imperative to consider the type of 

active sites desired in the catalyst. It is well documented that both silanol 

nests43 and weak Brønsted acid sites51 are active in the Beckmann 

rearrangement (see Scheme 5 on page 21) and therefore a HP catalyst that 

encompassed both of these active sites was designed.  

 

Figure 37 Design strategy for the synthesis of HP SAPO-5. Triethylamine will 

direct the formation of the micropores and DMOD will form micelles 

that direct the formation of mesopores. Both templates will be 

removed upon calcination. 
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The HP catalysts within this thesis were synthesised by utilising a soft 

templating bottom up approach with the silicon containing surfactant DMOD. 

The surfactant, DMOD, was added to the synthesis gel with the AFI and CHA 

microporous structure-directing agent (TEA, TEAOH respectively) (Figure 37).85 

The Al(III) and P(V) T sites were then able to self-assemble around the micelle 

and incorporate the silicon containing surfactant into the microporous 

framework, thereby creating a truly hierarchically porous framework upon 

calcination.  

 

Figure 38 Hierarchically porous SAPO-34 with Brønsted acid sites in the 

micropores and silanol sites located in the mesopores.  

It was hypothesised that the siliceous-component of the surfactant would 

be incorporated within the SAPO framework and upon removal of the organic 

hydrophobic tail, by calcination in air, additional (further to type II and type III 

substituted Brønsted-acid sites – see Figure 5) silanol sites would be generated 

(Figure 38).93 It was envisaged that these acidic silanol sites would then 

participate in the Beckmann rearrangement, in an analogous fashion to the 

defect sites found in highly siliceous zeolites;43 but with the added advantage 
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of having the Brønsted-acid sites generated at the micropores to supplement 

and boost the catalytic potential (bi-functional catalysis). To effectively 

investigate our hypothesis, microporous analogues of SAPO-5 and SAPO-34 

(Figure 39) were also synthesised with comparable amounts of silicon 

isomorphously substituted into the framework.  

 

Figure 39 (A) Figure of the porous structure of SAPO-5 (AFI). (B) Figure of the 

porous structure of SAPO 34 (CHA).  

3.3.2 Structural and textual characterisation 

The HP catalysts were synthesised using two different organic 

containing templates (DMOD and TEA or TEAOH) to direct the formation of the 

mesopores and micropores. To see if both templates were incorporated TGA 

analysis was performed (Figure 40). TGA measurements of the as-synthesised 

catalysts revealed a prominent mass loss at approximately 350oC for the 

hierarchically porous samples. This peak was absent in the microporous 

analogues. The TGA showed similar features between the microporous and HP 

equivalents apart from the presence of that one peak. Hence, this indicates 

that an extra organic species (e.g. DMOD) was incorporated into the as-
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synthesised HP SAPO-5 and HP SAPO-34.   

 

Figure 40 TGA analyses of as-synthesised SAPO-5 (A), as-synthesised HP SAPO-

5 (B), as-synthesised SAPO-34 (C) and as-synthesised HP SAPO-34 

(D). The asterisk marks the peak that is assumed to be due to the 

surfactant.  

Encouragingly the phase-purity and crystallinity of all materials were 

confirmed via powder X-ray diffraction (see Figure 41 and Figure 42 for 

patterns and Table 10 for associated Rietveld refinements). Low-angle XRD 

measurements of the hierarchical samples revealed a broad peak at low-angles 

(<5deg 2Θ, see inset), which was absent in the microporous samples, 

indicating the presence of mesopores. 
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Figure 41 pXRD pattern of microporous SAPO-5 (black) and HP SAPO-5 (blue) 

with low angle pattern insert.  

 

Figure 42 pXRD pattern of microporous SAPO-34 (black) and HP SAPO-34 (blue) 

with low angle pattern insert. 
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Table 10 Optimised XRD parameters for the SAPO catalysts and particle size 

calculated via the Scherrer equation. 

Catalyst a(=b) (Å) c (Å) Vol 

(Å3) 

Space group Particle size (Å)

SAPO-5 13.51±0.09 8.39±0.01 1326±5 P6cc 472±11 

HP SAPO-5 13.65±0.07 8.32±0.01 1343±6 P6cc 481±12 

SAPO-34 9.39±0.04 9.39±0.04 822±4 R-3m 505±13 

HP SAPO-34 9.37±0.06 9.37±0.06 815±4 R-3m 395±7 

  To further substantiate the efficacy of our design strategy to generate 

hierarchical catalysts, BET (Figure 43, Figure 44 and Table 11) measurements 

were performed. Promisingly, all the hierarchical samples exhibited type IV 

isotherms (Figure 43 and Figure 44) with hysteresis, which is indicative of the 

presence of mesopores. The micropore and mesopore volumes were evaluated 

(Table 11) and it was noteworthy that, while the micropore volumes were 

similar, the resulting surface areas and mesopore volumes for both hierarchical 

catalysts were substantially higher when compared with their microporous 

counterparts. Additionally, the BJH pore distribution curves (Figure 43 and 

Figure 44) further confirm the presence of mesopores within the hierarchical 

systems, which strongly indicates the successful incorporation of mesopores 

into the hierarchical frameworks (Table 11).  
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Figure 43 (A) Nitrogen adsorption isotherm and (B) BJH pore distributions of 

microporous SAPO-5 (black) and HP SAPO-5 (blue). 

 

Figure 44 (A) Nitrogen adsorption isotherm and (B) BJH pore distributions of 

microporous SAPO-34 (black) and HP SAPO-34 (blue). 
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Table 11 BET textual properties. 

Catalyst SBET 

(m2g-1) 

Vmicro 

(cm3g-1) 

Vmeso  

(cm3g-1) 

External surface 

area (m2g-1) 

Mesopore 

aperture (Å)

SAPO-5 253.8 

± 12.7 

0.06 ± 

3x10-3 

0.05 ± 

3x10-3 

26.0 ± 1.3 - 

HP SAPO-5 315.8 

± 15.8 

0.08 ± 

4x10-3 

0.30 ± 

0.02 

121.7 ± 6.1 35 

SAPO-34 579.5 

± 29.0 

0.27 ± 

0.01 

0.06 ± 

3x10-3 

32.0 ± 1.6 - 

HP SAPO-34 602.6 

± 30.1 

0.24 ± 

0.01 

0.22 ± 

0.01 

96.8 ± 4.8 54 

The porosity of the hierarchically porous catalysts was further evaluated 

via both SEM, with EDXS (Figure 45, Figure 46 and Figure 47), and HR TEM 

(Figure 48). From SEM it was possible to elucidate the crystals of the HP SAPOs; 

the HP SAPO-5 appeared to be spherical whereas the HP SAPO-34 was 

composed of blocky crystals (Figure 45). The SEM and EDXS (Figure 46 and 

Figure 47) showed that both HP samples had a fairly uniform composition 

throughout, and the TEM study complemented these findings (Figure 48). 

Furthermore the TEM also revealed the true-mesoporosity in both of the 

crystalline HP SAPOs. From the TEM and associated selected-area electron 

diffraction patterns it was possible to confirm that the mesoporous regions 

seen in the BET data (Figure 43 and Figure 44) were present in the AFI and CHA 

microporous frameworks, and therefore that these catalysts are truly 

hierarchically porous with interconnected mesopores within the microporous 

framework. From the TEM of HP SAPO-34 it was possible to elucidate the rod-

like and elongated shapes of the mesopores and their positioning 

perpendicular and parallel to the rhombohedral basis vectors. It was also 

remarkable that these mesopores were well connected within the microporous 
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network and from the TEM (Figure 48) the mesopores were found to be 2-5nm 

in diameter, which is in agreement with the BET data (Figure 44).  

 

Figure 45 SEM of HP SAPO-5 (top) and HP SAPO-34 (bottom).  

HP SAPO 34 

HP SAPO 5 
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Figure 46 SEM of HP SAPO-5 with EDS data for the highlighted regions below.  

 

Figure 47 SEM of HP SAPO-34 with EDS data for the highlighted regions below. 

 

Spec. wt% Al +/- wt% Si +/- wt% P +/- wt% O +/- 
1 27.0 0.5 3.8 0.3 17.8 0.5 51.4 1.5 
2 21.1 0.4 5.6 0.3 21.0 0.5 52.3 1.3 
3 23.7 0.4 7.8 0.3 16.9 0.4 51.7 1.2 
4 20.5 0.3 2.4 0.2 24.5 0.4 52.6 1.0 
5 20.1 0.3 2.5 0.2 24.7 0.4 52.7 1.1 
6 20.5 0.3 2.5 0.2 24.4 0.4 52.6 1.0 
7 20.6 0.2 2.4 0.1 24.4 0.3 52.6 0.7 

Spec. wt% Al +/- wt% Si +/- wt% P +/- wt% O +/- 
1 20.7 0.3 4.4 0.2 22.4 0.4 52.4 0.9 
2 27.4 0.4 6.9 0.3 14.6 0.4 51.1 1.1 
3 20.6 0.3 4.1 0.2 22.8 0.4 52.5 0.9 
4 26.7 0.4 6.4 0.2 15.7 0.4 51.3 1.1 
5 25.4 0.4 6.5 0.2 16.6 0.4 51.5 1.1 
6 20.4 0.3 4.4 0.2 22.7 0.4 52.5 1.0 
7 21.2 0.3 4.2 0.2 22.2 0.4 52.4 1.0 
8 20.8 0.2 4.1 0.1 22.7 0.3 52.4 0.7 
9 20.4 0.3 4.7 0.2 22.4 0.4 52.5 0.9 
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Figure 48 Structural (HR TEM and selected-area electron diffraction) evidence, 

substantiating the structural integrity, of (A) HP SAPO-34 (CHA) and 

(B) HP SAPO-5 (AFI), and the presence of hierarchical (dual) porosity 

of the catalysts. 

  The combination of pXRD, BET and electron microscopy studies has 

revealed the structures of the HP SAPO-5 and HP SAPO-34 to be hierarchically 

porous. Both frameworks consist of the AFI or CHA structure with the added 

bonus of mesopores without any significant impurities. This is extremely 

promising and it is likely the additional auxiliary mesoporous network will 

result in improved catalysis owing to enhanced diffusion and accessibility of 

active sites (see Chapter 4).  
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3.3.3 Active site characterisation 

  The HP catalysts were designed for the Beckmann rearrangement of 

cyclic oximes. In order for the catalyst to be effective in this reaction it is 

imperative that it contains acid sites. The natures of the HP acid active sites are 

intimately related to their catalytic potential in the Beckmann rearrangement. 

Caution should, however, be applied when designing and considering the 

strength of these acids sites.  If the acid sites are too weak, the reaction will 

not occur. If the sites are too strong the basic lactam product will not be able 

to desorb from the active site leading to catalyst deactivation and secondary 

unwanted reactions. In order to characterise the acidity of the HP catalysts a 

range of spectroscopic techniques were utilised. 

  MAS/ NMR spectroscopy was deployed to reveal the nature (local 

coordination geometry) of the Al, P and Si sites (see Table 5) within the 

hierarchical frameworks (Figure 50 and Figure 49). 27Al NMR spectra consisted 

primarily of one signal at 37 ppm, which is indicative of Al in a tetrahedral 

environment (Figure 49). Likewise the 31P MAS NMR spectra also consisted of 

one peak for both the HP SAPOs at approximately -30ppm, which is indicative 

of P being in a tetrahedral environment (Figure 49). 
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 Figure 49 MAS 
27 Al NMR spectra of, HP SAPO-5 (A) and HP SAPO-34 (C) indicating the presence 

of tetrahedral aluminium centres in all frameworks. MAS 31P NMR spectra of HP 

SAPO-5 (B) and HP SAPO-34 (D) indicating the presence of tetrahedral 

aluminium centres in all frameworks. 

 29Si MAS NMR spectroscopy was used to reveal the nature of the silicon 

acid sites and the substitution pathway of the silica. Some of the silicon sites 

will have been isomorphously substituted into the framework for either a P(V) 

via type II substitution or both Al (III) and P(V) simultaneously via type III 

substitution (Figure 5), the type of substitution can influence the acidic 

properties of the catalyst.70 The HP SAPO-34 main peak was at -90.4 ppm, very 

similar to the previously reported microporous SAPO-34 at -89ppm.70 This 

position is indicative of an isolated acidic Si(OAl)4 site that is formed via Type II 

substitution. The HP SAPO-5 peak maximum was at -97.8ppm, again very 

similar to the previously reported microporous analogue at -99ppm70; this is 

characteristic of silicon zoning. Interestingly both peaks in the HP SAPOs are 

quite broad; this is symptomatic of silica islands, which could be ascribed to 

the synthetic strategy (Figure 37). It is envisaged that the silicon head group of 

the surfactant will be embedded in the mesopores of the hierarchically porous 

catalyst, so that upon calcination the carbonaceous tail will be oxidised to 
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reveal a silanol site. Therefore it is likely that the mesopore walls will contain 

significant quantities of Si-O-Si linkages, and these linkages would result in a 

broad signal in the 29Si MAS/NMR spectra.  

 

Figure 50 29Si MAS NMR of HP SAPO-5 and HP SAPO-34 and 29Si 2D 

homonuclear correlation spectrum acquired at 400MHz under MAS 

with 6kHz spinning frequency for HP SAPO-34 (left) and HP SAPO-5 

(right). 

 The coordination environment of the acidic sites was revealed via 

MAS/NMR spectroscopy, but in order to elucidate the nature and strength of 

the acidic sites FTIR spectroscopy and TPD-NH3 was utilised. The relative 

quantities of acidity within the HP and microporous catalysts was assessed first 

by temperature programmed desorption with ammonia (Figure 51). The 

integrated area under the curves gave information regarding the total acidity of 

the framework and the peak maxima revealed the most prominent acid 

strength of the catalyst (Table 12). The HP and microporous SAPOs had very 

similar peak maxima positions indicating that they have similar acidity. For 

example HP SAPO-34 peak maxima was at 426oC and the microporous 

analogues was very similar at 447oC. The CHA frameworks have stronger 

acidity than the AFI frameworks regardless of porosity, indicating that the 

integrity of the acid site in the hierarchically porous catalyst is comparable to 

the microporous catalyst. Interestingly the total acidity detected via ammonia 

TPD is reduced in both the hierarchically porous catalysts compared to their 

microporous analogue. 
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Figure 51 TPD-NH3 adsorption data of HP SAPO-34 (dotted green), SAPO-34 

(solid green), HP SAPO-5 (dotted black) and SAPO-5 (solid black). 

Table 12 Tabulated TPD-NH3 of HP and microporous SAPOs.  

  The acid strength of these materials is closely related to the ensuing 

catalytic properties; hence it was meaningful to investigate both strength and 

type of acidity, in order to facilitate in-depth comparisons. Thus the nature and 

strength of the acid centres in the hierarchical catalysts were probed using 

FTIR spectroscopy, employing both CO and collidine (2,4,6-trimethylpyridine) 

Catalyst Peak Maxima (oC) Total NH3 Detected 

(mmol/g) 

SAPO-5 313 0.47 

HP SAPO-5 283 0.15 

SAPO-34 447 0.82 

HP SAPO-34 426 0.66 
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as molecular probes. First, a comparison of the hydroxyl stretching region in 

the HP SAPO-34 and HP SAPO-5 samples is shown in  Figure 52. Both catalysts 

show IR bands attributable to P-OH/Al-OH (3678 cm-1) defect sites and bands 

(3628-3600 cm-1) arising from the substitution of silicon into the framework 

(Si-OH-Al). Notably within the HP SAPO-34 the FTIR spectra revealed that there 

is a considerably higher quantity of Brønsted acid sites in comparison to HP 

SAPO-5; this is in agreement with the TPD-NH3 data (Figure 51). The FTIR 

spectra of both catalysts also revealed an additional band at 3746 cm-1 of 

similar intensity that is assigned to Si-OH groups, which were marginal in the 

FTIR spectra of the previously reported microporous catalysts.70 This indicates 

that these silanol sites were formed via the calcination of the surfactant, as 

discussed earlier (see section 3.3.1 on page 75). 

 

 Figure 52 FTIR spectra of hydroxyl region of calcined HP SAPO-5 (black) and HP 

SAPO-34 (green). 

  By using carbon monoxide as a probe molecule with FTIR spectroscopy 

it is possible to gain an insight into the types of acid sites that are present as 

well as their strength. The weakly basic CO is able to interact with and 

adsorbed onto the proton sites within the catalysts, and these OH…CO adducts 
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will result in perturbed O-H and C-O stretches. These shifts in frequencies will 

relate to the acid site strength. CO was adsorbed at low temperatures (80K) to 

observe its interaction with the acid sites in the porous frameworks and the CO 

coverage was added stepwise (Figure 53, darkest blue represents the highest 

CO coverage).  

 

 

Figure 53 FTIR spectra of CO adsorbed at 80K on calcined HP SAPO-5 (A and B) 

and HP SAPO-34 (C and D). 

 The OH stretching region of the pre-treated HP SAPOs (Figure 53, black), 

revealed the different OH sites in the catalysts, these sites were titrated with 

CO and the difference spectra (Figure 53 blue) were plotted. Negative peaks 

indicate that the band is reduced upon CO adsorption, and positive peaks 

indicate that the band has grown upon CO adsorption. CO is able to titrate 

both the Al/P-OH and bridging OH bands in the HP catalysts. The weakly acidic 

silanol sites, however, only interact very weakly with the basic CO probe. The H 
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bonded bands at 3510cm-1 do not interact with CO at the dosing levels 

indicating that they have much weaker acidity compared to the P-OH and Si-

OH-Al groups.  

The OH bridging sites are red shifted upon the CO adsorption due to the 

O-H bond being weakened. This effect is greater in the HP SAPO-34 as this 

catalyst has stronger acid sites. Interestingly the level of red shift is 

comparable between the microporous and HP catalysts, (Table 13) suggesting 

that the OH bridging acid sites in HP SAPOs mimic the microporous catalysts 

active sites. Evaluation of the band-shift of the Brønsted acid sites upon 

interaction with CO revealed that both samples primarily consisted of 

moderate-strength Brønsted acid sites similar to the sites found in most SAPOs 

(Table 6), which is characteristic of a band shift of 268-286 cm-1 (Table 13). By 

integrating the area of the Brønsted acid peaks it was possible to establish that 

the HP SAPO-34 catalyst has a greater proportion of total Brønsted acidity, 

when compared with the HP SAPO-5 sample. This trend is in good agreement 

with the temperature-programmed desorption results using NH3 as the 

molecular probe (Figure 51).  

Table 13 Position of maxima of the OH stretching frequency of the Brønsted 

sites and their shifts (ΔνOH) upon CO Adsorption at 100K on HP SAPO-

34, HP SAPO-5, and their corresponding microporous analogues. 

Catalysts  νOH (cm-1) νOH-CO (cm-1) ΔνOH (cm-1)

SAPO-5  OHA 3638 3368 270 

HP SAPO-5 OHA 3637 3369 268 

SAPO-34 OHA 

OHB 

3633 

3610 

3347 

3281 

286 

329 

HP SAPO-34 OHA 

OHB 

3633 

3612 

3347 

3281 

286 

331 

  The C-O stretching region (2200-2100cm-1) (Figure 53 RHS) revealed 

absorption at 2170cm-1 in both HP SAPO-5 and HP SAPO-34 frameworks 
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indicating the presence of Brønsted acid sites. The absence of a peak at 

2200cm-1 signifies that these frameworks do not have any Lewis acid sites. 

These results mimic previously published microporous SAPO-5 and SAPO-34 

FTIR-CO spectra.70 Increasing the CO dosing does cause the bands to exhibit a 

blue shift due to the CO triple bond being strengthened by electron donation. 

Interestingly, and more importantly, the acid-strength of both hierarchical 

catalysts was comparable with the previously reported microporous analogues 

(Figure 51 and Table 13). This emphasises the fact, using our soft-templating 

design approach, that it is possible to mimic the precise nature and strength of 

the active sites of microporous catalysts within the hierarchical framework 

architectures. This is something that other strategies to create hierarchically 

porous zeotypes do not always afford.94  

In order to further explore the nature and accessibility of the acid sites 

within the hierarchical SAPOs, a complementary probe, collidine, was 

employed. This molecule was chosen as it has a strong propensity to interact 

with Brønsted acid sites and it is more bulky than ammonia and CO, therefore 

it would enable the accessibility of the Brønsted acid sites to be investigated.  

Collidine vapour was firstly permitted to saturate the pre-treated 

catalysts, and then the stepwise desorption at 150 oC, 300 oC and 450oC was 

recorded. In the case of HP SAPO-34 the collidine interacted primarily with the 

Si-OH and P-OH groups after 150oC desorption, there was very minimal 

attenuation of the bridging OH groups (Figure 54). This suggests that the 

bridging OH groups are largely found in the micropore (3.8 Å), and are 

therefore not very accessible to the collidine (7.4 Å), whereas, the weaker Si-OH 

groups that are found in the mesopores (Figure 37) are accessible to the 

collidine. HP SAPO-5 has larger micropores (7.3 Å) than HP SAPO-34 therefore 

the collidine was able to interact with all of the OH group types (Si-OH, P-OH, 

Si-OH-Al) after 150oC in HP SAPO-5 (Figure 54). 
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Figure 54 FTIR spectra of collidine adsorbed on calcined HP SAPO-5 (A and B) 

and HP SAPO-34 (C and D).  

Table 14 FTIR-Collidine spectroscopy adsorption data after stepwise 

desorption. 

Sample Brønsted Acid Site (Area/mg) 

150oC 300oC 450oC 

HP SAPO-5 1.042 0.600 0.016 

HP SAPO-34 0.224 0.058 0.005 

0

.5

 1800  1750  1700  1650  1600  1550  1500  1450  1400 

0

.1

 4000  3800  3600  3400  3200  3000 

OH Region

Collidine

Wavenumbers (cm-1) Wavenumbers (cm-1)

Ab
so

rb
an

ce

Ab
so

rb
an

ce

Collidine Region

Si
-O

H

P-
O

H/
Al

-O
H

Si-OH-Al

After Pretreatment

After 150ºC Desorption

After 300ºC Desorption

After 450ºC Desorption

0

.2

 1800  1750  1700  1650  1600  1550  1500  1450  1400 
0

.5

 4000  3800  3600  3400  3200  3000 

OH Region

Collidine

Wavenumbers (cm-1) Wavenumbers (cm-1)

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e

Collidine Region

Si
-O

H

P-
O

H/
Al

-O
H

Si-OH-Al
After Pretreatment

After 150ºC Desorption

After 300ºC Desorption

After 450ºC Desorption

HP SAPO 34 

HP SAPO 5 

A.  B.  

C.  D.  



  Chapter 3 

 95 

  

 Collidine adsorption was much higher on the HP SAPO-5 sample 

compared to the HP SAPO-34 sample (Table 14) possibly due to the 

accessibility of the bridging OH groups in the micropores. Additionally the 

majority of collidine adsorption on HP SAPO-34 was at weaker sites, possibly 

the Si-OH sites found in the mesopores, whereas in the case of HP SAPO-5 

collidine was able to adsorb on moderate strength sites (similar to the ones 

characterised via FTIR-CO spectroscopy) (Table 14). All collidine was desorbed 

by 450oC in both catalysts. Analogous to the FTIR-CO spectroscopy results, the 

collidine mainly adsorbs onto the moderate-to-weak acid sites, including the 

silanol groups, which are present in the mesopores. If the latter are readily 

available to interact with the substrates, this could enhance the catalysts’ 

potential in the Beckmann rearrangement. 

3.4 Conclusion 

Microporous AlPOs and SAPOs are fantastic catalysts in a variety of 

reactions. The ability to be able to create an isolated site into their framework 

means that the nature of the active site can be exquisitely controlled for a 

specific reaction. Despite these frameworks’ many advantages in design, their 

microporous nature can lead to reductions in activity, selectivity and longevity; 

the foundations of a catalyst. Hierarchically porous catalysts present 

themselves as an opportunity to further improve upon the traditional 

microporous catalysts owing to their auxiliary mesoporous network, which may 

facilitate diffusion and substrate scope. 

  By utilising a one-pot soft silyl-surfactant strategy HP SAPO-5 and SAPO-

34 architectures were synthesised. Owing to the silicon’s high propensity to 

form Si-O-Al linkages, as well as Si-O-Si linkages, the mesopores were 

interconnected with the microporous network as elucidated via TEM and BET 

(Figure 43, Figure 44 and Figure 48) and upon calcination a truly hierarchically 

porous phase pure catalyst was revealed. These catalysts were found to contain 

both isolated weak Brønsted acid sites within the micropores and silanol sites 

within the mesopores owing to the soft templating strategy employed (as 

characterised via FTIR-CO spectroscopy, FTIR-collidine spectroscopy, MAS/NMR 

spectroscopy, TPD, see Table 15).  
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  Most notably the Brønsted acid sites were found to be of a comparable 

strength to the acid sites within the microporous analogues (Table 15). 

Therefore this demonstrated the true strength of this design strategy: It is 

possible to adroitly engineer and mimic the precise nature and strength of 

solid-acid sites found within microporous SAPOs. Therefore this offers 

significant benefits in potentially improving the catalytic performance 

compared to an analogous microporous system owing the mesoporous 

network and perhaps the additional silanols.  

  It is well documented that both weakly acidic silanols and isolated weak 

Brønsted acid sites are active in the Beckmann rearrangement. Therefore these 

catalysts were tested in the vapour phase Beckmann rearrangement (see 

Chapter 4 on page 102) and the liquid phase Beckmann rearrangement (see 

Chapter 5 on page 132). 
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Table 15 Summary table detailing the characterisation data of the HP and microporous catalysts.  

 BET  NH3-TPD FTIR Spectroscopy 

Catalyst pXRD SBET 

(m2/g) 

Vmeso 

(cm3/g) 

29Si NMR  

Spectroscopy 

(ppm) 

Peak 

Maxima 

(oC) 

Total Acid 

Sites (mmol/g) 

OH region FTIR-CO  

(OH region, 

cm-1 ) 

FTIR-CO 

(CO region) 

SAPO-5 Phase 

pure  

253.8 0.05 -99 313 0.47 Bridging 

hydroxyls 

ΔνOHA=270 Brønsted acid 

sites 

HP 

SAPO-5 

Phase 

pure 

315.8 0.30 -98 283 0.15 Silanols and 

bridging 

hydroxyls 

ΔνOHA=268 Brønsted acid 

sites 

SAPO-34 Phase 

pure 

579.5 0.06 -89 447 0.82 Bridging 

hydroxyls 

ΔνOHA=286  

ΔνOHB=329 

Brønsted acid 

sites 

HP 

SAPO-34 

Phase 

pure  

602.6 0.22 -90.4 426 0.66 Silanols and 

bridging 

hydroxyls 

ΔνOHA=286 

ΔνOHB=331 

Brønsted acid 

sites 
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3.5  Experimental 

3.5.1 Catalyst synthesis 

3.5.1.1 Hierarchically porous SAPO-5 synthesis  

A solution of phosphoric acid (85wt%, 2.28ml) in deionised water (10ml) 

was added gradually to aluminium isopropoxide (6.807g) in a Teflon beaker. 

The solution was stirred vigorously for 1.5hours until homogenous. 

Dimethyloctadecyl[(3-(trimethoxysilyl)propyl] ammonium chloride, DMOD, (72% 

in H2O, 1.2ml)  was added drop-wise followed by triethylamine (3.72ml) and 

water (20ml) and then stirred for 1 hour. Silica solution (40wt%, 0.77ml) was 

added drop-wise and the gel was stirred for an additional 1.5hours to obtain a 

white gel with the following composition: 

1.0 Al: 1.0 P: 0.8 TEA: 50 H2O: 0.15 Si: 0.05 DMOD 

  The gel was then divided between 3 Teflon-lined stainless-steel 

autoclaves (23ml), and put in a preheated fan-assisted oven at 200oC for 24 

hours. The white solid product was then filtered with deionised water 

(1.5litres) and left to dry at 80oC overnight. The as-synthesised catalyst was 

calcined in a tube furnace under a flow of air at 550oC for 16 hours to produce 

a white crystalline solid.  

  A comparable method was deployed for the synthesis of the 

microporous analogue with the absence of DMOD.  

Table 16 Gel compositions and metal loadings of the HP SAPO-5 and SAPO-5. 

Catalyst Gel Composition ICP experimental metal 

loading (wt%) 

HP SAPO-5 1 Al: 1 P: 0.8 SDA: 0.05 DMOD: 50 

H2O: 0.15 Si 

Al 20.6%; P 20.2%; Si 6.63% 

SAPO-5  1 Al: 1 P: 0.8 SDA: 50 H2O: 0.15 Si Al 22.6%; P 19.98%; Si 1.5% 
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3.5.1.2 Hierarchically porous SAPO-34 synthesis 

Aluminium isopropoxide (4.538g) was blended with tetraethylammonium 

hydroxide (TEAOH) (35wt% in H2O, 9.1ml) for 1 hour in a Teflon beaker. Fumed 

silica (0.2g) was then added slowly to the gel, followed by DMOD (72wt% in 

H2O, 0.8ml) and was stirred for 1 hour. Deionised water (14 ml) and 

phosphoric acid (85wt% in H2O, 1.5ml) were added drop-wise and then stirred 

for two hours to produce a white gel with the following composition: 

1.0 Al: 1.0 P: 1.0 TEAOH: 65 H2O: 0.15 Si: 0.05 DMOD 

  The gel was then transferred and divided between three Teflon-lined 

stainless-steel autoclaves which were set to crystallise statically in a preheated 

fan assisted oven at 200oC for 48hours. The white solid was then collected via 

filtration and washed with 1.5 litres of deionised water. The product was left to 

dry at 80oC overnight. The as-synthesised catalyst was calcined in a tube 

furnace under a flow of air at 550oC for 16 hours to yield a white crystalline 

solid.  

  A comparable method was deployed for the synthesis of the 

microporous analogue with the absence of DMOD. 

Table 17 Gel compositions and metal loadings of the HP SAPO-34 and SAPO-

34. 

Catalyst Gel Composition ICP experimental metal 

loading (wt%) 

HP SAPO-34 1 Al: 1 P: 1 SDA: 0.05 DMOD: 

65 H2O: 0.15 Si 

Al 24.1%; P 18.20%; Si 5.08% 

SAPO-34 1 Al: 1 P: 1 SDA: 0.05 DMOD: 

65 H2O: 0.15 Si 

Al 22.8%; P 17.1%; Si 3.2% 

3.5.1.3 Characterisation 

All powder X-ray diffraction patterns were collected using a Bruker D2 

diffractometer using Cu K α1 radiation. Low-angle X-ray diffraction patterns 

were obtained using a Bruker C2 GADDS diffractometer. BET surface area 

measurements were performed using a Micromeritics Gemini 2375 surface 
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area analyser. FTIR spectra of the pelletised samples were recorded with a 

Nicolet Nexus 870 IR Spectrometer for 128 scans using a cooled MCT detector. 

All spectra were processed using the GRAMS/Al 9 software (Thermo Scientific). 

Low-temperature CO adsorption was performed by sequentially adding 0.02 cc 

of CO and allowing to equilibrate for 3 min after each injection before 

recording the spectrum. Collidine adsorption was performed by flowing helium 

saturated with collidine at 7oC over the sample for 1 h at 150 °C. Stepwise 

desorption at 150 oC, 300 oC, and 450oC was then performed in flowing helium 

for 1 hour at each temperature. 

  TPD measurements were performed on a custom-built system using TCD 

detectors to monitor ammonia concentration. Samples were pre-treated by 

heating at 10 oC /min to 550oC in a 20% O2/helium mixture for 2 hours. The 

samples were exposed to ammonia and allowed to equilibrate at 150 oC for 8 

hours. Desorption was performed in flowing helium at 10 oC /min to 600 oC and 

held for 40 min at 600 oC. TGA (TA Instruments Q50) were performed under 

nitrogen with a 20 °C per minute ramp rate.  

  Samples were dissolved in a HCl solution before being aspirated into a 

PerkinElmer Optima 8300 ICP- OES instrument for ICP analysis.  

Scanning electron microscopy images were obtained using a JSM-5900 LV 

SEM, and transmission electron microscopy images were obtained with a JEM-

3000F instrument. 

  For solid-state NMR spectroscopy, all spectra were acquired using a 

Bruker AVANCE II AscendTM 400 WB magnet on a Chemagnetics Infinity 

console at 9.4 T. All the NMR spectroscopy experiments were performed on a 6 

mm double-resonance APEX probe. Approximately 150 mg of material was 

transferred to a normal wall zirconium oxide rotor and spun at 6 kHz. The 29Si 

peak position was referenced to silicon rubber as a secondary reference at 

−22.3 ppm with respect to TMS. 29Si spectra were obtained using ramped cross-

polarisation with a contact time of 5 ms and an amplitude ramp of 5%, 1H 

SPINAL-64 decoupling was used during acquisition. The 2D 29Si spectra were 

recorded using proton-driven spin diffusion methods with a mixing time of 5 

ms. 31P spectra were acquired using single-pulse acquisition, and the spectra 
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were referenced with respect to 85% H3PO4. 27Al spectra were referenced with 

respect to a 1 M Al(NO3)3 solution (0 ppm). All spectra were processed using 

matNMR with Matlab2014b. 
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Chapter 4 Design of Hierarchically Porous 

SAPOs for Vapour Phase Beckmann 

Rearrangement 

Publications 

Parts of this chapter have been published as: 

S. H. Newland, R. Raja, A. B. Levy, US Pat., filed Dec 2014, US62092471 

S. H. Newland, W. Sinkler, T. Mezza, S. R. Bare, M. Carravetta, I. M. Haies, A. 

Levy, S. Keenan, R. Raja, Expanding Beyond the Micropore: Active-Site 

Engineering in Hierarchical Architectures for Beckmann Rearrangement, ACS 

Catal., 2015, 5, 6587-6593 
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4.1 Background Summary 

4.1.1 Molecular sieves and the vapour phase Beckmann 

rearrangement 

The classical Beckmann rearrangement relies upon corrosive 

concentrated oleum as a catalyst to yield ε-caprolactam. Therefore to create a 

more efficient process, researchers have strived to produce ε-caprolactam in 

a benign fashion utilising a solid acid catalyst (see page 104 for industrial 

catalysts) to circumvent the well-known problems of the homogeneously 

catalysed process (see section 1.4 on page 14). However, the vapour phase 

rearrangement can suffer from rapid catalyst deactivation as well as low ε-

caprolactam selectivity and activity in comparison to the homogeneous 

catalyst. Efficient design of molecular sieve catalysts is essential for creating 

an optimal catalyst with high activity, selectivity and longevity. The next few 

pages will discuss some important factors (porosity of catalyst, substrate 

size, catalyst acid strength, temperature of reaction, substrate feed rate) that 

need to be taken into consideration when designing the catalyst and the 

parameters for the reaction.  
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Table 18 Industrial catalysts for the vapour phase Beckmann rearrangement.95 

Catalyst Solvent WHSV(h-1) Conversion (%) Selectivity (%) Patent number Year Priority Patent assignee 

SAPO 11 Acetonitrile 0.54 98 95 US4873325 1986 UOP 

High Silica MFI Benzene 3 74 72 US4709024 1986 Sumitomo 

High Silica MFI Methanol 3.3 99 87 US4968793 1989 Sumitomo 

ZSM5 Benzene 0.05 99 89 US4927924 1989 Mobil 

B MFI Methanol 0.25 99 93 DE19608660 1995 Degussa 

AlPO-5 Ethanol 0.45 27 88 JP-291074 1996 Sumitomo 

Amorphous SiO2/Al2O3 Methanol 2 99 78 EP819675 1996 Enichem 

Zeolite L n-Hexanol 0.83 99 97 JP10-87612 1996 Ube 

SAPO 37 Ethanol 0.3 99 89 US 8772476B2 2014 Honeywell 
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4.1.2 Effect of porosity  

In order to create a highly active molecular sieve for the vapour phase 

Beckmann rearrangement it is of paramount importance to consider the 

materials’ porosity in comparison to the oxime size. Within the literature 

there is a lot of debate regarding the precise location of the catalytic reaction 

in the vapour phase; it may occur within the catalyst, in the outer pore 

mouth, entirely on the surface or a combination of all three.96-98 However, 

regardless of the location of the reaction, the activity of the catalyst is likely 

to increase with enhancements of surface area and porosity.  

  Takahashi et al99 reported that the ε-caprolactam selectivity decreases 

over catalysts with increasing pore size, and this was particularly noticeable 

with micropores larger than those of the MFI zeolites (5.6Å) (Figure 55). It 

was hypothesised that if the pores of the catalysts were large enough to 

comfortably accommodate the cyclic oxime, and thus for the rearrangement 

to proceed within the pores, it is likely that the ε-caprolactam can re-adsorb 

onto neighbouring acid sites and undergo further reactions to produce 

unwanted by-products or coke precursors. This would lead to reduction in 

both selectivity (Figure 55 A) and longevity (Figure 55 B).99 However caution 

should be taken when considering these results; the acid strength and 

structural properties of different catalysts will be very different, they will not 

just differ in pore size in isolation.  

 

Figure 55 Effect of micropore size on catalyst selectivity (A) and longevity 

(B).99 
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  Pavel et al 100 attempted to study the effect of porosity in an isolated 

fashion by creating a hierarchically porous version of the microporous 

titanosilicate, H-ETS-10, and comparing their activities in the vapour phase 

Beckmann rearrangement (Figure 56). The parent catalyst was treated with 

H2O2 and microwave irradiation to generate mesoporosity (Figure 56 A). The 

resulting hierarchically porous catalyst (meso ETS-10) was considerably more 

active than the parent catalyst (Figure 56 B). Therefore, this demonstrated 

that it is possible to enhance the catalytic properties of a material in the 

vapour phase Beckmann rearrangement by introducing additional porosity.  

 

Figure 56 Effect of the addition of mesoporosity to a microporous framework 

in the vapour phase Beckmann rearrangement.100 

4.1.3 Effect of substrate size 

To ascertain the location of the vapour phase Beckmann rearrangement 

in the high silica MFI zeolites Izumi et al43 conducted the reaction with a 

range of different sized oximes (Figure 57). In this experiment the two 

smaller oximes, cyclopentanone oxime and cyclohexanone oxime, were 

active in the reaction with full conversions and good selectivities (83% and 

71% respectively). When the Beckmann rearrangement of the larger 

cyclooctanone oxime was studied the conversion was exceptionally low, only 

20% with zero selectivity to the desired lactam. This suggested that the 

interior active sites in the vapour phase Beckmann rearrangement are 

participating in the reaction, and that the external sites on the zeolite surface 

are not active. Hence the activity is nearly non-existent when the substrate is 
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significantly larger than the pore size. The size of the substrate versus the 

size of the pores and the types of acid sites present are all important 

considerations, and the subtle relationship between them is likely to differ 

depending on the catalytic system’s precise properties.  

 

Figure 57 Effect of substrate size on conversion with silicalite-1.43 

4.1.4 Effect of acid strength  

  It is well reported that weakly acidic defect sites commonly found in 

high silica zeolites (for example silicalite-1) are extremely active for the 

vapour phase Beckmann rearrangement. The acidity of these catalysts arises 

from the various types of defect sites within their frameworks that can 

donate protons to facilitate the Beckmann rearrangement with varying 

degrees of ease (Figure 58 B). Nest silanol sites were calculated to donate 

protons to the cyclohexanone oxime more easily than the other silanol defect 

sites.43 This has been supported widely by experimental data which has 

shown that by increasing the quantity of silanol nests, the conversion of 
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oxime and the lifetime of the catalyst are both substantially enhanced (Figure 

58 C and D).53, 101  

 

Figure 58 High silica ZSM-5 (A) catalysts contain different types of defect (B) 

sites. The ease of proton transfer from each site is included (B) for 

the proton circled for each type of site. 43 The quantity of silanol 

nests (A) is related to the catalysts longevity (B).101 

Aluminophosphates do not typically have defect silanol sites within 

their frameworks. Instead it is possible to introduce Brønsted acidity via type 
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II or type III isomorphous substitution (Figure 5). These Brønsted acid sites 

are also active in the vapour phase Beckmann rearrangement, with weaker 

sites being preferable (Figure 59). Potter et al52 demonstrated that it is 

possible to subtly tune the acidity of the catalyst by careful consideration of 

the dopant metal. The acid strength of the catalyst was assessed via FTIR-

lutidine spectroscopy. The wavenumber of the v8a IR active mode is very 

sensitive and allows the identification of different types of lutidine 

adsorption on solid catalysts; when the wavenumber is higher than 1625cm-1 

it characterises the presence of the pronated species. The v8a mode was 

present in the Si AlPO-5 and Mg AlPO-5 catalysts and by comparing the 

relative peak positions it was possible to determine the relative acidity of the 

catalyst, the stronger the acid site the lower the position of v8a. Therefore, it 

was possible to determine that the Si AlPO-5 was the weaker acid catalyst 

seeing as it had a higher wavenumber of 1648cm-1 compared to 1642cm-1 for 

the Mg AlPO-5. The Si AlPO-5, which contains the weaker acid sites, was 

considerably more active than the Mg AlPO-5, hence highlighting the 

importance of weak acid sites within the Beckmann rearrangement.  

 

Figure 59 The activity of Mg and Si isomorphously substituted AlPO-5 (A) in 

the vapour phase Beckmann are compared (B) in addition to their 

relative acidity determined by FTIR- lutidine spectroscopy (C).52 
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  Both Brønsted acid sites and silanol sites48 within zeolites,102 AlPOs52 

and mesoporous materials103 are active in the Beckmann rearrangement. 

Emphasis within the literature is placed upon the strength of these sites. 43, 52, 

99, 102, 104 Weak acid sites are paramount in producing a catalyst that is highly 

active for this reaction (Figure 60). By increasing the quantity of silicon within 

a zeolite framework the acidity is lowered, and weaker Brønsted acid sites are 

generated. Hence H ZSM-5 with higher Si/Al ratios were significantly more 

active and selective in the vapour phase Beckmann rearrangement owing to 

their weaker acidity (Figure 60). However, the sites do need to be strong 

enough to effect the reaction, but weak enough to enable the basic product 

to desorb away before unwanted secondary reactions occur and coke is 

deposited. Therefore a pseudo volcano plot can occur (Figure 61), 

highlighting the importance of tailoring the correct acidity into the catalyst 

for the Beckmann rearrangement.   

 

Figure 60 Effect of acidity on cyclohexanone oxime (CHO) conversion on 

high silica MFI catalyst (A)104 and caprolactam (CL) selectivity.99  
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Figure 61 Brønsted acid sites can be introduced into zeolites by 

isomorphously substituting Al(III) into the framework (A). The 

amount of Al in the framework affects the catalysts performance in 

the vapour phase Beckmann rearrangement (B).102 

4.1.5  Effect of temperature 

There is a common consensus within the literature that the best 

compromise between longevity, selectivity and activity is obtained from 300-

350oC.99 Hölderich et al17, 18 tested the efficacy of B-MFI catalyst in the vapour 

phase Beckmann rearrangement over a range of temperatures. When the 

temperature was less than 300oC, the lifetime of the catalyst was 

substantially compromised (Figure 62 A). The conversion fell dramatically 

from 100% to 20% in just 8 hours, whereas at 350oC there was only a minimal 

drop in conversion (Figure 62 A). If the temperature is too low (below 250oC) 

it can lead to decompositions on the catalyst surface and a drop in 

selectivity.82 At higher temperatures above 350oC the selectivity of the 

catalyst towards the lactam is severely reduced (Figure 62 B) due to the 

decomposition of ε-caprolactam and other side reactions.82 Similar conversion 

and selectivity trends over different temperatures are observed with SAPO-11 

and other frameworks (Figure 63).82 105-107 Therefore there is an optimal 

temperature in terms of balancing the selectivity, activity and longevity of the 

catalyst, and this should be considered when designing the parameters for 

the vapour phase reaction. 
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Figure 62 Influence of temperature on conversion of cyclohexanone oxime 

(A) and selectivity towards ε-caprolactam (B) using B-MFI zeolite as 

a catalyst. 17 Conditions: P=1bar, WHSV= 0.25h-1, toluene/oxime= 

9:1 (mass ratio); 51/h N2 carrier. 82, 108 
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Figure 63 Influence of the temperature on the vapour phase Beckmann 

rearrangement of cyclohexanone oxime over Ti SAPO-11. 

Conditions: 10wt% cyclohexanone oxime in acetonitrile, catalyst 

=4g, WHSV=0.5h-1.105 

4.1.6 Effect of substrate feed rate 

The influence of the feed rate of the cyclohexanone oxime can be 

studied by altering the WHSV. Increase of feed rate often leads to a decrease 

in oxime conversion, however it has been noted that the selectivity of ε-

caprolactam can improve. For example, in the case of phosphotungstic 

acid/MCM-41 the WHSV was altered from 1.5 to 9.6hr-1 and the conversion 

decreased from 100% to just 70%. However, beneficially the selectivity did 

increase from 25% to 80%.109 Likewise, the conversion over SAPO-11 dropped 

by almost 30 wt% from 2.5 hr-1 to 12.5 hr-1, however the selectivity was 

improved by about 15 wt%, owing to a decrease in cyclohexanone and 5-

cyano-pent-1-ene selectivity. 106 
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4.1.7 Summary of the effect of different parameters on the vapour phase Beckmann rearrangement 

Table 19 Overview of the effects of parameters on the vapour phase Beckmann rearrangement. 

Parameter Effect Over Catalyst Effect on Catalytic Performance Ref 

Porosity When the pore size was greater than the oxime 
the lactam would re-adsorbed on neighbouring 
sites and this would lead to secondary reactions.

The selectivity towards the lactam decreased 
due to the formation of unwanted products.  

99, 100 

 

When the pore size was smaller than the oxime, 
the reaction occurred on the catalyst surface, 
therefore minimising re-adsorption  

The selectivity towards the lactam increased.  

Substrate Size When the substrate was larger than the 
micropore the substrate could not access the 
internal active sites.  

The activity of the catalyst decreased with 
increasing substrate size.  

43 

Acid Strength When the acid sites were too strong lactam 
desorption from the active site was impeded. 

The catalyst became poisoned and over time the 
catalytic performance deteriorated.  

102 

When the acid sites were too weak the reaction 
would not occur.  

No activity was recorded.  
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When the active site was strong enough to effect 
the reaction but weak enough to permit the basic 
lactam desorption. 

High activity was observed.  

Nature of Acid 
sites 

When a large amount of weakly acidic silanol 
nests were present. 

Higher conversion was observed.  
52, 101, 102 

When Brønsted acid sites were present. Weak Brønsted sites resulted in higher 
conversions.  

Temperature When the temperature was less than 300oC the 
lactam product was unlikely to desorb from the 
active sites.  

Lifetime of catalyst was dramatically decreased. 82, 108 105-107 

When the temperature was greater than 350oC 
decomposition of the lactam and secondary 
reactions would be favoured. 

The selectivity of the catalyst decreased.  

When the temperature was between 300 and 
350oC a compromise between selectivity and 
activity was achieved.  

Optimum activity and selectivity was observed.  

Substrate 
feed-rate 

When the WHSV was high the active sites can 
become saturated.  

This resulted in a decrease in activity but an 
increase in selectivity owing to neighbouring 
active sites not being available for secondary 
reactions.  

106, 109 
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4.2 Aims 

The replacement of the classical homogeneous Beckmann 

rearrangement by a heterogeneous catalytic system has the potential to be 

very beneficial to society from a sustainable, ecological and feasibility 

viewpoint. There are already industrially viable molecular sieve catalysts for 

this rearrangement (see page 104). However, these catalysts can suffer from 

poor lifetimes and low activity and selectivity owing to the nature of the 

active site, framework and porosity. It is widely recognised that the vapour 

phase Beckmann rearrangement requires weak acidic active sites. It is 

possible to generate such sites in microporous aluminophosphates, but 

owing to their microporous nature diffusion could be problematic leading to 

the blocking of active sites. Purely mesoporous catalysts have been tested in 

the reaction but they have had little success due to their poorly defined 

active sites and stability. To circumvent these issues mesopores could be 

introduced to a well-defined microporous framework to create a more 

efficacious catalyst for the vapour phase Beckmann rearrangement. 

 

Figure 64 Graphical representation of a hierarchically porous SAPO-34 

catalysts containing isolated silanol sites (a) within the mesopore 

and isolated Brønsted acid sites (b) in the micropores 
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 Hence, a hierarchically porous system offers the potential to 

circumvent those issues and be a sustainable catalyst for this process. Herein 

this chapter follows on from Chapter 3 (see page 62) by probing the ability of 

the HP SAPO-5 and SAPO-34 catalysts, which contain both Brønsted acid sites 

and silanol sites (see Figure 64), in the acid catalysed vapour phase 

Beckmann rearrangement. Direct comparisons of the hierarchical catalysts’ 

activity in the vapour phase Beckmann rearrangement with their microporous 

equivalents are presented. Moreover, through detailed characterisation 

(pXRD, BET, FTIR spectroscopy, NMR spectroscopy, SEM, TEM) studies, 

structure property relationships are proposed and compared to the 

microporous analogues. 

4.3 Results and Discussion 

4.3.1 Vapour phase Beckmann rearrangement of cyclohexanone 

oxime 

Given the promising characterisation data discussed in Chapter 3 (see 

page 62 and Figure 64), the catalytic potential for the hierarchical samples 

was assessed in the vapour phase Beckmann rearrangement of 

cyclohexanone oxime to -caprolactam (the industrially-significant precursor 

to Nylon-6) and direct comparisons were made to the corresponding 

microporous analogues (Figure 65). The difference in catalytic performance 

between the two systems was striking. The hierarchical catalysts were 

superior and maintained a constant reactivity and selectivity (Figure 65), 

while in stark contrast, the microporous analogues, as well as the 

commercial prototype, zeolite H ZSM-5, deactivated progressively with time-

on-stream. 
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Figure 65 Comparison of catalytic performance ((B) HP SAPO-5 and SAPO-5, 

(C) HP SAPO-34 and SAPO-34, and (D) H ZSM-5 and MCM-41) in the 

vapour phase Beckmann rearrangement of cyclohexanone oxime. 

The selectivity to ε-caprolactam (1h) is shown in (A) at 598K with 

0.79hr-1 WHSV.    

  The impressive qualities of the hierarchically porous SAPOs could be 

attributed to either their porosity (Figure 43 and Figure 44), the nature of 

their active sites ( Figure 52) or a combination of both factors. In order to 

assess if the improved catalytic performance of the HP catalysts is not purely 

due to better diffusion12 afforded by the larger mesopores (Figure 43 and 

Figure 44) within the HP architecture, the catalytic performance was 

contrasted with a well-established110 ordered mesoporous silica (MCM-41). 

MCM-41 exclusively contains pendant silanol groups and these sites have 
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previously proved effective in acid-catalysed transformations.43 Additionally a 

HP AlPO-5 catalyst was deliberately synthesised and tested. HP AlPO-5 was 

not expected to contain any isomorphously substituted (Si(IV)) Brønsted acid 

centres, instead it was expected to primarily possess silanol sites (blue circle 

and square, Figure 64), owing to the synthetic strategy that involved the use 

of the organosilane surfactant, DMOD (see page 98). Both these catalysts 

were much inferior in performance in terms of activity, selectivity and 

longevity for the vapour phase Beckmann rearrangement of cyclohexanone 

oxime (Figure 66).  

After 6 hours on stream, despite both HP AlPO-5 and HP SAPO-5 having 

initially 100% conversion, the conversion dropped to just 82% with HP AlPO-5 

while HP SAPO-5 retained its high conversion. Likewise the activity of MCM-

41 was severely reduced over the reaction from 50% to just 25%. The HP 

AlPO-5 and MCM-41 also had much lower selectivity than HP SAPO-5 

indicating that they did not possess the optimal active site for this reaction. 

Both MCM-41 and HP AlPO-5 were not expected to have isolated Brønsted 

acid sites (red diamond, Figure 64) and did not perform as well as the HP 

SAPO-5 (or HP SAPO-34), that contain the additional Brønsted acid sites. 

Therefore it is reasonable to believe that there is a clear interplay between 

these two sites, which results in the improvements seen in the catalysis. This 

further highlights the importance of adroitly engineering the precise active 

site within a stable porous framework, with the dual benefit of enhancing 

diffusion and mass-transfer via an auxiliary mesoporous network.  
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Figure 66 Comparison of conversion (A) and caprolactam selectivity (B) of HP 

SAPO-5 (blue circles), HP AlPO-5 (purple circles), SAPO-5 (black 

triangles) and MCM-41 (green squares) in the vapour-phase 

Beckmann rearrangement of cyclohexanone oxime. 

 It is clear that the hierarchical catalysts can sustain their high catalytic 

performance and have improved longevity in the Beckmann rearrangement, 

which suggests minimal coke formation with time-on-stream. Coking can 

occur if the acid sites are too strong and therefore do not permit the ready 

desorption of the product; or it can occur if diffusion is hindered, preventing 

the egress of products.  

 In order to investigate whether the poor life times of the microporous 

catalysts was due to coking, TGA experiments were performed (Figure 67). 

Notably, TGA data (Figure 67) of the used catalysts revealed similar (minimal) 

levels of carbon on both the microporous and hierarchically porous 

materials. From the catalysis data (Figure 65) it is clear that the hierarchically 

porous catalysts were not affected by the coking, as the activity remained 

consistent over time, in stark contrast to the microporous analogues. 

Therefore, this suggests that the coke is preferentially adsorbing onto the 

Brønsted acid sites that are located primarily within the micropores in both 

the microporous and hierarchically porous catalysts (Figure 64). This leads to 
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the progressive deactivation of the microporous catalysts in the Beckmann 

rearrangement (Figure 65), while the additional silanol sites (that are more 

resistant to coking), located within the mesopores, confer enhanced lifetimes 

to the hierarchically porous catalysts.  

 

Figure 67 TGA data of the used catalysts: (A) HP SAPO-5, (B) SAPO-5, (C) HP 

SAPO-34, (D) SAPO-34. 

  To further establish the origin of the enhanced catalytic performance 

of the HP catalysts it is necessary to consider the nature and strength of the 

solid-acid centres (through ssNMR spectroscopy, TPD of NH3, and FTIR 

spectroscopy with adsorbed CO and 2,4,6-trimethylpyridine (collidine) as 

molecular probes) that were elucidated and discussed in Chapter 3 (see page 

62). 

The acid strength of these materials is intimately related to the catalytic 

properties; hence it is important to consider both strength and type of acidity 

by utilising FTIR spectroscopy ( Figure 52), employing CO (Figure 53) and 

collidine (Figure 54) as molecular probes. In Chapter 3 (see page 62) both 
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catalysts were shown to contain IR bands attributable to P-OH/Al-OH (3678 

cm-1) defect sites and bands (3628-3600 cm-1) arising from the substitution of 

silicon into the framework (Si-OH-Al), which mimics the microporous 

analogues.52, 70 Interestingly the FTIR spectra revealed that there is a 

considerably higher quantity of Brønsted acid sites within HP SAPO-34 in 

comparison to HP SAPO-5. Despite the stark differences in quantity of 

Brønsted acidity both HP SAPO-5 and HP SAPO-34 have approximately 100% 

conversion of cyclohexanone oxime in the vapour phase reaction (Figure 65 

and Figure 66).  

The FTIR spectra of both catalysts also revealed an additional band at 

3746 cm-1 of similar intensity that is assigned to Si-OH groups, which were 

marginal in the FTIR spectra of the microporous70 catalysts, indicating that 

these silanol sites were formed via the calcination of the surfactant, as 

discussed previously. These results suggest that the Si-OH groups play a key 

role in the high conversion of the HP SAPOs (Figure 65 and Figure 66). These 

silanol groups are particularly significant, as analogous sites in zeolites and 

other zeotypes2,3 have been shown to be highly active and proficient for the 

Beckmann rearrangement, and arguably better suited than Brønsted acid 

sites (Scheme 7).45, 48, 111, 112 The more acidic Brønsted acid sites can lead to the 

basic lactam product becoming protonated and strongly adsorbed on the 

catalyst surface, resulting in blocking of active sites and consecutive 

undesired reactions, which lead to reduced selectivity and catalyst 

deactivation. Therefore the Si-OH sites are considered to be more amenable 

for the Beckmann rearrangement and it is these sites that were considered 

responsible for the extremely high conversions and selectivities with the 

industrial catalyst, Silicalite-1.43, 112, 113 However, it should be noted that it was 

demonstrated (in Figure 66) that these silanol sites alone in HP AlPO-5 

resulted in a poor activity, selectivity and longevity of the catalyst. Therefore 

it is reasonable to assume that there is subtle communication between both 

the Brønsted and silanol sites and this has resulted in the improved catalysis 

of the HP SAPOs (Figure 65). 
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Scheme 7 The role of acidic silanols and Brønsted acid sites in the Beckmann 

rearrangement of cyclohexanone oxime.48 

  FTIR spectroscopy with CO adsorbed at low-temperature elucidated 

that both HP SAPO-5 and HP SAPO-34 contained exclusively Brønsted acid 

sites, no Lewis acidity was detected, (Figure 53). This was consistent with the 

previously reported microporous analogues.70 Evaluation of the band-shift of 

the Brønsted acid sites between 268-286 cm-1, upon interaction with CO 

(Table 13), revealed that both samples primarily consisted of moderate-

strength Brønsted acid sites. By integrating the area of the Brønsted acid 

peaks it was possible to establish that the HP SAPO-34 catalyst has a greater 

proportion of total Brønsted acidity, when compared with the HP SAPO-5 

sample. This trend is in good agreement with the temperature-programmed 

desorption results using NH3 as the molecular probe (Figure 51). 

Interestingly, despite HP SAPO-5 having much lower total acidity and 

Brønsted acidity than HP SAPO-34 it is still able to reach comparable 

conversions of 100% (Figure 65). However, the Si-OH sites appear to be in 

similar concentrations in the HP SAPO-5 and HP SAPO-34. As such, this 

strongly suggests that the Si-OH sites within the mesopores are primarily 

responsible for the high conversions in the hierarchically porous catalysts.  

Interestingly, and perhaps more importantly, the acid-strength of both 

hierarchical catalysts was comparable with the previously reported 

microporous analogues (Table 13). This emphasises the strengths of using 

the soft-templating design approach; it is possible to mimic the precise 
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nature and strength of the active sites within both the microporous and 

hierarchical framework architectures.  

In order to further explore the nature and accessibility of the acid sites 

within the hierarchical SAPOs, a complementary probe, collidine, was 

employed. Collidine was chosen because it is a comparable size to 

cyclohexanone oxime and its propensity to interact primarily with Brønsted 

acid sites. The corresponding FTIR spectra on HP SAPO-34 and HP SAPO-5 

(Figure 54) clearly indicated that the acid strength on the hierarchical 

structures is comparable to the previously reported microporous catalysts.2,3 

In both cases, all the collidine is desorbed by 450oC. Analogous to the FTIR-

CO spectroscopy results, the collidine mainly adsorbed onto the moderate-to-

weak acid sites, including the silanol groups, which are present in the 

mesopores. The latter are readily available to interact with the substrates, 

thereby enhancing the catalysts’ potential in the vapour phase Beckmann 

rearrangement. Once more this characterisation data collaborates with the 

hypothesis that both the Brønsted acid sites and silanol sites are involved 

within the catalysis and are responsible for the high activity, selectivity and 

longevity observed (Figure 65).  

 To further probe the efficacy of the HP SAPO-5 and HP SAPO-34 in the 

vapour phase Beckmann rearrangement, different reaction parameters were 

chosen. The temperature was varied from 300 oC to 400oC (Figure 68) and the 

WHSV was varied from 0.8 to 3.2hr-1 (Figure 69). HP SAPO-5 and HP SAPO-34 

were both reasonably stable over these different conditions. At 300oC the 

conversion of the HP SAPO-5 and HP SAPO-34 did drop over time, this is 

likely to be due to there not being enough heat in the system to aid the 

desorption of coke precursors leading to the poisoning of the catalyst (Figure 

68). Temperatures used that were greater than 300oC resulted in stable 

activity over the experiment. When varying the feed rate of the 

cyclohexanone oxime the conversion did drop considerably when it was 

increased to 3.2hr-1, in the case of HP SAPO-34 it fell from 90% to 44% and 

this was accompanied by a slight increase in selectivity (Figure 69). However, 

at WHSV less than 3.2hr-1 the conversion and selectivity was relatively stable 

for both catalysts. These preliminary studies highlighted the stability of these 

systems over different conditions (temperature and feed rate).  
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Figure 68 Catalytic performances of (B and C) HP SAPO-5 and (D and E) HP 

SAPO-34 in the vapour phase Beckmann rearrangement of 

cyclohexanone oxime (A) at various temperatures. 
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Figure 69 Catalytic performances of (B and C) HP SAPO-5 and (D and E) HP 

SAPO-34 in the vapour phase Beckmann rearrangement of 

cyclohexanone oxime (A) at various WHSV. 

4.3.2 Vapour phase Beckmann rearrangement of cyclooctanone oxime 

Given the HP SAPO-5 and HP SAPO-34 propensity for modulating and 

mimicking the nature and strength of acid sites (in sync with their 

microporous counterparts51, 52), the versatility and stability of the 

hierarchically porous catalysts was further demonstrated in the vapour-phase 

Beckmann rearrangement of the more sterically-demanding cyclooctanone 

oxime (Figure 70). It was again noteworthy that the hierarchical catalysts 

revealed a prodigious catalytic performance (whilst retaining their structural 

integrity (Figure 71 and Figure 72)), whereas their microporous counterparts 

exhibited inferior activities and diminished lifetimes. Interestingly, the 

catalytic activity of the microporous SAPO-34 and SAPO-5 is greatly reduced 
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(c.f. Figure 65) when the bulky cyclooctanone oxime is used as the substrate, 

which further substantiates the location of active (acid) sites within the 

micropores, and highlights the importance of shape-selectivity (spatial 

restraints) and diffusion-control in the ensuing catalysis.  

 

Figure 70 Comparison of catalytic performance ((B) HP SAPO-5 and SAPO-5, (C) 

HP SAPO-34 and SAPO-34, and (D) H ZSM-5 and MCM-41) in the 

vapour phase Beckmann rearrangement of cyclooctanone oxime. 

The selectivity to caprylic lactam (after 1h) is shown in (A) at 325oC 

with 0.79hr-1 WHSV.   

Further comparison of Figure 65C and Figure 70C reveals that the 

conversion of the cyclic oxime over the microporous SAPO-34 is greatly 

reduced (90% to circa 40%) as the oxime size increases; whereas the HP 
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SAPO-34 analogue retains almost 100% conversion, regardless of the cyclic 

oxime size.  

Interestingly, despite FTIR-CO spectra (Figure 53) revealing that HP 

SAPO-34 has more total Brønsted acid sites than HP SAPO-5, the FTIR 

collidine spectroscopy (Figure 54) data illustrated that the amount of 

(accessible) acid sites in HP SAPO-34 that can interact with collidine was 

much smaller than that in HP SAPO-5. This also implied that collidine (7.4Å) 

probably would not be able to access the Brønsted acid sites within 

microporous SAPO-34 (3.8Å) catalyst. Hence the activity of SAPO-34 is much 

lower in the Beckmann rearrangement of cyclooctanone oxime. Strikingly HP 

SAPO-34 has approximately 100% conversion of cyclooctanone oxime, 

despite the difficulties in the substrate access (as observed via FTIR-collidine 

adsorption to the Brønsted active sites within the micropores). Therefore it is 

highly plausible that the conversion of cyclooctanone oxime originates purely 

from the Si-OH groups found in the mesopores of the hierarchically porous 

catalysts (Figure 64).  

However it should be noted that HP AlPO-5 had much lower activity and 

was quickly deactivated, having just 46% conversion of cylcooctanone oxime 

at the end of the reaction, similar to MCM-41. This further illustrates that 

there is a clear interplay between the silanol sites (in the mesopores) and the 

isolated Brønsted acid sites that originate from the isomorphous substitution 

of Si(IV) into the framework. It has been suitably demonstrated that a 

combination of these bi-functional active centres coupled with the secondary 

porosity of the hierarchically architectures confers a degree of multi-

functionality that is responsible for the remarkable catalysis observed with 

the HP SAPOs (Figure 68 and Figure 70).   
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Figure 71 Typical pXRD of HP SAPO-5 after catalysis indicating the structural 

integrity and phase-purity after reaction. 

 

 

Figure 72 Typical pXRD of HP SAPO-34 after catalysis indicating the 

structural integrity and phase-purity after reaction.  
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4.4 Conclusion 

It is well documented22a,24 that both weakly acidic silanols and isolated 

weak Brønsted acid sites are active in the vapour phase Beckmann 

rearrangement, with the consensus largely being that silanol nests are the 

preferential active site.  By utilising a one-pot soft silyl-surfactant strategy it 

was possible to create HP SAPO-5 and HP SAPO-34 architectures, which 

contained both isolated weak Brønsted acid sites within the micropores and 

silanol sites within the mesopores (as elucidated via FTIR-CO spectroscopy, 

FTIR-collidine spectroscopy, MAS/NMR spectroscopy, TPD). The weaker acid 

sites within these hierarchical architectures facilitated the desorption of the 

basic lactam from the active site, thereby preventing consecutive reactions 

and poisoning of the catalyst. Therefore in the HP SAPOs it was highly likely 

that both the Brønsted acid centres and acidic silanols are the catalytic active 

sites for the vapour phase Beckmann rearrangement (Scheme 7).  

The interplay between these two sites could be directly responsible for 

the enhanced catalytic performance of the hierarchical catalysts. Or the 

presence of these discrete acid centres could influence the synthesis to 

produce modulated active sites that are highly conducive for the Beckmann 

rearrangement. These resulting bi-functional hierarchically porous catalysts 

have improved lifetimes and enhanced substrate scope, compared to their 

microporous counterparts, in vapour-phase Beckmann rearrangements.  

It has been demonstrated that the inclusion of auxiliary mesopores (in 

the HP SAPO-5 and HP SAPO-34) crucially increases the accessibility of the 

active sites towards the bulky substrates. Advantageously, the presence of 

the additional silanol groups in the hierarchical catalysts further modulates 

the acidity and tailors the acid-strength, thereby enhancing its catalytic 

performance in the Beckmann rearrangement. More importantly, the 

described design approach has demonstrated that the precise nature and 

strength of the catalytic active centres in microporous SAPOs can be 

effectively mimicked in their hierarchical counterparts. This makes the latter 

set of catalysts (c.f. Figure 70D) more amenable for industrial application, 

given their enhanced longevity and stability.  
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In summary, the ability to adroitly engineer and mimic the precise 

nature and strength of solid-acid sites within hierarchical architectures14 

offers significant benefits in improving the catalytic performance, substrate 

versatility, and overall durability, compared to analogous microporous 

systems, in industrially-significant Beckmann rearrangement reactions. 

Creating an auxiliary mesoporous network, in close proximity to the 

micropores enhances diffusion and mass-transport, with the added benefit of 

modulating and tailoring the acid strength for eliciting superior and stable 

catalytic performance.  

4.5 Experimental 

4.5.1 Vapour phase Beckmann rearrangement 

A cylindrical quartz fixed-bed reactor (4mm in diameter) with a quartz 

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

was pelletised and added to the reactor creating a 4cm layer. A further 20cm 

of glass beads (1mm) were placed inside the heater unit of the reactor 

assembly. The sample was then pre-treated at 400oC under a 50ml/min flow 

of helium gas for one hour. The temperature was then lowered to 325oC and 

the flow of helium was reduced to 33.3ml/min. A liquid-feed of 100g/litre of 

cyclohexanone oxime in ethanol was fed, via electronic syringe pump, into 

the reactor to maintain a WHSV of 0.79hr-1 that was controlled by an 

electronic syringe pump. Samples were analysed every hour, when steady-

state was achieved, using a Clarus 480 gas chromatograph with FID detector 

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

standards and quantified by calibration to obtain response factors (RF) 

against the known internal standard (mesitylene). Both the reproducibility 

and mass balance (>95mole%) were within accepted limits. 

An identical protocol was followed for the vapour-phase Beckmann 

rearrangement of cyclooctanone oxime.  
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Chapter 5 Harnessing Pendant Silanols 

within HP SAPOs for the Liquid Phase 

Beckmann Rearrangement  
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5.1 Introduction 

5.1.1 Liquid phase Beckmann rearrangement and zeotypes 

The Beckmann rearrangement is an important industrial process that 

involves the rearrangement of cyclic ketoximes to lactams. This reaction is 

commonly used to produce ε-caprolactam from cyclohexanone oxime, which is 

a significant molecule to the bulk chemical industry: 4 million tonnes is 

produced each year. The ε-caprolactam can undergo reversible ring opening 

polymerisation to form Nylon 6, which is a recyclable alternative to Nylon 6,6. 

Classically ε-caprolactam is formed via the inefficient liquid phase Raschig 

process that uses strong acids and produces excessive quantities of 

ammonium sulfate, causing the resulting atom economy to be just 36%.  It is 

clear that the sustainability of this process can be improved upon by utilising a 

solid acid catalyst, as this would remove the necessary neutralisation step, 

which produces the ammonium sulfate and liberates the lactam. A range of 

heterogeneous solid acid catalysts have been investigated; supported niobium 

oxides114, mesoporous silicas,115, B-ZSM-5116, MOFs117, silicalite-1117.  

Zeolites in particular were used copiously in this rearrangement and this 

led to the development and commercialisation of the highly siliceous MFI 

catalyst for the vapour phase Beckmann rearrangement of cyclohexanone 

oxime (Figure 9). Consequently this catalyst has been thoroughly investigated 

to elucidate the optimal strength, nature and location of the active sites for 

this reaction. It is widely regarded that the acid sites necessary for this reaction 

are weak Brønsted acid sites and are largely composed of nest silanols which 

are located on the external surface or the inner parts of the mouth of the 

micropores, although debate is still rife concerning the precise location. 

However, despite the MFI catalyst’s high activities and selectivities, this 

microporous catalyst can suffer from deactivation and reduced substrate 

scope, therefore resulting in the synthesis of larger cyclic oximes (caprylic 

lactam and laurolactam) being commercially unrealistic with the microporous 

catalyst. Additionally the high temperatures (an excess of 300oC) required for 

this reaction in order to keep the reagents and products in the vapour phase 

often have a negative effect on the selectivity and longevity of the catalyst. 
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Hence, this has led to the desire to try to conduct this reaction more 

sustainably at a lower temperature in the liquid phase.  
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Table 20 Literature examples of zeotypes catalysts utilised in the liquid phase 

Beckmann rearrangement of cyclohexanone oxime. (* One-pot 

reaction beginning with ammoximation of cyclohexanone).  

                                  

Catalyst Temp
(oC) 

Solvent Time 
(hr) 

Conversion 
(%) 

Caprolactam 
Selectivity 
(%) 

Ref

H ZSM-5 
Si/Al=37 

H Beta Si/Al=31 

130 

 

Chlorobenzene 24 67 

68 

95 

>98 

118 

 

H Beta 
Si/Al=12.5 

USY Si/Al=15 

80 Mesitylene 6 13 

28 

>98 

>98 

119 

USY Si/Al=7 

USY Si/Al=7 
with added 
water  

130 Benzonitrile 5 98.8 

78.9 

94.1 

75.8 

120 

Al MCM-41 
Si/Al=47 

130 Benzonitrile 

Chlorobenzene

Acetophenone

Dimethyl 
sulfoxide 

5 50.6 

28.8 

26.5 

5 

 

89.1 

23.3 

18.0 

100.0 

121 

SBA-15-SO3H 130 Toluene 24 61.2 42.7 122 

Mn Mg AlPO-5 
Fe Mg AlPO-5 
Co Mg AlPO-5 
Mn Zn AlPO-5 
Fe Zn AlPO-5 

85 -* 8 68.3 
71.9 
57.5 
61.5 
66.9 

77.9 
72.0 
65.0 
65.0 
61.2 

123 
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Table 21 Literature examples of zeotype molecular sieve catalysts used in the 

liquid phase Beckmann rearrangement of cyclododecanone oxime to 

laurolactam.  

                              

Catalyst Pore 
Size 
(Å) 

Temp 
(oC) 

Solvent Time 
(hr) 

Conversio
n (%) 

Laurolactam 
Selectivity 
(%) 

Re
f 

H ZSM-5 
Si/Al=37 

 

H Beta 
Si/Al=31 

5.5 

 

 

7 

130 Chlorobenzene 24 0 

 

 

91 

- 

 

 

72 

118 

Meso-
SiAlPO  

 

Beta 
Si/Al=25 

22 

 

 

7 

130 Chlorobenzene 24 15.5 

 

 

80.2 

75.5 

 

 

95.8 

124 

MCM-41 

 

Beta 
Si/Al=50 

40 

 

7 

105 Chlorobenzene 5 Yield:33 

 

        18 

125 

5.1.2 Effect of silanol sites 

  It is well established that very weak acidic silanol sites within silicalite-1 

are exceptional active sites for the vapour phase Beckmann rearrangement. 

Therefore one might reasonably assume that the same active site would be 

suitable for the liquid phase rearrangement. To investigate this hypothesis 

Valencia et al118 synthesised a range of zeolite Betas with different Si/Al ratios 
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and then tested them in the liquid phase Beckmann rearrangement of 

cyclohexanone oxime to caprolactam. Despite zeolite Beta with the 

Si/Al >100000 containing high quantities of silanol sites it was found to be 

inactive in the liquid phase reaction. In stark contrast, zeolite Beta with a lower 

Si/Al ratio of 31 yielded a catalyst that was active and had 68% conversion over 

24 hours. The Si/Al=31 catalyst, like the Si/Al >100000, contained silanol sites, 

but it additionally had Brønsted acidity due to the aluminium in the 

framework.118  

  Similarly the purely siliceous MCM-41 was found to have insufficient acid 

strength to catalyse the rearrangement of the oxime appreciably (Figure 73). By 

grafting aluminium sites on to the MCM-41 and hence removing some of the 

silanol sites, the catalyst became approximately 6 times more active and 

considerably more selective towards the lactam than the purely siliceous MCM-

41 (Figure 73). Therefore, from these studies it could be argued that the active 

sites are not the silanol sites that are active in the vapour phase rearrangement 

but instead are the Brønsted acid sites that are generated by isomorphously 

substituting metals into the molecular sieve’s framework. 

 

Figure 73 Comparison of the catalytic activity of purely siliceous MCM-41 with 

MCM-41 with aluminium post-synthetically grafted (24wt%) in the 

liquid phase Beckmann rearrangement of cyclohexanone oxime. 

Conditions: 130oC, 5 hours, 0.1g catalyst, oxime: catalyst: 

benzonitrile= 1:1:200.121 
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These results contrast the well-established trends found in the vapour 

phase rearrangement over the highly siliceous ZSM-5 catalysts. These 

differences can most likely be attributed to the different reaction conditions. 

The high temperatures required for the vapour phase process will increase the 

rate of the rearrangement, therefore not needing the strong acid sites to 

participate. The stronger sites can often lead to the formation of coke 

precursors and unwanted by products, therefore the weaker sites are preferred 

in the vapour phase rearrangement. In contrast, in the liquid phase the 

rearrangement is performed at much lower temperatures where the necessary 

energy needed to activate the reaction intermediates utilising the weak acid 

sites is not available, therefore making those extremely weak acid sites 

essentially inactive. Hence the silanols are not expected to contribute greatly, 

as seen in the vapour phase, towards the total activity of the catalyst in the 

liquid phase Beckmann rearrangement.  

5.1.3 Effect of Lewis acid and Brønsted acid sites  

  The acid strength and type of acidity present within zeotypes is largely 

controlled by the chemical composition and arrangement of atoms in the local 

environment of the Brønsted or Lewis acid sites (Figure 74). The mechanism of 

the acid sites found in the solids behave and accelerate reactions via the same 

general mechanism found with acids in solution.126 Brønsted acid sites 

accelerate the reaction via proton donation and within zeotypes these sites 

manifest as protons located at bridging sites (Si-(OH)-Al). Lewis acid sites 

accept electron density and polarises the reagent making it more reactive in 

the reaction. Lewis acid sites often consist of atoms that can expand their 

coordination sphere; these can be framework atoms (e.g. Ti in TS-1) or extra 

framework atoms (e.g. extra framework aluminium). Quite often Lewis acids 

can catalyse the same reactions as Brønsted acids. However, in the Beckmann 

rearrangement they have been found to have a very different influence over 

product selectivities.  
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Figure 74 Schematic of Brønsted acid site (LHS) and Lewis acid site (RHS) in a 

zeolite.127  

 

Figure 75 Comparison of the effect of having Lewis acid sites and Brønsted 

acid sites in the catalyst. (A) Proposed active sites for the Beckmann 

rearrangement. (B) Influence of Brønsted acidity on the initial 

reaction rate. (C) Influence of weak Lewis acidity on the formation of 

cyclohexanone at 5 hours. Reaction conditions: 130oC, catalyst 

(0.1g), oxime:catalyst:PhCN= 1:1:200.128 
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Tatsumi et al128 investigated the influence of Lewis acidity and Brønsted 

acidity on the liquid phase Beckmann rearrangement by preparing a collection 

of ultrastable Y catalysts via acid treatment. This treatment often leads to the 

formation of extra framework aluminium that confers Lewis acidity. The 

quantities of Lewis acidity and Brønsted acidity were determined by FTIR  

spectroscopy experiments. It was found that the catalysts’ activity increased 

with the quantity of Brønsted acid sites, conversely the presence of Lewis acid 

sites led to a decrease in lactam selectivity and increase in cyclohexanone yield 

(Figure 75). Therefore this relationship suggests that the weak Brønsted acid 

sites are the active site for the conversion of cyclohexanone oxime to 

caprolactam, and the weak Lewis acids sites are responsible for the 

cyclohexanone formation. 

5.1.4 Effect of pore size 

 When designing a molecular sieve for any type of reaction consideration 

of whether the reagent is compatible with the pore diameter of the catalyst is 

essential. This was demonstrated when comparing the activities of H ZSM-5 to 

H Beta with different sized oximes (Figure 76).118 H ZSM-5 and H Beta were 

prepared with similar levels of Brønsted acidity and therefore had very similar 

activities and selectivities in the liquid phase Beckmann rearrangement 

cyclohexanone oxime. However when larger substrates were used H ZSM-5 

activity was quickly diminished. Since the two catalysts have similar acidity the 

differences in the activity must arise from their structural differences, their 

very different pore diameters. H Beta has larger pores of 7Å whereas H ZSM-5 

has smaller pores of 5.5Å. In the case of acetophenone (7Å) it had restricted 

access to the H ZSM-5 internal active sites, hence the much lower conversion, 

just 42% compared to almost 100% with Beta. Therefore this suggests that the 

external silanol sites of H ZSM-5 are participating in the transformation leading 

to lower selectivity (76% versus 98% with H Beta). Cyclododecanone oxime (9Å) 

is far too large to be able to diffuse into the pores of H ZSM-5 and therefore no 

appreciable conversion is observed. In the case of Beta the diffusion of the 

cyclododecanone oxime to the internal active sites was also restricted. This 

resulted in the external surface silanols contributing to the total activity of the 

catalyst to a greater extent. The surface silanols are less selective towards the 
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lactam than the internal sites, so this had a negative effect on the selectivity of 

bulkier lactams; H Beta was just 72% selective towards lauolactam versus 98% 

for the smaller N-phenylacetamide. Therefore, designing a molecular sieve with 

an appropriate pore size is of paramount importance when creating a highly 

active and selective catalyst.  

 

Figure 76 Effect of pore size on the liquid phase Beckmann rearrangement of 

various oximes with H ZSM-5 (5.5Å) and H Beta (7Å). Conditions: 

Oxime (100mg), decane (50mg), Chlorobenzene (20ml), catalyst 

(100mg), 24h.118 

5.1.5 Aims 

 By using a combination of spectroscopic acid characterisation 

techniques the HP SAPO-5 and HP SAPO-34 have been found to contain silanol 

sites as well as mimicking the isolated Brønsted acid sites that are typically 
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found in microporous SAPOs (see Chapter 3 on page 62). The HP SAPOs were 

found to have improved lifetimes and substrate scope, compared to their 

microporous analogues within the vapour phase Beckmann rearrangement (see 

Chapter 4, page 102). These promising results led to the HP catalysts also 

being studied in the low temperature liquid phase Beckmann rearrangement to 

probe the catalysts further.  

5.2 Results and Discussion 

5.2.1 Probing the efficacy of HP SAPO-5 and HP SAPO-34 in the liquid 

phase Beckmann rearrangement of cyclohexanone oxime 

The HP catalysts efficacy for the liquid phase Beckmann rearrangement 

reaction of cyclohexanone oxime and the larger cyclododecanone oxime was 

assessed (Figure 77). The microporous analogues were also tested in the same 

rearrangements so the differences in activity could be directly compared. It is 

worth noting that the activity of both microporous and HP catalyst are much 

lower in the liquid phase than observed in the vapour phase (see Chapter 4, 

page 102). This is due to the reaction temperature being much lower and 

hence some of the weaker acid sites are not activated towards the 

rearrangement. For example in the liquid phase the silanol active sites are not 

considered to be significantly active in the rearrangement (see 5.1.2, page 

136), however they are the preferred sites in the vapour phase rearrangement 

owing to the higher temperatures enabling them to be activated. Therefore it 

could be assumed that the silanol sites in the HP SAPOs that resulted in high 

conversions, lifetimes and selectivities in the vapour phase rearrangement are 

likely not to be as significant in the liquid phase Beckmann rearrangement and 

hence lower conversions are observed.  
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Figure 77 (A) Molecular diameter of cyclohexanone oxime (left) and 

cyclododecanone oxime (right). (B) Figures of SAPO-34, SAPO-5, 

MCM-41 and HP SAPO detailing the catalyst active sites and pore 

dimensions.  

 In the liquid phase rearrangement of cyclohexanone oxime the 

microporous SAPO-5 and SAPO-34 were observed to have very different levels 

of conversion. SAPO-5 had 30% conversion whereas SAPO-34 had just 11% 

conversion (Figure 78). This is likely due to the accessibility of the active sites 

within the microporous architectures to the cyclic oxime. Cylclohexanone 

oxime is estimated to have a diameter of 0.66nm. SAPO-5 has a pore size of 

0.73nm therefore it would be reasonable to assume that the substrate would 

be able to access and interact with the internal active sites of the catalyst. 

SAPO-34 has a much smaller pore size of 0.38nm, therefore it is not 
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unreasonable to conclude that the reagent will not be able to interact with the 

internal active sites of the SAPO-34 catalyst, hence the much lower conversion 

observed with SAPO-34. These results clearly have indicated that the location 

and accessibility of the active sites are very important in the liquid phase 

Beckmann rearrangement. Therefore the HP SAPOs hold great potential in 

improving the levels of conversion owing to the inclusion of mesopores that 

can house more accessible active sites.   

Comparison of the SAPO-5 and HP SAPO-5 catalyst in the liquid phase 

Beckmann rearrangement of cyclohexanone oxime revealed that there is little 

difference in activity between the two catalysts. Both catalysts have about 30% 

conversion after four hours with 100% selectivity. This is likely due to pore size 

of the AFI framework (0.73nm) being large enough to accommodate the 

cyclohexanone oxime (0.66nm), so both the HP SAPO-5 and SAPO-5 have active 

sites that are accessible to the reagent (Figure 77) and hence the conversions 

are comparable.  

 

Figure 78 Comparison of HP and microporous catalysts in the liquid phase 

Beckmann rearrangement of cyclohexanone oxime. Conditions: 
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130oC, 4 hours, 0.1g catalyst, 0.1g oxime, 0.1g chlorobenzene (IS), 

20ml benzonitrile.  

More significant differences in activity were observed with the smaller 

microporous SAPO-34 and the HP SAPO-34. After four hours the microporous 

catalyst has 11% conversion whereas the HP analogue almost doubles this level 

of conversion to about 20% whilst still retaining the 100% selectivity to ε-

caprolactam. This enhancement in activity could be attributed to either the 

improvements in accessibility owing to the auxiliary mesoporous network in 

the HP SAPO-34 (Figure 77), or it could be due to the additional silanol sites, 

which can be active sites for this reaction.  

In order to assess the silanol sites as viable active sites for these 

reactions MCM-41, mesoporous silica that only contains silanol sites, was 

tested in this reaction. MCM-41 did not produce any ε-caprolactam over the 

course of the reaction; instead it promoted hydrolysis of cyclohexanone oxime 

producing cyclohexanone exclusively. This result highlighted the importance of 

adroit design of the appropriate active site combined with effective porosity 

within the porous catalyst. This, therefore, suggests that the improvements 

seen with HP SAPO-34 are likely due to the enhancements in accessibility rather 

than the presence of silanol sites. It is unlikely that cyclohexanone oxime can 

access the Brønsted acid sites in the micropores, instead the reaction is likely 

to be just on the surface or at the outer pore mouths. By having mesopores 

within the framework more of the active sites should be available to the oxime, 

hence leading to higher conversions. HP AlPO-5 was also tested in this 

reaction; it had similar levels of conversion to HP SAPO-5, but its selectivity was 

far lower (just 73%) and formed a significant quantity of cyclohexanone. 

Therefore it would be reasonable to assume that there needs to be a subtle 

balance of active sites (silanol and Brønsted acid) within an accessible 

framework in order to have a highly selective catalyst.  

 Given the nature of the acid sites and the micropore apertures (Figure 

77) it was to be expected that larger differences in conversion of 

cyclohexanone oxime would be found between the microporous and the HP 

SAPO-34 rather than the microporous and HP SAPO-5. The acid characterisation 

revealed that the HP catalysts consisted of Brønsted acid sites (and silanol 
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sites) that mimic the same strength Brønsted acid site found in the 

microporous analogues. The micropores in SAPO-34 are much smaller than 

those in SAPO-5, 3.8 Å versus 7.3Å. Therefore it would be unlikely that 

cyclohexanone oxime can diffuse into the pores of SAPO-34, but it is likely to 

be able to do so in SAPO-5. Hence, the inclusion of a mesoporous network in 

SAPO-34 resulted in an increase in conversion, whereas the active sites were 

already accessible in SAPO-5; therefore the HP SAPO-5 did not result in any 

significant enhancement of conversion.  

5.2.2 Probing the liquid phase Beckmann rearrangement of 

cyclododecanone oxime 

To further assess the hierarchically porous catalysts they were tested in 

the liquid phase Beckmann rearrangement of the bulkier cyclododecanone 

oxime to produce the industrially relevant precursor to Nylon 12, laurolactam. 

Overall the conversions related to this rearrangement (Figure 79) were much 

higher than the conversions recorded for the smaller cyclohexanone oxime 

(Figure 78). This is a similar trend that has been observed previously with 

zeolites Beta  (38% conversion for cyclohexanone oxime versus 91% conversion 

for cylododecanone oxime).118  

The contrast in activity in the Beckmann rearrangement of 

cyclododecanone oxime between the microporous and hierarchically porous 

catalysts is much more obvious than in the Beckmann rearrangement of 

cyclohexanone oxime (Figure 78). There was a slight improvement in activity of 

the HP SAPO-5 compared to the microporous analogue and there is very 

distinctive improvement between HP SAPO-34 and SAPO-34. Microporous 

SAPO-34 had just 72% conversion after four hours, whereas, HP SAPO-34 had 

almost 100% conversion with 100% selectivity. The improvements in 

conversions could be attributed to the auxiliary mesoporous network in the HP 

SAPOs. The mesoporous network would permit access of the large substrate 

(0.88nm) to active sites that otherwise would have been unavailable in the 

purely microporous catalysts (Figure 77). Therefore the higher quantities of 

available/ accessible active sites in the HP catalysts were likely to be 

responsible for the higher conversions compared to their microporous 
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analogues. However, the high activities of the two HP catalysts could also be 

attributed to the presences of the silanol sites, which were found in near 

identical quantities in the two HP SAPOs.  

 

Figure 79 Comparison of HP and microporous catalysts in the liquid phase 

Beckmann rearrangement of cyclododecanone oxime. Conditions: 

130oC, 4 hours, 0.1g catalyst, 0.1g oxime, 0.1g chlorobenzene (IS), 

20ml benzonitrile. 

 To further assess HP SAPO-5 and HP SAPO-34 efficacy in the liquid phase 

Beckmann of cyclododecanone oxime rearrangement they were tested using 

various weight ratios of oxime to catalyst (Figure 80). It was found that a 1:1 

weight ratio resulted in the best results for both of the HP catalysts. 

Interestingly HP SAPO-34 had much higher conversion compared to HP SAPO-5 

(97% versus 60%) when 1oxime:0.5catalyst weight ratio was used. This could 

be due to HP SAPO-34 containing a higher quantity of Brønsted acid sites 

compared to HP SAPO-5 (see Figure 52, Figure 53, Table 13 in Chapter 3), 

which is analogous to the trend found with the microporous analogues.70 When 

the weight ratio of oxime to catalyst was 1:1 the discrepancies in Brønsted acid 
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quantities between HP SAPO-34 and HP SAPO-5 did not appear to be so 

important, but as the quantity of catalyst was decreased the differences were 

important and hence there was a stark difference between the conversions of 

these two catalysts.  

 

Figure 80 Effect of oxime: x catalyst (weight ratio) on the conversion of 

cyclododecanone oxime in the liquid phase Beckmann 

rearrangement with (A) HP SAPO-5 and (B) HP SAPO-34. The 

selectivity was 100% to the lactam. Conditions: 130oC, 7 hours, 0.1g 

catalyst, 0.1g oxime, 0.1g chlorobenzene (IS), 20ml benzonitrile. 

HP SAPO-34 and SAPO-34 activities were also compared over a range of 

temperatures (Figure 81). It was found that both of their activities were 

enhanced with an increase of temperature. Interestingly at the lower 

temperature (110oC) both SAPO-34 and HP SAPO-34 had very similar levels of 

conversion (about 24%) but as the temperature was increased the differences 

became larger. At 130oC HP SAPO-34 had 59% conversion and SAPO-34 had 

44%. At 150oC HP SAPO-34 had 82% conversion and microporous SAPO-34 had 

just 58%. This result is very suggestive and revealing. It indicates that at the 

lower temperature the activities of the two catalysts is very similar, and hence 

the active site (Brønsted acid) involved in the rearrangement is the same 

between the two catalysts. However, at higher temperatures the HP catalyst is 

far superior. This suggests that an additional active site (silanols), which is not 

present in the microporous catalyst, maybe participating in the reaction and 
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this leads to improvements in conversion. Furthermore, this is highly 

suggestive that the silanols with the HP SAPOs are only active in the liquid 

phase Beckmann rearrangement above a certain temperature.  

 

Figure 81 Effect of temperature on the liquid phase Beckmann rearrangement 

of cyclododecanone oxime. Selectivities were 100% to the 

laurolactam for all reactions.  Conditions: 130oC, 1 hours, 0.1g 

catalyst, 0.1g oxime, 0.1g chlorobenzene (IS), 20ml benzonitrile. 

In order to assess whether the enhancement of activity in the HP catalyst 

in the liquid phase Beckmann rearrangement of cyclododecanone oxime is due 

to the silanols or the enhanced access to the Brønsted acid sites in the 

micropores, MCM-41 was tested in this reaction too (Figure 79). MCM-41 had 

100% conversion after the 4 hours with 43% selectivity to laurolactam (the by-

product was cyclododecanone). Therefore it is likely that a combination of the 

silanol active site and the enhanced accessibility are responsible for the 

enhancements in activity.  

To further assess the influence of the silanol sites and the mesopores 

within the HP catalysts in the reaction, HP AlPO-5 was also prepared and tested 

(Figure 79). HP AlPO-5 has the same porosity as HP SAPO-5, but is expected to 

just contain exclusively silanol sites owing to the synthesis regime. This 

catalyst was highly active in the reaction, 85% conversion with 100% selectivity. 

HP AlPO-5 was not as active as HP SAPO-5 (100% conversion) but it was 
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considerably more selective than MCM-41. Therefore, this highlighted the 

importance of the framework topology in tailoring selectivity towards a desired 

product. Furthermore, it could be hypothesised that the combination of the 

silanols within a HP AlPO framework combined with isolated active Brønsted 

sites are paramount in creating a highly active and selective catalyst, which is 

recyclable (Figure 82), in the liquid phase Beckmann rearrangement of 

cyclododecanone oxime.  

 

Figure 82 Recycle experiments with HP SAPO-5 (A) and HP SAPO-34 (B) in the 

liquid phase Beckmann rearrangement of cyclododecanone oxime. 

Selectivities were 100% to laurolactam for all reactions. Conditions: 

130oC, 7 hours, 0.1g catalyst, 0.1g oxime, 0.1g chlorobenzene (IS), 

20ml benzonitrile. 

5.2.3 Probing the active site and intermediates via in situ 15N NMR 

spectroscopy 

  In situ and operando solid state NMR spectroscopy have been invaluable 

tools in revealing the nature of the active sites within the Beckmann 

rearrangement at the molecular level.48, 49, 103, 129 It was thought that by utilising 

in situ NMR spectroscopy it would be possible to see if there were differences 

in the active sites or intermediates (Scheme 5 and Figure 10) within the liquid 

phase Beckmann rearrangement of cyclododecanone oxime using both HP 
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SAPO-34 and SAPO-34 (Figure 83). These differences may then help to further 

understand the origins of the improved activity seen with HP catalysts. 

 A 15N labelled oxime was physically mixed with the catalyst SAPO-34 

(Figure 83 A) or HP SAPO-34 (Figure 83 B) and the spectra were recorded at 

time zero at room temperature. Both HP SAPO-34 and SAPO-34 spectra initially 

had one peak at 336ppm that was assigned to 15N cyclododecanone oxime. The 

sealed rotors were then heated for the specified time in a tube furnace under 

nitrogen at 130oC. Then the spectra were recorded. Over time it was clear to 

see that the oxime peak at 336ppm quickly disappeared and the peak at 

83ppm, which was assigned to laurolactam, appeared. After twenty minutes, 

the spectra of both catalysts had no sign of oxime, and exclusively had just 

one signal that was assigned to the lactam. 

 This initial study was quite revealing. As the signal shapes and chemical 

shift value are in essence the same between the microporous and hierarchically 

porous frameworks it would be reasonable to assume that the rearrangement 

over the two catalysts follow the same pathway. Therefore it could be 

hypothesised that the improvements in activity (Figure 78 and Figure 79) 

originate from the improvements in porosity (Figure 44) and hence accessibility 

to the Brønsted acid sites within the microporous framework. However, more 

in-depth studies would have to be performed to be able to conclude that with 

certainty.  
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Figure 83 15N CP/MAS NMR spectra recorded upon conversion of 15N 

cyclododecanone oxime on (A) SAPO-34 and (B) HP SAPO-34 at 

130oC in the absence of solvent.  

5.3 Conclusion 

  The microporous Me AlPOs and SAPOs have been shown previously to 

be highly effective catalysts. Careful consideration of framework topology and 

composition has led to a breed of catalysts that can be subtly tailored for an 

array of catalytic transformations. However, despite these advantages these 

catalysts do have shortcomings due to their microporous nature. The 

micropores which house the active sites can be easily blocked and be 

inaccessible to reagents, therefore reducing their activity and applicability for 

certain reactions. Chapter 3 (page 62) described the synthetic strategy and 

showed that by utilising a soft templating technique it is possible to synthesise 

hierarchically porous analogues of SAPO-5 and SAPO-34. These catalysts mimic 

the same Brønsted acid sites found in the microporous catalysts whilst also 

having additional silanol sites.  
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The combination of enhanced porosity and accessibility with the 

additional active sites has led to these catalysts enhancing the conversion 

found with the traditional microporous catalysts. Both HP SAPO-5 and HP SAPO-

34 had very similar activities in the liquid phase Beckmann rearrangement of 

cyclododecanone oxime, and both were considerably more active than their 

microporous analogues. This enhancement was attributed to both the porosity 

and the additional silanol sites. In order to investigate the mechanism of 

cyclododecanone oxime rearrangement further in situ MAS NMR spectroscopy 

studies using a 15N labelled cyclododecanone oxime were performed. The initial 

results indicated that both HP SAPO-34 and SAPO-34 had a similar mechanism 

and active site. Hence, suggesting that the improved accessibility of the 

Brønsted acid sites is responsible for the improvements seen in HP catalysts.   

These early results highlight the potential that these hierarchically porous 

catalysts have. It can be envisaged that the hierarchically porous catalysts will 

be able to mimic a whole host of different types of active sites found within the 

microporous Me AlPOs for a range of catalytic reactions. These hierarchically 

porous catalysts with their dual porosity represent a new species of catalysts 

that has the potential to build upon the advantages with the microporous Me 

AlPOs in order to create superior catalysts for a range of industrially significant 

transformations.  

5.4 Experimental 

5.4.1 Liquid phase Beckmann rearrangement 

Cyclohexanone oxime (0.1g), internal standard anhydrous chlorobenzene 

(0.1g) and freshly calcined catalyst (0.1g) were added to anhydrous 

benzonitrile (20ml) in a 3-necked batch reactor flask at 130oC under reflux and 

nitrogen. The resulting suspension was stirred magnetically at the reaction 

temperature. Over the course of the reaction aliquots of the reaction mixture 

were taken and analysed using a Clarus 480 gas chromatograph with FID 

detector and an Elite 5 column. Products were identified against authenticated 

standards and quantified by calibration to obtain response factors (RF) against 
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the known internal standard (chlorobenzene). Both the reproducibility and 

mass balance (>95mole%) were within accepted limits. 

Analogous protocol was used for the cyclododecanone oxime 

rearrangement.  

5.4.2 Recycle experiments 

Cyclohexanone oxime, internal standard anhydrous chlorobenzene, and 

freshly calcined recovered catalyst were added to anhydrous benzonitrile in a 

3-necked batch reactor, with a 1:1:1: 30.6 weight ratio respectively, at 130oC 

under reflux and nitrogen. The resulting suspension was stirred magnetically 

at the reaction temperature. Over the course of the reaction aliquots of the 

reaction mixture were taken and analysed via GC.  

5.4.3 In situ NMR spectroscopy 

  For solid-state NMR spectroscopy, all spectra were acquired using a 

Bruker AVANCE II AscendTM 400 WB magnet on a Chemagnetics Infinity 

console at 9.4 T. All the NMR spectroscopy experiments were performed on a 6 

mm double-resonance APEX probe. Approximately 100mg of catalyst was 

physically mixed with 10mg of 15N cyclododedecanone oxime and packed into 

6mm ziroconium oxide rotors and spun at a speed of 5kHz under nitrogen.  

The 15N spectra were obtained using ramped cross-polarization with a contact 

time of 2 ms and 60 seconds pulse delay. Typical experiments required 

between 100 and 200 scans to get satisfactory signal to noise. The 15N 

chemical shifts were referenced with CH3NO2. All spectra were processed using 

matNMR with Matlab2014b. 

 Room temperature scans of HP SAPO-34 and SAPO-34 with the labelled 

oxime were recorded. In between measurements the rotor was kept in a glove 

box under vacuum to try to minimise water contamination. The rotors (with the 

packed catalysts and oximes) were treated in a tube furnace under nitrogen at 

130oC for the specified amount of time. Then quenched and kept under argon 

until the measurements were made. This process was repeated until the 

experiment was completed.  
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Chapter 6 Tailoring design strategies for 

modulating the nature of active sites 

within hierarchical architectures 
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6.1 Introduction  

  Precise design of discrete active centres is widely recognised as being 

the cornerstone in the development of new heterogeneous catalysis, such as 

aluminophosphates (AlPOs). Researchers have long explored the development 

of isolated active sites within AlPOs by isomorphously substituting small 

fractions of the T atoms (Al(III) or P(V)) with active elements within the 

framework, in order to catalyse a plethora of reactions some of which are 

essential within industry and society. AlPOs are extremely amenable to subtle 

modifications, and therefore they can be suitably tuned in order to create 

highly optimised catalysts for particular reactions.  

  Advances in in situ and operando spectroscopic techniques have 

enabled the nature of active sites within these catalysts to be revealed. It is 

now possible to use that information to design catalytic active centres at the 

molecular and atomic level with particular local structural environments in 

order to afford highly active catalysts. Opportunities to develop new and 

improved catalysts are endless as it is also possible to have combinations of 

different active centres in one material; where each site can be attributed to a 

particular function, structural or catalytic. In an ideal case these sites will 

cooperatively communicate with each other in order to afford a synergistic 

enhancement in the catalytic properties.  

 AlPOs are proven to be particularly amenable to the generation of multi-

metallic, and hence multifunctional, catalysts.25 These multi-metallic AlPOs can 

be used for graceful cascade reactions,130 or they can be deployed to optimise a 

particular reaction pathway. The introduction of a second metal can subtly tune 

the properties and nature of the catalyst when the two metals are able to 

interact cooperatively with each other. For example simultaneous isomorphous 

substitution of Mg(II) and Si(IV) into the AlPO-5 framework resulted in a catalyst 

which was more active than the monometallic analogues in the isopropylation 

of benzene; this was attributed to the subtle tuning of the catalyst’s acidity by 

having the two metals in the framework. 52  
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Figure 84 Comparison of the activity of various Me AlPO-5 in the 

isopropylation of benzene with isopropanol.52 

  A second metal can also facilitate structural modifications to the primary 

metal’s local environment leading to enhancements in catalytic activity. For 

example when Co and Ti were simultaneously substituted into AlPO-5 they 

preferentially formed Co-O-Ti linkages,131 and this resulted in titanium being 

more tetrahedral in nature and hence more active in oxidation reactions than 

the monometallic analogues (see page 57 and Figure 85).79, 132 Likewise a 

bimetallic V Ti AlPO-5 is significantly more active than the monometallic 

analogues, indicating that there is a communication, a synergy between the 

two sites leading to an improved catalyst (Figure 86).132 There are countless 

metal combinations that are possible within AlPOs opening up many 

opportunities to design and create novel and essential catalysts to fulfil the 

needs of society and industry.  
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Figure 85 Effect of synergy between two metal sites within a bimetallic AlPO-5 

for the catalytic epoxidation of cyclohexene using acetyl 

peroxyborate (APB) as an oxidant. 79 

 

Figure 86 Bimetallic V Ti AlPO-5 is more active in the aerobic oxidation of 

benzyl alcohol than its monometallic analogues. 132 

   Further examples of synergistic relationships have been reported with 

mesoporous silica catalysts.133 Mn Ti SBA-15 was found to have a much higher 

activity and selectivity in the oxidation of ethyl benzene than its monometallic 
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analogues and the physical mixture (Figure 87).133 The high catalytic activity 

was attributed to the simultaneous incorporation of Mn(II) and Ti(IV), as 

confirmed by UV-Vis spectroscopy. It was demonstrated that the two species 

are in close proximity to each other, thereby enabling the two active centres to 

act in a coordinated fashion. This resulted in the oxophilic Ti(IV) ions 

coordinating with the oxidant in close proximity to the redox-active site (Mn), 

which interacts with the substrate. The close proximity of the two sites 

resulted in a significant enhancement in catalytic activity, given the Langmuir-

Hinshelwood nature of the process.134 The synergistic phenomenon is 

comparable to the findings by Paterson et al with the microporous bimetallic 

Co Ti AlPO-5 catalyst (Figure 85).79 

 

Figure 87 Catalytic synergy in mesoporous silicas for the oxidation of ethyl 

benzene. 133 

The incorporation of a second metal can also tailor acidity in mesoporous 

frameworks and can help stabilise the primary metal into the framework (Figure 

88).135 The introduction of a divalent cation into a silicalite framework would be 

expected to invoke a greater negative charge than a trivalent dopant. It would 

have to be compensated by a greater number of protons, therefore the divalent 
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dopant should create a stronger Brønsted acid site than a trivalent dopant would. 

In a related study involving bimetallic substitutions in mesoporous frameworks, 

unexpectedly the authors135 found that the divalent magnesium substituted 

MCM-41 had lower acidity than its corresponding trivalent aluminium 

substituted analogue, as determined by temperature-programmed desorption of 

pyridine. This was attributed to the formation of MgO clusters during the 

calcination process, which blocked the acid sites. In contrast, the acidity of the 

bimetallic Mg Al MCM-41 was not hindered by this phenomenon, suggesting that 

the presence of Al(III) in the framework stabilises isolated Mg(II) ions, creating a 

more efficient catalyst for the alkylation of m-cresol owing to its increased acidity.  

 

Figure 88 Tuning acidity in mesoporous bimetallic catalysts through 

isomorphous substitution.135  

It has been demonstrated, with both the microporous and mesoporous 

molecular sieves, that it is possible to incorporate both structural and bi-
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functional synergy into the catalyst by substituting two metals into the 

framework. Owing to prodigious design strategies that take the nature and 

type of active sites in question into consideration as well as the surrounding 

pore architecture, it is possible to engineer improvements in catalytic 

conversion and selectivity for a particular reaction within these molecular 

sieves. Therefore it would be reasonable to assume that if the same design 

strategies were applied to the hierarchically porous AlPOs it may be possible to 

enhance their catalytic properties; unfortunately as of yet only a handful of 

monometallic HP AlPOs have been reported (Table 22).  
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Table 22 Literature examples of HP Me AlPOs and their applications.  

HP Framework Dopant 

Metal  

Application Conversion Selectivity Ref 

AlPO-5 Cr  

 

61 85.8 87 

AlPO-5 Mn 

Fe 

Co  

61.4 

84.8 

81.9 

58.2 

52.5 

56.2 

86 

AlPO-5 Ti Selective capture of phosphopeptides   136 

AlPO-5 Fe 

 

72.1 24.9 137 
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Figure 89 Catalysis of bulky substrates utilising hierarchically porous Mn AlPO-

5.86 

 Hierarchical monometallic AlPOs have been shown to facilitate the access 

of bulky molecules to the active site, in comparison to their microporous 

analogues, and hence, increase the substrate scope to include building blocks 

for pharmaceuticals and fine-chemicals. Monometallic hierarchically porous Mn 

and Fe molecular sieves (HP Mn AlPO-5 and HP Fe AlPO-5) were synthesised with 

a pore-size distribution between 5-30 nm. The oxidation of hydrocarbons was 

utilised86 to test the efficacy of the hierarchical catalysts compared to their 

microporous analogues. It was found that the increased activity of the 

hierarchical system was dependent on substrate size (Figure 89).86 The 

introduction of the mesopores into the microporous Mn AlPO-5 improved its 

catalytic activity dramatically for the oxidation of indan, moderately for 

cyclohexene and only slightly for fluorene. In the case of cyclohexene and indan, 

the molecules are sufficiently small to permit diffusion into the micropores of 

AlPO-5. Subsequently they can access the internal active sites and be subjected 
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to various oxidation pathways to yield functionalised products. The presence of 

the auxiliary mesopore network can lead to an increase in the mass-transfer of 

the reactants to the active sites, simultaneously enhancing the diffusion of 

reactants and egress of products, thereby facilitating an increase in the rate of 

conversion. This is particularly dramatic in the case of indan, as its molecular 

dimensions are very similar to that of the micropore size, whilst cyclohexene is 

much smaller than the micropore aperture (7.3 Å). In contrast, fluorene (5.1 x 

8.8 Å) cannot fit into the micropores and subsequently the reaction can only 

occur on external active sites. In this case, internal diffusion is not the limiting 

factor, hence the conversion of the hierarchical and microporous systems are 

comparable. The combination of micropores and mesopores lead to a dramatic 

improvement in conversion when the substrate is of comparable size to the 

micropore, indicating that the active site is in the micropore and the mesopores 

are purely there to facilitate the role of diffusion.  

Conventionally, purely mesoporous materials can exhibit low-stability due 

to the mesopore walls being comprised of cross-linked amorphous silica. 

Generating mesopores alongside a microporous scaffold can also be 

advantageous for stabilising certain types of active species that are otherwise 

not stable in purely microporous or mesoporous environments. Cr containing 

MCM-41 has been reported to be an efficient oxidation catalyst, but the low-

stability and the propensity for Cr to leach from the porous network has 

prevented its wider use.138 A hierarchically porous Cr AlPO-587 catalyst  framework 

has been designed to overcome the stability issues associated with the 

mesoporous silica for the oxidation of bulky tetralin to 1-tetralone. The HP Cr 

AlPO-5 retained and stabilised the active chromium sites of Cr MCM-41, but 

incorporated them into a stable hierarchical AlPO-5 framework.87 Powder-XRD 

confirmed that AlPO-5 was the sole microporous phase present, while BET 

confirmed the presence of mesopores. The activity of the hierarchically porous 

and microporous Cr AlPO-5 catalyst was assessed in the oxidation of the bulky 

substrate tetralin, to 1-tetralone. It was revealing that the yields were enhanced 

by the presence of the mesopores, from 39% in the analogous microporous 

catalyst to 49% in the hierarchical system. This indicated that the HP Cr AlPO-5 

catalyst enhanced the conversions not only through increasing accessibility of 
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substrates, but also through stabilisation of the active centre leading to 

sustained catalytic performance. 

 

Scheme 8 Tetralin oxidation using t-BuOOH.87 

Hierarchically porous aluminophosphates are currently a very exciting 

area of research. There are many synthetic opportunities to create these 

frameworks  (soft templating59, 86, 87, 93, 136, 139, hard templating90 or demetallation57) 

and it is possible to substitute a range of metals into the framework via 

isomorphous substitution to create isolated active sites for catalysis. 

Monometallic HP AlPOs (for example, Cr, Co, Mn, Fe, Co, Si, Ti substituted 

AlPO-5 57, 59, 86, 87, 136) have been synthesised and have been found to be active in a 

range of reactions. However, the creation of multi-metallic hierarchically 

porous AlPOs is yet to be explored. They hold the possibility of being able to 

perform cascade reactions or provide synergistic enhancements as has been 

witnessed with the microporous analogues. 

6.1.1 Potential of cobalt and titanium substituted AlPOs for the liquid 

phase Beckmann rearrangement 

Microporous cobalt and titanium substituted AlPO-5 catalysts have been 

reported to be effective catalysts in a range of reactions with particular focus 

being placed on oxidation reactions (see Figure 85 and Figure 86). There have 

also been reports regarding the benefits of isomorphously substituting both 

metals into one framework simultaneously to generate a bimetallic Co Ti AlPO-

5 (see Figure 85 and discussion for more details). Despite the acid catalytic 

potential of the metallic Co and Ti AlPO-5 being thus far largely overlooked 

they do hold promise in this area (Table 23).  

Cobalt substituted AlPOs are fascinating catalysts; they can possess 

redox, Lewis and Brønsted active sites, therefore their potential in catalysis is 

vast. The proportions of the active sites are dependent on the framework type, 
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for example Co AlPO-5 has a relatively low redox fraction of just 20% and will 

largely consist of Lewis acid sites and some Brønsted acid centres.140 Co AlPOs 

have been demonstrated to be very active for the methanol to olefin reaction 

owing to its acidity (Table 23). 

Through in-depth characterisation studies researchers have been able to 

rationalise the origin of the acidity found within Co AlPO-5 (Figure 91).140, 141 

Analysis of the EXFAS curves (extended X-ray absorption fine structure) 

revealed that the Co atoms for each as-synthesised catalyst have the 

anticipated coordination number of 4 and expected Co-O distances of 1.93Å -

1.95Å for CoO4 therefore indicating that Co(II) substituted the framework Al(III) 

tetrahedrally,141 thereby forming Co(II)O4 tetrahedra. After calcination under air 

some Co(II)O4 tetrahedra are oxidised to Co(III).  

However, the observed Co-O bond distance, in Co AlPO-5, upon 

calcination (calculated via the EXFAS curves) produced an Co-O distance 

intermediate between the as-synthesised catalyst (containing only Co(II)) and 

the calcined Co AlPO-18 (containing predominantly Co(III)) therefore indicating 

that there is some unoxidised Co(II) in the calcined Co AlPO-5.140 The presence 

of unoxidised Co(II) species in the calcined catalyst should lead to the 

formation of Brønsted acidity via protonation of a neighbouring oxygen to 

keep electro-neutrality. However, IR spectra of the calcined Co AlPO-5 catalyst 

was found to be very similar to Co AlPO-18 (which consists almost exclusively 

of Co(III)). Co AlPO-5 did not have any OH stretching bands assignable to 

Brønsted acid sites (usually expected between 3640cm-1 and 3580cm-1),140 

thereby suggesting that charge compensation did not occur via protonation. 

Even reduction of the catalyst, which resulted in reduction of the framework 

Co(III) to Co(II) as evidenced by a shift in the absorption threshold in the 

XANES,141  did not result in any Brønsted acidity being detected via FTIR 

spectroscopy. 140 
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Figure 90 FTIR spectra of calcined (A) and reduced (B) cobalt containing AlPOs 

showing the stretching frequencies of the hydroxyl region.140 

Instead, it has been rationalised that charge compensation could also 

occur by the formation of an oxygen ion vacancy adjacent to the unoxidised 

Co(II), and this would result in a Lewis acid site (Figure 91).140 Through 

computer simulations Barrett et al rationalised that the oxygen vacancy would 

form during the calcination of the as-synthesised Co AlPO-5 via a severe 

dehydroxylation process (proton transfer followed by a loss of water).142 The 

anionic vacancies derived from the missing lattice oxygens will act as the 

balancing charge on Co(II) AlPO-5, therefore maintaining the electro-neutrality 

of the framework. One oxygen vacancy will be formed for every two Co(II) 

species, and owing to electrostatic factors it is expected to be found adjacent 

to a cobalt ion. It is believed that Lewis acid sites exist both on reduced and on 

calcined samples. The presence of a neighbouring vacancy has also been found 

to stabilise the Co(II) states, thus explaining the resistance of Co(II) centres in 

Co AlPO-5 to oxidation. The nature of bonding between divalent dopants and 

the neighbouring oxygen is considered to be more ionic in nature than M(IV)-O 

bonds, hence this explains the formation of Lewis acidity of the Me(II) dopants 
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formed via oxygen vacancies and why it is not expected to occur with Me(IV) 

dopants.143, 144 

 

Figure 91 The rationalisation of Brønsted, Lewis and redox active sites in Co 

AlPO-5.141, 142 

  The acidity of Ti AlPOs can be rationalised by considering its 

substitution mechanism. It will substitute into the framework via type II 

substitution, this will lead to a proton satisfying the charge imbalance and 

hence the generation of a Brønsted acid site. However, Ti AlPOs are recognised 

to have Lewis acid sites, similar to TS-1.145 Ti AlPO-5 is recognised as being able 

to expand its coordination sphere to activate substrates through accepting 

electron density (Figure 92).146 The charge imbalance owing to the type II 

substitution results in a Brønsted acid site being present. Therefore Ti AlPO-5 

is largely believed to consist of both Lewis and Brønsted acid sites. It is 

believed, through DFT computational studies, that Ti substituted AlPO-5 

contains weaker Brønsted acid sites than Si AlPO-5 owing to the Me-O-P bond 

angle; larger bond angle confers stronger acidity.144 The bond angle of Ti-O-Al 

was calculated to be 119.4o and Si-O-Al was 132.9o. The differences in bond 

angle were attributed to the decrease in ionic radii (Ti= 0.42Å and Si =0.26 Å) 

of the dopants.   
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Figure 92 Ti centres in Ti AlPO-5 acting as Lewis acid site and expanding their 

coordination sphere to active substrates 

 

 

 

.  
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Table 23 Literature examples of microporous cobalt and titanium AlPOs catalytic applications.  

Microporous 
Framework 

Application Conversion Selectivity Ref 

Co AlPO-18 

 

67 100 147 

Co AlPO-5 
Co AlPO-11 
Co AlPO-25 

 

55.2 
50.1 
8.1 

39.6 
100 
100 

141 

Co AlPO-5 
Ti AlPO-5 
Co Ti AlPO-5 

 

12 
35 
82 

100 
100 
100 

79 

Co Ti AlPO-5 
Ti AlPO-5 

 

30.5 
37.5 

100 
100 

132 
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Ti AlPO-5 
Co Ti AlPO-5 

10 
10 

72 
unknown 

132 

Co AlPO-5 2.5 100 148 

Co AlPO-5 5.6 A= 31.7 
B=28.1 
C=26.5 

149 
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  The microporous Co and Ti containing AlPOs have been shown to 

contain acid sites therefore they are good candidates for the liquid phase 

Beckmann rearrangement. However, their small pores prevent access to 

internal sites that can lead to poor selectivities and activities. Therefore this 

chapter has devised a strategy to incorporate cobalt and titanium active 

centres in HP AlPO-5 catalysts in order to create active catalysts for the liquid 

phase Beckmann rearrangement.  

6.2 Chapter Aims 

The previous Chapters 3-5 have demonstrated that it is possible to use a 

one-pot soft surfactant strategy to create a multi-functional hierarchically 

porous SAPO. The HP SAPOs were found to be active in both the vapour phase 

(Chapter 4) and liquid phase (Chapter 5) Beckmann rearrangement owing to 

the combination of Brønsted acid sites, silanol acid sites and mesoporosity. 

This chapter aims to explore the synthesis further and to assess the potential 

of this strategy in creating multi-metallic HP AlPO-5 catalysts, which are 

decorated with additional functional sites for catalysis (Figure 93).  
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Figure 93 Design strategy for the synthesis of multi functional hierarchically 

porous Me-AlPOs.  
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6.3 Results and Discussion 

6.3.1 Textual characterisation 

The effect of different metal combinations within the multi-metallic HP 

catalysts was investigated using an array of spectroscopic techniques. All the 

multi-metallic HP catalysts were synthesised using the same soft-templating 

technique, which employed the organosilane surfactant, DMOD to direct the 

formation of the mesopores and triethylamine to direct the formation of the 

micropores.139 DMOD was chosen as an appropriate surfactant owing to its 

silicon containing hydrophilic head and the high propensity for Si-O-Si and Si-

O-Al bonds to form, therefore promoting the formation of mesopores 

throughout the AlPO framework (see Chapter 3 page 62). 

In order to assess the impact of different metal combinations on the 

intrinsic nature of the active site identical synthesis procedure was used for the 

catalysts. It is important to note that all the catalysts will contain silicon in the 

framework too due to the nature of the synthesis. The various metal 

combinations, monometallic cobalt, titanium as well as bimetallic cobalt and 

titanium, within the HP AlPO-5 framework did not result in any structural or 

phase imperfections and the intended crystalline AFI framework was yielded 

(Figure 94). The structural parameters of the HP Me AlPOs were refined 

(Rietveld) and the cell parameters were quantified (Table 24); the HP Me AlPO-

5s parameters showed only a subtle deviation from the microporous analogues 

confirming the successful AFI framework within the HP architecture.  
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Figure 94 pXRD pattern of HP Me AlPO-5 catalysts (A) and microporous Me 

AlPO-5 catalysts (B).  

Table 24 Comparison of the structural parameters of the HP and microporous 

Me AlPO-5s.  

Catalyst Optimised XRD Parameters for P6cc 

a (Å) c (Å) 

Co AlPO-5 13.76±0.06 8.36±0.01 

Ti AlPO-5 13.77±0.04 8.38±0.01 

Co Ti AlPO-5 13.69±0.01 8.46±0.01 

HP Co AlPO-5 13.77±0.03 8.38±0.01 

HP Ti AlPO-5 13.77±0.01 8.38±0.01 

HP Co Ti AlPO-5 13.76±0.02 8.37±0.01 

5 10 15 20 25 30 35 
2 theta 

Ti AlPO-5 
 

Co Ti AlPO-5 

Co AlPO-5 
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2 theta 
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A. 
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Scanning electron microscopy revealed the expected spherical AlPO-5 

particles in the region of 5-30 microns further substantiating the successful 

synthesis of the AlPO-5 framework (Figure 95).51, 79 The particle sizes 

measurement using SEM indicated that the HP Me AlPO-5 spherical particles 

were of a similar size to their microporous analogues. HP Co AlPO-5 consisted 

of the smallest particles (5μm -20μm) whereas HP Ti and HP Co Ti AlPO-5 had 

slightly larger particles (15μm -30μm), The particle sizes of HP Me AlPO-5 are 

all comparable with the microporous analogues (Figure 95 and Figure 96). 79 

 

 
Figure 95 SEM of HP Co AlPO-5 (A), HP Ti AlPO-5 (B) and HP Co Ti AlPO-5 (C). 
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Figure 96 SEM image of calcined Co Ti AlPO-5 and the particle sizes of the 

microporous Me AlPO-5s estimated from SEM images.79 

BET measurements were performed to assess the efficacy of our design 

strategy in the generation of hierarchically porous catalysts. All the 

hierarchically porous samples exhibited a type IV isotherm (Figure 97 A) 

indicating the presence of mesopores within the catalyst. The BJH adsorption 

pore distribution curves further demonstrated that all the HP catalysts 

contained mesopores that are approximately 40Å in diameter (Figure 97 B). In 

contrast the BJH pore distribution curves did not show any appreciable 

mesoporosity within the microporous analogues. Encouragingly all the HP 

catalysts had considerably larger total surface areas than the microporous 

analogues. For example, Co AlPO-5 total surface area was measured to be 

192.2m2/g, in contrast the hierarchically porous analogue was significantly 

larger at 306.2m2/g. As expected the contribution of the mesopore and 

external surface area was significantly higher in the HP Me AlPOs, therefore 

indicating that the enhancements in HP surface area were owed to the 

mesoporosity. Likewise the mesoporous volume of HP Me AlPOs were 

noticeably larger than the microporous analogues, in the case of HP Co Ti 

AlPO-5 the mesoporous volume was more than four times larger than the 

microporous catalysts. It should be noted that the HP catalysts retained similar 

microporous surface areas and micropore volumes to the microporous 

Catalyst Par cle size 
(μm) 

Co AlPO-5 15 

Ti AlPO-5 22 

Co Ti AlPO-5  31 

A. 
B. 
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analogues, therefore indicating that the microporous integrity of the catalyst 

was not comprised in the synthesis of the HP analogue. Overall the BET data 

strongly indicates the successful incorporation of mesopores into the 

hierarchically porous frameworks.  

 

Figure 97 Nitrogen adsorption isotherm (A) and BJH pore distributions from the 

adsorption isotherm (B) of microporous Co AlPO-5 (blue dotted), Ti 

AlPO-5 (red dotted), Co Ti AlPO-5 (green dotted), HP Co AlPO-5 (blue 

solid), HP Ti AlPO-5 (red solid) and HP Co Ti AlPO-5 (green solid). 
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Table 25 Surface area and pore volume measurements of the HP and 

microporous Me AlPO-5. 

 

In order to investigate the local coordination geometry of the Al(III), P(V) 

and Si(IV) sites MAS NMR spectroscopy was deployed (Figure 100, Figure 99 

and Figure 100). Al(III) and P(V) spectra were very similar between the HP 

(Figure 98) and microporous analogues (Figure 99). All the P(V) spectra 

consisted of a single signal at around -30ppm indicating P is in a tetrahedral 

environment.150 The Al(III) of all the frameworks had a prominent signal at 

around -35ppm, which is indicative of Al in a tetrahedral environment.151 These 

results are in good agreement with literature values.150 

Catalyst N2 adsorption/ desorption measurements 

BET 
surface 
Area 
(m2/g) 

Mesopore 
and 
external 
surface 
area 
(m2/g) 

Micropore 
volume 
(cm3/g) 

Mesopore 
volume 
(cm3/g) 

Mesopore 
aperture 
(Å) 

Co AlPO-5 192.2 ± 
9.6 

30.3 ± 1.5 0.08 ± 
4x10-3 

0.11 ± 
6x10-3 

- 

Ti AlPO-5 200.7 ± 
10.0 

22.7 ± 1.1 0.09 ± 
5x10-3 

0.05 ± 
3x10-3 

- 

Co Ti AlPO-5 165.6 ± 
8.3 

43.7 ± 2.2 0.06 ± 
3x10-3 

0.08 ± 
4x10-3 

- 

HP Co AlPO-5 306.2 ± 
15.3 

111.8 ± 
5.6 

0.08 ± 
4x10-3 

0.30 ± 
0.02 

41 

HP Ti AlPO-5 312.2 ± 
15.6 

106.3 ± 
5.3 

0.09 ± 
5x10-3 

0.23 ± 
0.01 

38 

HP Co Ti AlPO-
5 

288.8 ± 
14.4 

115.6 ± 
5.8 

0.07 ± 
4x10-3 

0.35 ± 
0.02 

41 
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Figure 98 31P MAS NMR spectra of HP Co AlPO-5 (A), HP Ti AlPO-5 (C) and HP 

Co Ti AlPO-5 (E). 27Al MAS NMR spectra of HP Co AlPO-5 (B), HP Ti 

AlPO-5 (D) and HP Co Ti AlPO-5 (F).  
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Figure 99  31P MAS NMR spectra of Co AlPO-5 (A), Ti AlPO-5 (C) and Co Ti AlPO-

5 (E). 27Al MAS NMR spectra of Co AlPO-5 (B), Ti AlPO-5 (D) and Co Ti 

AlPO-5 (F). 

29Si MAS NMR spectroscopy of the three hierarchically porous catalysts 

further confirmed the incorporation of the silicon into the framework owing to 

the utilisation of the organosilane in the synthesis procedure (Figure 100). The 

signals in the 29Si MAS NMR spectra is broad for all three of the HP catalysts 

which indicates that there is an element of silicon zoning, which would be 

expected due to the nature of the synthesis (see Chapter 3 page 62). 29Si MAS 
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NMR spectroscopy was not performed for the microporous catalysts owing to 

the absence of silica during the synthesis, therefore these additional silicon 

active sites are unique to the HP Me AlPO catalyst. The main peak observed for 

the HP catalysts was at about -90ppm; this is assigned to isolated acidic 

Si(OAl)4 sites that are formed via type II substitution.152 This is actually unusual 

for SAPO-5 frameworks; typically one would expect a much broader signal with 

a lower ppm near to -100ppm.70 Microporous SAPO-5 has been reported to 

have an extremely broad signal spanning from -90 to -100pm characteristic of 

silicon substituting into a range of different sites, the maximum intensity was 

at -99ppm indicating that the Si(OSi)(OAl)3 environment was dominant.70 In 

stark contrast the HP Me AlPOs have site-isolated silicon as the dominant 

environment. Therefore this is very interesting catalytically and synthetically as 

the HP catalysts represent a way to generate isolated silicon sites within an AFI 

aluminophosphate framework that are otherwise difficult to form.  

 

Figure 100 29Si MAS NMR spectra of HP Co AlPO-5 (A), HP Ti AlPO-5 (B) and HP 

Co Ti AlPO-5 (C).  
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  To elucidate the nature of the metallic sites (cobalt and titanium) in the 

substituted HP AlPO-5 catalysts diffuse reflectance UV-Vis spectroscopy was 

employed (Figure 101 and Figure 102). DR UV-Vis spectroscopy measurements 

enabled the molecular environments of the substituted cobalt and titanium 

ions within the AlPO framework to be investigated. The DR UV-Vis spectra of 

the calcined HP Co Ti AlPO-5 (Figure 101) showed strong absorption in the 

250nm-500nm region owing to LMCT from oxygen ligands to tetrahedral Co 

(III). The DR UV-Vis spectra of the reduced cobalt containing HP AlPOs have 

triplet bands in the visible region between 500 and 700nm which can be 

attributed to the d-d transitions of Co(II) ions in tetrahedral coordination. 

Interestingly this triplet is also present in the calcined HP Co Ti AlPO-5, 

therefore indicating that only a fraction of the cobalt within the HP architecture 

can be oxidised. This trend in the HP frameworks follows on to previously 

reported microporous Co AlPO-5 catalysts (Table 8 and Figure 103 A) in which 

only 20% of the Co(II) is believed to be oxidisable to Co(III).140, 153  

 

Figure 101 UV-Vis spectra of calcined HP Co Ti AlPO-5 (blue) and reduced HP 

Co Ti AlPO-5 (red). 
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  The DR UV-Vis spectrum of reduced HP Co Ti AlPO-5 and HP Ti AlPO-5 

show one strong absorption band in the 200-250nm range owing to 

tetrahedral Ti(IV) LMCT transitions with the framework oxygen ligands. The 

broad nature of this band indicates that the titanium isn’t purely tetrahedral. A 

material consisting exclusively of tetrahedral Ti(IV) site would have a signal 

with a lower wavenumber. For example Ti MCM-41 contains purely tetrahedral 

Ti(IV) sites because the Ti(IV) active centres are established via post synthetic 

grafting of the active site. Ti MCM-41 has been reported as having a very 

narrow band at 213nm (Figure 103).79, 154 Therefore the HP Ti AlPO-5 and HP Co 

Ti AlPO-5 do not contain purely tetrahedral Ti(IV) centres as in Ti MCM-41, the 

HP Ti catalysts have a broad band with a maximum at 250nm in stark contrast 

to the defined Ti MCM-41 signal. As such the HP catalysts most likely contain a 

mixture of 4 and 6 coordinate Ti (IV) sites; these sites are commonly observed 

within microporous titanium substituted AlPOs (Figure 103).79 Although it 

should be noted that the Ti(IV) band in the HP Co Ti AlPO-5 is sharper than in 

HP Ti AlPO-5, indicating that the Ti (IV) ions are more tetrahedral in nature in 

the cobalt containing catalyst. This phenomenon can be attributed to ‘support 

synergy’ in which a second metal can help direct the titanium into the 

framework and has been observed in the microporous analogues previously 

(Figure 103).79,131 

 Comparison between the HP Co Ti AlPO-5 (Figure 102) and previously 

reported79 microporous Co Ti AlPO-5 (Figure 103) DR UV-Vis spectroscopy data 

revealed subtle differences between the nature of the active sites within the 

architectures. Microporous reduced Co Ti AlPO-5 had a triplet band between 

530 and 660nm that was assigned to the d-d transitions of Co(II) in tetrahedral 

coordination. Similarly reduced HP Co Ti AlPO-5 also had a triplet, however it 

was shifted to a lower wavelength between 522 and 617nm. The lower 

wavelength of the HP triplet could be due to the catalyst not being fully 

dehydrated, it is possible for the Co(II) ions in the framework to co-ordinate 

with water molecules and this can result in the triplet being shifted to lower 

wavelengths, a similar observation was made with Co SBA-1.155 Or it could be 

due to the cobalt in the microporous framework being distorted owing to the 

severe evacuation to dehydrate the microporous catalyst prior to the 

measurements (the HP catalyst was not evacuated before the measurements, 
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whereas the literature reported microporous Me AlPOs were) leading to the 

formation of oxygen vacancies (Figure 91) and hence the wavelength of the 

triplet is red-shifted, this has been observed with Co AlPO-5 previously.156  

In the case of the titanium environment the UV-Vis spectroscopy data has 

once again revealed subtle differences between the coordination environment 

of the HP and microporous Co Ti AlPO-5. The microporous catalyst has a band 

at 230nm that was assigned to tetrahedral (and to a lesser extent octahedral) 

Ti(IV) LMCT transitions. It is noteworthy that this same band was shifted to a 

higher wavelength and was significantly broader in the hierarchically porous 

catalyst when compared with the microporous catalyst. Therefore, there was a 

significantly higher presence of octahedral Ti(IV) sites with oligomeric species 

or TiO2 clusters in the HP catalyst than the microporous catalyst.   

 

Figure 102 UV-Vis spectra of HP Co AlPO-5 (blue), HP Ti AlPO-5 (red) and 

reduced HP Co Ti AlPO-5 (green) 

 



  Chapter 6 

 186 

  

 

Figure 103 (A) Comparison of the UV-Vis spectra of the oxidised (a) and 

reduced (b) Co Ti AlPO-5 catalyst. (B) US Vis spectra of reduced Co 

Ti AlPO-5 (a), Ti AlPO-5 (b) and Ti MCM-41 (c).79  

  The isomorphous substitution of Co(II) via type I substitution and Ti(IV) 

via type II substitution will both lead to an acid site being generated, as will the 

incorporation of the Si(IV). The strength, type and quantity of these sites will 

be intimately related to the catalysts activity. Therefore FTIR spectroscopy was 

utilised to probe the acidity of the hierarchically porous frameworks further. 

Direct observation of the O-H stretching region was extremely revealing (Figure 

104). The spectra were very similar for all three of the catalysts, they all 

contained bands due to Al-OH and P-OH defects as well as bands owing to 

silicon incorporation into the AlPO framework. There was a band at about 

3640cm-1 in all three hierarchically porous frameworks that corresponded to 

Brønsted acid sites within the catalysts owing to the silicon being 

isomorphously substituted into the framework via type 2 or type 3 

substitutions or a combination of both.51, 157-159 There was also an additional 

band at 3750cm-1; this was attributed to the silanol sites in the catalysts which 

originate from the calcination of the surfactant in the mesopores. The FTIR 

spectroscopy data therefore indicated, as did the 29Si MAS NMR spectra (Figure 

100), that the surfactant has been successfully incorporated into the 

frameworks.  
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Figure 104 FTIR spectra hydroxyl region of HP Co AlPO-5 (blue), HP Ti AlPO-5 

(red) and HP Co Ti AlPO-5 (green). 

 Observation of the CO region of the FTIR spectra ( 

Figure 106 and Figure 105) revealed that all three HP AlPOs contained Brønsted 

acidity. The band at 2174cm-1 in the three HP catalysts is due to the stretching 

mode of the CO interacting via H bonding with the acidic bridging OH groups 

that are attributed to isomorphous substitution of silicon into the framework, 

which results in the formation of Brønsted acid sites (Si-O(H)-Al). Both the 

cobalt containing catalysts (HP Co AlPO-5 and HP Co Ti AlPO-5) also had an 

additional band at a high wavenumber, 2187cm-1 due to the CO interacting 

with tetrahedral coordinated Co(II), this was assigned as being a Lewis acid 

site. HP Co Ti AlPO-5 was found to have the greatest proportions of Lewis 

acidity (Figure 105). In the case of HP Ti AlPO-5 no significant Lewis acid sites 

were observed.  

The FTIR-CO spectra of the HP Me AlPO-5s were compared with the 

previously reported FTIR-CO spectra of microporous monometallic Co, Ti and 

bimetallic Co Ti AlPO-5 (Figure 107 and Table 26).132 Similar to the HP cobalt 

containing catalysts, the microporous cobalt containing catalysts also had a 

band at 2187cm-1 owing to the interaction of the CO with Co(II) at Lewis acid 

sites. Microporous Co AlPO-5 is well documented to also contain Lewis acid 

sites. 69, 154, 158, 160 Also all the microporous and HP catalysts have a band at 
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around 2138cm-1 due to liquid like physisorbed CO. However, the microporous 

cobalt and titanium AlPO-5 catalysts do not contain the additional Brønsted 

acid sites that are within the HP catalysts, as characterised by an absence of a 

band at 2174cm-1. Therefore the HP catalysts have greater scope of acid sites 

than the microporous catalyst; this could positively impact their catalytic 

application.  

 

Figure 105 Relative proportions of Lewis and Brønsted acid sites in the HP Me 

AlPO-5 catalysts.  
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Figure 106 CO region of HP Co AlPO-5 (A), HP Ti AlPO-5 (B) and HP Co Ti 

AlPO-5 (C) of FTIR-CO spectra. 
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Table 26 Summary table of the features observed of the FTIR-CO spectroscopy 

data on the microporous Me AlPO-5132 and HP Me AlPO-5.  

Catalyst CO 
interacting 
with Lewis 
acid Co(II) 
sites 
(2187cm-1) 

CO 
interacting 
with Brønsted 
acid Si-(OH)-
Al sites 
(2174cm-1) 

CO 
interacting 
with OH 
groups 
(mainly P-OH 
groups) 
(2170-
2160cm-1) 

Liquid like 
physisorbed 
CO 
(2138cm-1) 

Co AlPO-5132 ✓  ✓ ✓ 

Ti AlPO-5132   ✓ ✓ 

Co Ti AlPO-5132 ✓  ✓ ✓ 

HP Co AlPO-5 ✓ ✓  ✓ 

HP Ti AlPO-5  ✓  ✓ 

HP Co Ti AlPO-5 ✓ ✓  ✓ 

 

Figure 107 FTIR spectra recorded at -193oC upon adsorption of CO (1mbar) 

of reduced (red) and oxidised (blue) monometallic and bimetallic 

AFI catalysts.132  

A. B. 
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In the OH region, CO adsorption resulted in a shift of the Si-OH, P-OH and 

Si-OH-Al bands to lower frequency (Figure 108). At low CO coverage all 

samples showed a shifted Si-OH-Al band around 3365cm-1 in the hydroxyl 

region. This resulted in a band shift between 275 and 278cm-1, which is typical 

for a SAPO catalyst (Table 27).139 Therefore, this indicated that the acidity could 

be attributed to the incorporation of the surfactant in the synthesis gel. The 

two cobalt-containing samples also had an additional band around 3235cm-1 

with a shift of >400cm-1 which is attributed to the CO interacting with stronger 

Brønsted acid sites. At higher CO coverage (0.08cc), the three catalysts had an 

additional shifted OH band around 3470cm-1 due to interaction of the CO with 

the P-OH defect groups. At even higher CO coverage (0.16cc) there is a small 

amount of attenuation of the Si-OH bands around 3745cm-1 for the three 

samples.  
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Figure 108 Hydroxyl region of HP Co AlPO-5 (blue), HP Ti AlPO-5 (red) and HP 

Co Ti AlPO-5 (green) after 0.02cc CO addition (A), 0.08cc CO 

addition (B) and 0.16cc CO addition (C) of FTIR-CO spectra.  

The FTIR-CO spectroscopy revealed that the cobalt containing HP AlPO-5s 

contained considerably stronger and more acid sites than the HP Ti AlPO-5 

(Table 27). The TPD-NH3 (Figure 109) corroborated this observation and 

indicated that the cobalt containing HP catalysts have essentially identical acid 

site number and strength distributions, which can be visualised by the identical 

TPD-NH3 curves of the two catalyst (Figure 109). In contrast the HP Ti AlPO-5 

has less total acidity (0.11 mmol NH3/g) than the HP Co AlPO-5 (0.187mmol 

NH3/g) and HP Co Ti AlPO-5 (0.182mmol NH3/g), hence following the identical 

trend seen with the FTIR-CO spectra (Table 27). Additionally HP Ti AlPO-5 does 

not have the stronger acid sites, which are detected by NH3 desorption between 

300 oC -600oC (Figure 109). 
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Table 27 Position of maxima of the OH stretching frequency of the Brønsted 

sites and their shifts upon CO adsorption at 100K on HP Co AlPO-5, 

HP Ti AlPO-5 and HP Co Ti AlPO-5.  

Catalyst Bridging OH  CO Area (AU) 

(0.18cc added) 
Before CO 

(cm-1) 

After CO 

(cm-1) 

Shift 

(cm-1) 

After CO 

(cm-1) 

Shift 

(cm-1)  

HP Co 

AlPO-5 

3644 3366 278 3236 408 2.082 

HP Ti AlPO-

5 

3641 3366 275 - - 0.586 

HP Co Ti 

AlPO-5 

3642 3364 278 3232 410 2.098 

  Interestingly, the HP Me AlPO-5 catalysts all have a very similar 

temperature maximum of 271-279oC on the TPD-NH3 data curve (Figure 109), 

this indicates that the most prevalent type of acid site has the same strength 

across the three catalysts. This is very revealing, as from 29Si NMR spectroscopy 

the local environment of the silicon is essentially the same for the three 

catalysts (Figure 100) and from BET (Figure 97 and Table 25) and SEM (Figure 

95) the porosity and particle sizes were ascertained to be extremely similar. 

Therefore these differences in acid strength and type must be originating from 

the dopant metals, hence highlighting the real possibilities of tuning the active 

sites for particular reactions via isomorphous substitution, as has already been 

seen with the microporous and mesoporous zeotypes.25, 52, 135, 161 The TPD-NH3 

curves of the HP Me AlPO-5s were compared with the microporous analogues 

(Figure 109 and Table 28). The microporous catalysts were found to have 

higher total acidity and stronger acid sites than the HP catalysts. This is very 

interesting, as it seems to suggest that the presence of the mesopores 

attenuate the acidity of the framework.   
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Figure 109 Comparison of TPD-NH3 profiles between HP and microporous Me 

AlPO-5 catalysts.  
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Table 28 Tabulated TPD-NH3 data detailing the peak maxima and total NH3 

detected for the microporous and HP Me AlPO-5 catalysts. 

 FTIR spectroscopy with a bulkier basic probe, collidine, (Figure 110) 

enabled the accessibility of the Brønsted acid sites as well as their strength and 

quantity to be assessed. Unfortunately it was not possible to discriminate 

between the Lewis and Brønsted acid sites due to the similar positions of the 

bands corresponding for Brønsted acid sites (1638cm-1) and Lewis acid sites 

(1633cm-1).162, 163 Each catalyst was saturated with collidine and heated to the 

appropriate temperature (150 oC - 450oC) in order to investigate the strength of 

the acid sites. Observation of the hydroxyl region of the FTIR spectra revealed 

that the collidine interacted with all the hydroxyl groups within all the catalysts 

and this resulted in the formation of a protonated species that has a N-H 

stretch around 3300cm-1. As the temperature of the sample with collidine was 

increased, the collidine desorbed from the sample and very little remained 

after 450oC in all three catalysts. The behaviour of the three HP catalysts was 

very similar. The total collidine adsorption is highest on the cobalt only HP 

catalyst and it also had the highest number of strong sites. The strength 

distribution was very similar for the two cobalt-containing samples, with a 

higher proportion of moderate sites compared to the titanium only sample.  

Catalyst Peak maxima (oC) Total NH3 detected 
(mmol/g) 

Co AlPO-5 375 0.234 

Ti AlPO-5 283 0.126 

Co Ti AlPO-5 285 0.209 

HP Co AlPO-5 279 0.187 

HP Ti AlPO-5 271 0.110 

HP Co Ti AlPO-5 277 0.182 
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Figure 110 FTIR-collidine spectroscopy data showing the quantities of 

collidine after increases in temperature.  

 By employing a range of spectroscopic techniques it was possible to 

ascertain the various strengths and type of acid sites within the HP AlPOs 

(Table 29). All HP catalysts were found to contain silanol sites owing to the 

synthetic strategy; these sites are absent in the microporous frameworks. The 

cobalt substituted HP frameworks possessed both Lewis and Brønsted acid 

sites as detected via FTIR-CO spectroscopy, whereas the substitution of only Ti 

predominately produced Brønsted acid sites (Figure 105). Additionally the acid 

sites within the cobalt containing catalyst were found to be stronger than the 

acid sites generated via titanium. Therefore, suggesting that it’s possible to 

tailor the relative proportions and strengths of Lewis and Brønsted acid sites 

within the HP architecture through isomorphous substitution; this property 

could easily be exploited in catalysis. In order to investigate these catalysts 

further their efficacy in acid catalysis was tested via the liquid phase Beckmann 

rearrangement; it is well documented that silanol (green circle and squares, 

Figure 93) Brønsted acid (red circle and diamond, Figure 93), and Lewis acid 

sites (purple circle, Figure 93) all participate within this industrially prevalent 

reaction.
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Table 29 Summary table detailing the characterisation data of the HP Me AlPO-5 catalysts.  

 BET  NH3-TPD FTIR Spectroscopy 

Catalyst pXRD SBET 
(m2/g) 

Vmeso 
(cm3/g) 

29Si NMR 
spectroscopy 
(ppm) 

Peak 
maxima 
(oC) 

Total NH3 
detected 
(mmol/g) 

OH region FTIR-CO  
(OH region) 

FTIR-CO 
(CO region) 

FTIR-Collidine

HP Co 
AlPO-5 

Phase 
pure  

306.2 0.30 -91 279 0.19 Silanols 
and 
bridging 
hydroxyls 

ΔνOHA=278cm-

1 

ΔνOHB=408cm-

1 

Brønsted 
acidity and 
considerable 
Lewis acidity.  

Highest 
quantity of 
accessible 
Brønsted acid 
sites.  

HP Ti 
AlPO-5 

Phase 
pure 

312.2 0.23 -89 271 0.11 Silanols 
and 
bridging 
hydroxyls 

 
ΔνOHA=275cm-

1 

Brønsted 
acidity and 
minimal Lewis 
acidity.  

Lowest 
quantity of 
accessible 
Brønsted acid 
sites. 

HP Co Ti 
AlPO-5 

Phase 
pure 

288.8 0.35 -90 277 0.18 Silanols 
and 
bridging 
hydroxyls 

ΔνOHA=278cm-

1  

ΔνOHB=410cm-

1 

Brønsted 
acidity and 
most Lewis 
acidity. 

Intermediate 
quantity of 
accessible 
Brønsted acid 
sites. 
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6.3.2 Acid catalysis: Liquid phase Beckmann rearrangement 

 It was established by the spectroscopic investigations that all three HP 

catalysts contained Brønsted acid sites, with the cobalt containing HP catalysts 

also having some Lewis acidity. Therefore the industrially significant Beckmann 

rearrangement was chosen as the probe reaction to investigate the catalysts 

active sites further. This transformation is used to convert cyclic oximes into 

the lactam monomeric building blocks for Nylon synthesis. It is well known 

that weak Brønsted acid sites (including silanols) are preferred for this reaction 

with stronger sites and Lewis acid sites often promoting the formation of the 

unwanted ketone (Figure 75 and Figure 111).43 Therefore the nature of the acid 

sites within the HP AlPOs should affect their catalytic activity and selectivity.  

 

Figure 111 Schematic outlining the influence of the nature of the active site 

on the liquid phase Beckmann rearrangement.128 
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Figure 112 Liquid phase Beckmann rearrangement of cyclohexanone oxime to 

caprolactam. Conditions: 0.1g cyclohexanone oxime, 0.1g catalyst, 

0.1g chlorobenzene (IS), 20ml anhydrous benzonitrile, 130oC 

under nitrogen, 7 hours. 

 All three of the HP AlPO catalysts were active in the liquid phase 

Beckmann rearrangement (Figure 112). However, only HP Ti AlPO-5 was 100% 

selective towards the desired product, ε-caprolactam. HP Ti AlPO-5’s high 

selectivity can be attributed to it containing almost exclusively Brønsted acid 

sites, but it also contained the lowest quantity of acid sites hence its low 

conversion. Both HP Co AlPO-5 and HP Co Ti AlPO-5 produced cyclohexanone 

as a by-product. The formation of cyclohexanone is thought to be due to Lewis 

acidity as well as stronger acid sites being present (see page 138), which both 

HP Co AlPO-5 and HP Co Ti AlPO-5 have ( 

Figure 106). Interestingly the HP Co Ti AlPO-5 was more selective than the HP 

Co AlPO-5 even though both have near identical acid strength and quantity. 

The HP Co Ti AlPO-5 also has the highest conversion at 71% and hence the 

largest yield of ε-caprolactam at 39%, with the HP Ti AlPO-5 that has 100% 

selectivity with a lower yield of 29%. These differences between the two 
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catalysts could be due to synergy between the Co and Ti sites. From DR UV-Vis 

spectra (Figure 102) it was speculated that the titanium was more tetrahedral 

in nature in the bimetallic HP catalyst. This more tetrahedral nature may be 

more amenable for the catalysis and therefore lead to higher conversions and 

hence higher yields of ε-caprolactam.  

  

Figure 113 Liquid phase Beckmann rearrangement of cyclohexanone oxime 

to caprolactam. Conditions: 0.1g cyclohexanone oxime, 0.1g 

catalyst, 0.1g chlorobenzene (IS), 20ml anhydrous PhCN, 130oC 

under nitrogen, 7 hours. 

The activity of the HP catalysts was also compared to their microporous 

analogues (Figure 113). Interestingly, despite the additional porosity (Figure 

97) the microporous catalysts had higher conversion than the hierarchically 

porous catalysts. This could be due to the ‘confinement’ phenomena. Within 

porous catalysts active sites, similar to enzymatic active sites, it has often been 

noted that a confined environment is important in order to have a more active 

catalyst, hence the higher activity observed with the microporous catalysts. The 
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micropores (7.3Å) are a very similar size to cyclohexanone oxime, therefore it 

will be a confined environment and seeing as the cyclohexanone oxime can 

diffuse into the pores there is little need for the mesopores in the HP catalyst.  

It should be noted that whilst the activity of hierarchically porous 

catalysts are low, they do have much better selectivities than their microporous 

counterparts; HP Ti AlPO-5 has 100% selectivity whereas microporous Ti AlPO-5 

has just 41% after 2 hours. In order to assess whether the improved selectivity 

is attributed to the combination of silanols (Figure 104) and mesoporosity 

(Figure 97) in the HP Me AlPOs (which are both absent in the microporous 

analogues), MCM-41 containing both silanols and mesopores was tested in the 

reaction. MCM-41 was extremely poor performing in these conditions. 

Therefore it can be concluded that the conversion seen with the HP catalysts is 

not due to the silanols as they are inactive in MCM-41. Instead it must be due 

to the acid sites generated by the Co and Ti substituted into the framework.  

 In order to assess the acidic and mass transfer enhancements of the HP 

catalysts in comparison to the microporous catalysts, the Beckmann 

rearrangement of the bulky substrate cyclododecanone oxime (9Å)118 was 

chosen. This reaction produces laurolactam, which is the precursor to 

industrially significant Nylon 12. Cyclododecanone oxime (9Å) is larger than 

the micropores of AlPO-5 (7.3 Å), therefore it is not expected that the substrate 

will be able to reach the active sites within the microporous catalysts (Figure 

77 and Figure 114).  

However the microporous catalysts were active in this reaction despite the 

large size of the substrate (Figure 114 and Figure 115). This can be 

rationalised by considering that the microporous catalyst will have active sites 

on its outer surface, which are accessible to cyclododecanone oxime. Hence 

the rearrangement will occur predominately at the external sites for the 

microporous catalysts (Figure 114). The hierarchically porous catalysts will 

have both external and internal sites accessible to the substrate leading to 

extremely high conversions after just two hours (92% for HP Ti AlPO-5), 

whereas in the case of the microporous analogue less sites are accessible and 

hence a lower conversion is observed (just 24% for Ti AlPO-5). The high 
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conversions observed with the HP catalysts highlighted the benefits of 

enhanced porosity in this reaction. 

 
Figure 114 Comparison of the interaction of cyclododecanone oxime with 

microporous and HP Me AlPO-5 catalysts. With microporous Me 

AlPO-5 catalysts the substrate was not expected to be able to 

access the internal active sites and this led to the reaction 

occurring on the external surface and poor selectivities. Whereas 

the substrate can access the internal active sites of the HP Me 

AlPO-5 catalysts and hence high selectivities and activities was 

observed.   

  The HP catalysts were all very active in this reaction having conversion 

between 81% and 92% after just 2 hours (Figure 115 C). Interestingly the 

activities of the HP catalyst were not equal, these discrepancies can be 

rationalised by consideration of the nature of their active sites. HP Ti AlPO-5 

has mainly weak Brønsted acid sites ( 

Figure 106). Weak Brønsted acid sites are well documented to be the preferred 

site and hence the HP Ti AlPO-5 had the highest conversion. In contrast, HP Co 

AlPO-5 had additional stronger acid sites (Table 26) and considerable Lewis 

acidity ( 
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Figure 106). Stronger acid sites and Lewis acid sites are known to be 

unfavourable for this reaction, hence the lower conversion (81%). HP Co Ti 

AlPO-5 possessed intermediate acid properties between the monometallic HP Ti 

AlPO-5 and HP Co AlPO-5 and hence the conversion was an intermediate value 

too. Therefore, the choice of substituted metal is extremely significant when 

tuning the properties of the catalyst.  

All the HP catalysts exhibited 100% selectivity over the course of the 

reaction to the lactam. This can be attributed to the favourable design of their 

active sites for this process. However in the case of the microporous analogues 

containing cobalt the selectivity is significantly lower. Microporous Co AlPO-5 

had just 30% selectivity to laurolactam, instead favouring the formation of high 

molecular weight by-products.  This poor selectivity can be attributed to the 

strong acid sites in the Co AlPO-5 catalyst observed via TPD-NH3 (Figure 109) 

These stronger acid sites (that are observed between 350 oC -600oC in TPD-NH3 

curve) are not as dominant in the HP catalysts, and these stronger acid sites 

are reported to favour the production of high molecular weight by-products 

(Figure 111).128 hence the low selectivity of the Co AlPO-5. Therefore the 

success of the recyclable (Figure 116 and Figure 117) HP Me AlPO-5 catalysts 

can be attributed to a combination of careful active site design (weak Brønsted 

acidity) and the enhanced porosity. 
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Figure 115 (A) Liquid phase Beckmann rearrangement of cyclododecanone 

oxime to laurolactam. (B) Comparison of the conversion and 

selectivity associated with HP and microporous Me AlPO-5. (C) 

Inset of (B) scale starts at 80.  Conditions: 0.1g cyclododecanone 

oxime, 0.1g catalyst, 0.1g chlorobenzene (IS), 20ml anhydrous 

benzonitrile, 130oC under nitrogen, 2 hours. 
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Figure 116 HP Me AlPO-5’s are able to be recycled in the liquid phase 

Beckmann rearrangement of cyclododecanone oxime.  
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Figure 117 PXRD of HP Me AlPO-5 catalysts post catalysis. 

6.4 Conclusion 

  Previously it has been demonstrated that it is possible to modulate the 

strength of Brønsted acid site through insertion of specific metals into the 

microporous AlPO framework.51 Herein it has been shown that it is possible to 

apply those same principles to a hierarchically porous system. This chapter 

reports the hitherto unreported synthesis and extensive characterisation of 

multi-metallic hierarchically porous HP Me AlPO-5s. The ability of this design 

strategy to meticulously tailor the catalysts’ properties through isomorphous 

substitution of transition metals has been highlighted. By employing this 

methodology it is possible to create diverse HP catalysts with varying degrees 

of Lewis acidity and Brønsted acidity, therefore offering scope and versatility 

for the rational design of catalysts for industrially significant acid catalysed 

reactions.  

 Multi-metallic HP AlPO-5 catalysts have been developed, for the first 

time, to contain a unique array of active sites (silanols, Brønsted and Lewis acid 

sites). Choice of substituted metal (Me= Co, Ti or Co and Ti) resulted in the 
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tuning of contributions of each acid site. The nature and strength of the active 

centres were extensively probed through an in-depth spectroscopic study, in 

order to afford property-structure correlations in the industrially significant 

liquid phase Beckmann rearrangement of cyclododecanone oxime. The active 

centres were found to be located within a HP architecture that contains both 

mesopores and micropores. The enhanced porosity of the catalysts resulted in 

much higher conversions than witnessed with the microporous analogues. 

Additionally all the HP catalysts had 100% selectivity to the corresponding 

lactam owing to the presence of accessible weak Brønsted acid sites within 

their frameworks. However, the conversions of the HP catalysts were influenced 

by the presence of Lewis acid sites.  

  This study, although it is in its preliminary stages, truly represents just 

the beginning of an exciting field of multi-functional hierarchically porous 

AlPOs. Through careful design it is possible to create highly active sustainable 

catalysts for both academia and industry. The full range of industrially 

significant reactions that could be effected through adroitly designing these 

multi-metallic hierarchically porous catalysts are endless.  

6.5 Experimental  

6.5.1 HP Me AlPO-5 synthesis 

The synthetic protocol for the isomorphous substitution of the metals 

into the hierarchically porous AFI framework is described below. An equivalent 

method was deployed for the synthesis of the microporous analogue without 

the inclusion of dimethyloctadecyl[(3-(trimethoxysilyl)propyl]ammonium 

chloride (DMOD).  

  Aluminium isopropoxide (6.807g, Aldrich) was added to a Teflon beaker 

with phosphoric acid (2.28ml, 85% in H2O, Aldrich) and water (10ml) and 

vigorously stirred for 1.5 hours until a homogeneous solution was formed. 

DMOD (1.2ml, 72% in H2O, Aldrich) was added drop wise, followed immediately 

by the addition of triethylamine (3.7ml, Aldrich) drop wise and then water 

(20ml). The resulting thicker solution was stirred for one hour. The metal 

precursors were added drop wise and the gel was stirred for a further 
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1.5hours. The contents of the gel were divided between three 23 ml Teflon-

lined stainless-steel autoclaves that were transferred to a pre heated fan 

assisted oven (WF-30 Lenton) at 200oC for 24 hours. The solid product from 

each autoclave was collected via filtration and washed with 500ml of deionised 

water. The product was left to dry at 80oC overnight. The as-synthesised 

catalyst was calcined in a tube furnace under a flow of air at 550oC for 16 

hours to produce a white solid.   
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Table 30 Gel compositions of the HP Me AlPOs. 

Catalyst Gel Composition ICP experimental metal 
loading/wt% 

HP Co AlPO-5 
DMOD 

1 Al: 1 P: 0.8 SDA: 0.05 DMOD: 
50 H2O: 0.03 Co 

Al 23.5%; P 24%;  
Co 1.5%; Si 1.7% 

HP Ti AlPO-5 
DMOD 

1 Al: 1 P: 0.8 SDA: 0.05 DMOD: 
50 H2O: 0.03 Ti 

Al 19.9%; P 20.6%;  
Ti 1.1%; Si 1.7% 

HP Co Ti AlPO-
5 DMOD 

1 Al: 1 P: 0.8 SDA: 0.05 DMOD: 
50 H2O: 0.03 Co: 0.03 Ti 

Al 22.9%; P23.5%;  
Co 1.7%; Ti 1.4%;  
Si 1.5% 

Co AlPO-5 1 Al: 1 P: 0.8 SDA 50 H2O: 0.03 
Co:  

Al 25.9%; P 23.2%;  
Co 1.2 %;  

Ti AlPO-5 1 Al: 1 P: 0.8 SDA: 50 H2O: 0.03 Ti Al 21.1%; P 23.4%; Ti 
0.3%;  

Co Ti AlPO-5 1 Al: 1 P: 0.8 SDA: 50 H2O: 0.03 
Co: 0.03 Ti 

Al 20.6%; P 21.1%;  
Co 1.2%; Ti 0.9%;  
 

6.5.2 Liquid phase Beckmann rearrangement 

The Beckmann rearrangement of cyclohexanone oxime to caprolactam 

was performed in a three necked round bottom flask under nitrogen. 

Benzonitrile (20ml) was added to the flask with 0.1g of cyclohexanone oxime, 

0.1g of chlorobenzene (internal standard) and 0.1g of catalyst. The reaction 

was performed at 130oC and aliquots were taken frequently in order to monitor 

the course of the reaction. The solutions were centrifuged and analysed by 

Perkin Elmer Clarus 480 GC using an Elite-5 column and Flame Ionisation 

Detector. The products were identified and quantified by using chlorobenzene 

as an internal standard and employing the calibration method. Reproducibility 

and mass balances were all within acceptable limits.  
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Chapter 7 Future Work: Harnessing Pendant 

Silanols in Mesoporous Silica for 

Heterogenisation of Organocatalysis 
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7.1 Introduction 

7.1.1 Organocatalysis 

The revitalisation of organocatalysis over the past decade has created a 

dynamic field in asymmetric organic synthesis,164-166 although it is important to 

note that the application of organic molecules as catalysts is far from new. Von 

Liebig’s synthesis of an oxamide from cyanogen and water in 1860 represents 

the earliest example of an organic molecule behaving as a catalyst. 167 Despite 

the field’s long history, organic catalysts were only sporadically reported with 

the Hajos-Parrish reaction being one of the most notable (Scheme 9).168, 169 It 

wasn’t until the late 1990s when a small number of articles reignited interest 

by demonstrating that small organic molecules could be used to solve real 

problems in chemical synthesis, in particular, within enantioselective 

transformations. In 2000 the term ‘Organocatalysis’ was born and this led to 

the field being unified and an eruption of interest and research.166, 170-172 

 

Scheme 9 Hajos-Parrish reaction- intramolecular aldol reaction 

 Once the term organocatalysis emerged the field was recognised as 

being a dynamic and dominant research area for the enantioselective formation 

of C-C bonds, (Figure 118) complementing the already well-established 

asymmetric transition-metal and enzyme catalysis processes.165, 166 The 

utilisation of simple and readily available organic entities to effectively catalyse 

demanding synthetic organic transformations, instead of the more traditional 

organometallic counterparts inspired ‘greener and more sustainable’ routes to 

the synthesis of fine-chemicals. These catalysts are typically homogeneous in 

nature and are relatively easy to functionalise and manipulate to enable the 

formation of specific enantioselective carbon-carbon bonds. 
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Figure 118 Aldol reaction utilising L-Proline resulted in high conversion and 

enantioselectivity172 

Base catalysed reactions such as the aldol reaction, Knoevenagel 

condensation, Michael addition and Mortia Baylis Hillman reaction are among 

the most widely studied using organocatalysts and are vital in the production 

of fine chemicals in the pharmaceutical and perfume industries. The 

organocatalysts consist of small organic molecules that catalyse reactions by 

providing or removing electrons or protons from transition states or substrates 

within the reaction. Organocatalysts have an array of advantages, they are 

environmentally benign, easy to handle, easy to design and synthesise, have 

high selectivities, there is a large chiral pool and they are mechanistically well 

understood.  

7.1.2 Significance of Mortia Baylis Hillman reaction 

Meticulous design and synthesis of key pharmaceutical and fine 

chemicals relies upon the precise synthesis of enantioselective carbon-carbon 

bonds.  Within such reactions, the Mortia Baylis Hillman (MBH) reaction is one 

the most well documented reactions owing to its versatility and its high atom 

economy.173, 174 The reaction typically consists of the addition of an aldehyde to 

an α,β-unsaturated carbonyl to form a densely functionalised α-methylene-β-

hydroxycarbonyl compound and is commonly catalysed by a tertiary amine or 

phosphine.  
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The MBH reaction was first reported in 1968 by Mortia et al with a PCy3 as 

the nucleophilic catalyst.175 Just a few years later Baylis and Hillman reported 

the use of tertiary amines, in particular DABCO, as a nucleophilic catalyst.176 Yet 

due to its low rates of conversion (reactions could take weeks) this reaction 

was overlooked for almost a decade. Now substantial progress has been made 

making the MBH reaction more amenable and it is currently widely considered 

as a cornerstone reaction in efficient synthesis of carbon-carbon bonds.177  

An array of homogeneous Lewis base catalysts have been deployed to 

activate the substrates (Table 31), mostly they are based upon tertiary amines. 

The strained tertiary amine, DABCO, is one of the most widely used catalysts 

due to its ability to activate the widest variety of alkenes and electrophiles. 

These homogeneous organocatalysts do offer many advantages, such as their 

high selectivity and in-depth mechanistic understanding. However, due to their 

homogeneous nature their widespread industrial application has been 

obstructed.  
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Table 31 A selection of homogeneous catalysts used for the MBH reaction. 

Catalyst Reaction Yield 

(%) 

ee 

(%) 

Ref

 
 

72 - 178 

 
 

85 - 175 

 

 

94 - 179 
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30 62 180 

  

69 8 181 

 
 

27 37 182 
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92 - 183 

 

94 - 184 
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7.1.3 Harnessing pendant silanols for immobilisation 

  The most prominent challenges associated with the adoption of 

organocatalysts for large-scale chemical processes can be inherently associated 

with their homogeneous nature and relative modest stabilities. Agglomeration 

and aggregation of the active sites often leads to a higher mole% of catalyst 

being required. This is further accentuated with problems of the active site 

entities being embedded in the product leading to expensive recovery and 

processing costs. Heterogenisation of these active organic entities, therefore, 

promises to be a viable method to alleviate the above shortcomings. To the 

purist, it could be considered as adding extra unnecessary steps to the 

synthetic procedure. However, the design of a versatile and effective 

heterogeneous organocatalyst will facilitate improvements in activity, 

selectivity and recoverability, the benefits of which will far outweigh that of its 

homogeneous counterparts. In addition, the creation of isolated single-sites 

through heterogenisation6, 185, 186 could, in principle, lead to enhanced rates and 

catalytic turnover. Despite the above, there are very few reports187 of 

immobilised organocatalysts that are capable of mimicking the levels of 

activity and selectivity usually prevalent in the homogenous systems. Hence 

there is a pressing need for the development of a design rationale that could 

serve as a basis for anchoring homogeneous organocatalysts in a more robust 

fashion.  

  An immobilised catalyst is essentially a homogeneous catalyst bound to 

an insoluble support, such as mesoporous silicas. A wide range of insoluble 

supports can be utilised, but careful consideration should be applied, as the 

active site will be in close proximity to the support. Therefore it is 

advantageous to tailor the properties of the support (in terms of 

hydrophobicity, functionality, topology, thermal stability etc.) to favour the 

desired catalytic process. They can be immobilised via the utilisation of 

covalent or non-covalent interactions. Ideally the resulting anchored catalyst 

should have the following characteristics:  

1.) Minimal modification to the parent catalyst 
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2.) A robust linkage 

3.) Active site should be accessible and isolated 

4.) Synergistic interactions with the support is preferable 

  Since the advent of MCM-41 mesoporous silicas have been popular 

supports for heterogenisation of homogeneous catalysts. Mesoporous silicas 

are now available commerically (Davison Silicas) in a variety of pore diameters 

which are equistely controlled by varying the pH, concentration, gel time and 

synthesis temperature.188 Through careful choice of pore size, spatial 

constraints can be harnessed to promote particular reaction pathways and 

stereoselectivities. The walls of the mesoporous silicas have available silanol 

groups that can be utilised to anchor functional groups via silylation (Figure 

119).4, 35, 189-192 These silanol groups can also be functionalised with hydrophobic 

moieties or bulky substrates to tune the properties of the support and the 

location of the reaction. These silicas have been utilised to immobilise a range 

of metal amine complexes8, 27, 188, 193-199 and are currently an unexploited resource 

in the immobilisation of organocatalysts.  

 

Figure 119 Pendant silanol groups are present on the surface of the 

mesoporous silica and are amenable to functionalisation.  

 There are two distinct methods to immobilise organocatalysts onto solid 

supports and simply these two methods rely on either covalent or non-covalent 

bonding (Figure 120 and Table 32).6 The covalent anchoring strategy involves 

covalently bonding the catalyst to the silanol sites (which are found in 

mesoporous silicas) via silyation and often have increased stability due to the 

strong bonding (Figure 119, Figure 120A and Figure 122). Non-covalent 

anchored functional groups are not chemically bonded to the support but can 
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still facilitate good attachment of the catalyst onto the support through 

entrapment or electrostatic interactions between the active site and the 

support. For example, it is possible to harness the strong hydrogen bonding 

that can secure an ionic or a zwitterionic complex to a silanol rich silica surface 

through a triflate or a sulfonate tail (Figure 120 B and Figure 121) in order to 

heterogenise the catalyst.  

 

Figure 120 Representation of the covalent (A) and non-covalent (B) method of 

immobilisation.  

Table 32 Summary table comparing covalent and non covalent immobilisation 

strategies.  

Covalent Immobilisation Non Covalent Immobilisation  

Attached to the support by a covalent 
bond 

Attached to support by ionic 
interactions or encapsulation 

Catalytic activity may be compromised 
due to changes in structure and 
chemical properties of the organic 
moiety 

Minimal modification of parent 
catalyst 

Catalyst linkage can be cumbersome, 
but the link can be modified to 
facilitate the reaction 

Facile catalyst linkage 

High stability Leaching can be problematic 

Site isolated single sites can be 
designed 

Site isolated single sites can be 
designed  
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Non-covalent methods typically rely upon entrapment or electrostatic 

interactions. This method offers a quick, cheap and convenient method to 

immobilisation that requires minimal modification of the parent catalyst, 

although it should be noted that leaching could be problematic in certain 

conditions. Raja et al8, 188 demonstrated the utility of this approach with the 

immobilisation of  asymmetric organometallic catalysts for the reduction of 

methyl benzoylformate (Figure 121). They utilised a surface bound triflate 

counter ion to securely immobilise the cationic rhodium complex to the inner 

wall of the silica. This resulted in the constrained heterogeneous catalyst 

having higher conversion, selectivity and enantioselectivity compared to the 

homogeneous equivalent, with the added advantage of facile recyclability.  

 

Figure 121 Metallic diamine complex securely anchored via electrostatic 

interactions.188 

Unlike the non-covalent method, the covalent tethering strategy involves 

modifying the parent catalyst. It relies upon the catalyst having an available 

handle to anchor onto the support via a covalent bond. The preparation of the 

catalyst can result in added complexity to the system that can lead to an 

increase in activity and selectivity of a particular reaction. Jones et al27 prepared 

a covalently tethered pseudo spare planar rhodium(I) complex in mesoporous 

silica (30Å) and a non-porous silica to give isolated organometallic species 

(Figure 122). By using these two support systems they were able to make direct 



  Chapter 7 

 222 

  

comparisons between concave and convex silica surfaces to assess the 

influence of the constrained environment in terms of conversion and 

selectivities in hydrogenation reactions. A clear increase in selectivity and 

enantiomeric excess (ee) is observed in the concave system, indicating that a 

constrained environment is crucial in promoting asymmetric transformations. 

In the concave system the substrate will interact with the chiral ligand and the 

possible orientations that the substrate can assume will be restricted by the 

pore walls. The pores will therefore nudge the substrate into the correct 

position for a stereospecific reaction at the active site. These crucial 

restrictions are not present in the convex system and hence a drop in ee is 

observed. This study clearly highlighted the advantages of using a porous solid 

support over a non-porous analogue (Table 33). Therefore owing to the 

discussed advantages of the covalent anchoring strategy, this strategy was 

deployed within this thesis to immobilise the organocatalysts of interest (see 

page 228 onwards).  

 

Figure 122 Metallic diamine complex anchored via covalent bond on a 

concave and convex surface.27 

  



  Chapter 7 

 223 

  

Table 33 Comparison of the advantages of utilising a porous silica support or 

a non-porous analogue support for the immobilisation of catalysts.  

Porous Support Non-Porous Support 

Adjustable pore diameters in the 
range ca. 20-200Å 

Accessibility of reagents to active site 
would not be problematic 

Exterior surface and inner walls can 
be functionalised to yield isolated 
single sites  

Exterior surface can be functionalised 
to yield isolated single sites 

Spatial confinement can be harnessed 
to increase selectivity and activity 

 

  It has been shown that mesoporous silica supports are highly amenable 

to the immobilisation of metal complexes (pages 219 to 222). Both covalent 

and non-covalent anchoring strategies yielded higher activities and selectivities 

than their homogenous counterparts, clearly demonstrating the merits of 

heterogenisation. Other elegant immobilisation strategies of metallic 

complexes have also been explored.11, 186 However, the utilisation of expensive 

metal precursors and costly ligands190, 193, 194 thwarted the industrial 

applicability195 of these catalysts, due to additional down-stream processing 

costs that stemmed from the use of precious noble-metal catalysts. Therefore 

it is highly desirable, both in terms of economic viability and sustainability, to 

apply the design rationale evoked from these systems to more benign and 

practical organocatalysts.  

  There are few examples of organocatalysts being immobilised onto 

mesoporous supports. By using the same rationale described earlier with the 

diamine metallic complexes, it should be possible to create more effective 

heterogenised organocatalysts for enantioselective transformations. Also, 

given that the homogeneous catalysts are well understood at the molecular 

level, it should be possible to apply this understanding and rationalise the 

immobilisation of the moieties onto solid supports. 

Amino acids represent one of the most popular organocatalysts to 

immobilise owing to their high functionality and the opportunity to either 

anchor via their side chain or the functional group.  In particular L-proline has 
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been widely studied186, 187, 200 owing to its chiral centre, which can impose 

enantioselectivity onto the products, particularly in the Aldol reaction. Its 

immobilisation onto porous silica supports was first reported by Dhar et al187, 

and it resulted in a robust heterogeneous system which could withstand 

recycling to maintain the same level of enanotioselectivity and conversion 

(Figure 123). However, the heterogeneous catalyst’s activity was lower than its 

homogenous equivalent. 

 

Figure 123 Immobilised L-proline on MCM-41 for the aldol reaction. 187  

  A range of organocatalysts have been immobilised onto inorganic 

porous supports190 but few are able to show the same activity observed in the 

homogeneous system (Table 31 versus Table 34). Most research effort has 

been placed on creating heterogeneous catalysts for the Aldol reaction and 

Knoevenagel reaction; little emphasis has been placed on creating a 

heterogeneous catalyst for the Baylis Hillman reaction (Table 34).201 The 

homogeneous Baylis Hillman catalysts are well established, and design 

protocols have already been developed for the heterogenisation of other 

catalysts onto porous supports. Therefore it should be possible to rationally 

design an organic-inorganic catalyst for the Baylis Hillman reaction.  
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Table 34 Literature examples of heterogenised organocatalysts for the MBH reaction. 

Catalyst Support Reaction Yield 

(%) 

 

TON Ref 

 

Polymer 

 

70 0.7 202 

 

Polystyrene 

 

11 1.1 203 
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Polystyrene 

 

6 0.6 203 

 

Polystyrene 

 

23 2.3 203 

Polymer  

 

91 4.6 204 

 

Silica  

 

99 3.3 205 
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Silica 25 0.8 205 

 

Magnetic 

nanoparticles 

 

87 8.7 206 

 

Polymer 

 

91 9.1 207 
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7.2 Aims 

 By combining the design principles ascertained from the immobilisation 

of the metal diamine complexes8, 27, 188, 199with an in-depth understanding of the 

mechanism of homogeneous MBH base-catalysed reaction, this chapter aims to 

be able to rationally design organic-inorganic hybrid catalysts that mimic the 

activity and selectivity seen in their corresponding homogeneous analogues for 

the MBH reaction. 

7.3 Results and Discussion 

7.3.1 Designing heterogenised organocatalysts for the Mortia-Baylis-

Hillman reaction 

  The MBH reaction is an important transformation within the chemical 

industry. 173, 174, 176 The highly atom efficient MBH reaction is extremely significant 

for the synthesis of highly selective carbon-carbon bonds whilst retaining high 

functionality within the product. There are few examples201 of organocatalysts 

being immobilised for the MBH reaction. Therefore it would be profitable to the 

area to create a novel heterogenised MBH catalyst via the deployment of 

mesoporous silicas as a support.  

  Tertiary amines have been found to be remarkable catalysts in the MBH 

reaction (Table 31) with the bridged amines, for example DABCO, showing 

particular superiority (Figure 124). 179, 208, 209 The conformational restraints 

imposed by the bridge nature of these catalysts result in the lone pair of the 

nitrogen being fully available for nucleophilic attack, as the inversion of the 

lone pair is not possible, hence resulting in a highly active catalyst (Figure 

124).210 DABCO is a very efficient Lewis base catalyst in the reaction (Figure 

125) and is able to activate a range of substrates over different conditions, 

therefore it was thought most appropriate to initially immobilise DABCO.  
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Figure 124 Side on and front on view of DABCO illustrating the availability of 

the lone pair of electrons on the nitrogen for nucleophilic attack. 

Blue atoms depict nitrogen, white atoms depict hydrogen, grey is 

carbon and pink represents the lone pair of electrons associated 

with the nitrogen.  

 DABCO as a homogeneous catalyst is well understood. Therefore by 

applying design principles from the immobilisation of metal complexes it was 

possible to rationally strategise the heterogenisation of DABCO in mesoporous 

silica.   

Prior to the immobilisation of an organocatalyst, it is imperative to 

consider the mechanism of the proposed reaction (Figure 125). DABCO 

activates the electrophile via its Lewis basic nitrogens. Therefore, in the 

methodology the tether was designed in such a fashion to ensure that the 

active site was readily accessible and available to participate in the reaction.  

 Additionally the length of the tether was deliberately kept short, as it 

was hypothesised that the interactions between the pendant silanols on the 

support and substrate might assist the reaction. The silica support contains 

silanol groups that are acidic; it was thought that these acidic groups might be 

able to activate the aldehyde and hence result in synergistic interplay between 

the support and active site. DABCO was securely anchored onto a range of 

mesoporous silicas with varying pore diameters (30 Å, 60 Å, 150 Å, 250Å 

respectively) via a two-step procedure with a silica bound propyl chloride 

intermediate (Figure 125). 
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Figure 125 (A) Covalent anchored DABCO catalyst on mesoporous silica. (B) 

Proposed mechanism of the heterogenised catalyst in the MBH 

reaction. 

7.3.2 Characterisation of heterogenised DABCO  

  In order to confirm the successful immobilisation of DABCO onto the 

mesoporous silica support a combination of characterisation techniques were 

deployed. Initially elemental analysis was deployed to verify the presence and 
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loading of DABCO on the structure. A limitation of this technique is that it will 

detect all carbon, hydrogen and nitrogen present regardless of whether it is 

associated with the covalently bound organocatalysts, non-bound species or 

organic solvents. To minimise any possible conflicts all prepared catalysts were 

thoroughly washed via soxhlet extraction technique to remove any adsorbed 

species and no nitrogen containing solvents were used. The loading of the 

catalyst (Table 35) on the support was determined via Equation 13. It was 

found that the catalyst loading was fairly consistent over the range of 

mesoporous silicas employed in our study, regardless of pore diameters (Table 

35) 

 = (%)100 × 14 ( ) × 2  

Equation 13 To calculate the active mole/g of nitrogen on the catalyst, the 

weight per cent (x) was divided by 100 to access the mass of 

nitrogen per gram. Division of mass by the 14 gmol-1 would result 

in total moles of nitrogen per gram. One of the nitrogens are not 

available for catalysis as it is bound to the support, therefore 

division by 2 is necessary to finally calculate the moles of active 

nitrogen per gram.  

Table 35 Calculated loading of DABCO on the various silica supports.  

Mesoporous silica pore diameter (Å) Active nitrogen (mmol/g) 

30 

60 

150 

250 

0.26 

0.31 

0.31 

0.31 

 N2 adsorption/desorption measurements were performed to gain an 

insight into the textual properties of the DABCO/mesoporous SiO2 catalysts 

(Figure 126 and Figure 127), the results are summarised in Table 36. The 

specific surface area (SSA), pore diameter and pore volume decreased when 

DABCO was anchored covalently to the mesoporous silica, further confirming 
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that the DABCO molecules have been largely confined to the inner walls of the 

mesoporous channels.

 

Figure 126 N2 adsorption/desorption isotherms at 77K of plain SiO2 60Å (■) 

and DABCO/SiO2 60Å (●) 

 

Figure 127 N2 adsorption/desorption isotherms at 77K of plain SiO2 30Å (■) 

and DABCO/SiO2 30Å (●) 
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Table 36 Textural properties of the DABCO/Mesoporous SiO2 catalysts. 

Samples SSABET (m2 g-1) Pore size (Å) Pore volume (cm3 g-1) 

SiO2 30Å 663±33 40±2.0 0.71±0.04 

DABCO/SiO2 30Å 277±14 35±1.8 0.48±0.02 

SiO2 60Å 467±23 70±3.5 0.82±0.04 

DABCO/SiO2 60Å 372±19 63±3.2 0.70±0.04 

 The BET and elemental analysis results suggest that the organocatalysts 

were present in the mesoporous silica was very encouraging. Hence CP/MAS 

NMR spectroscopy was deployed to investigate whether the integrity of the 

DABCO propyl tether was retained post immobilisation; also, importantly, to 

assess if the organocatalysts have been covalently anchored onto the support. 

The 13C CP/MAS NMR spectra confirmed the presence of the DABCO tether in 

the anchored catalysts (Figure 128A). Reassuringly the five expected signals 

were prominently detected in the anchored catalyst, which can be assigned to 

SiCH2 (9.6 ppm), -CH2 (16.0 ppm), CH2-N (67.5 ppm) and DABCO (45.1ppm and 

53.1 ppm). Furthermore, the covalent linkage between the tether and support 

was confirmed by the presence of a broad signal around 60ppm, which is 

indicative of a Si-C covalent bond, within the 29Si CP/MAS NMR spectra (Figure 

128 B). The peak is broad owing to the combinations of XSi(OSi)3, XSi(OSi)2OR 

and XSi(OSi)OR2 binding modes. Two distinct bands were particularly 

noticeable, one centred at -59.4 ppm and the other at -67.7 ppm, and these 

can be readily assigned to T2 ((SiO)2SiX(OR)) and T3 ((SiO)3SiX) species 

respectively. The signals at -91.4, -102.0 and -110.4 ppm are due to the 

tetrahedral silicon atoms encompassing the framework of the mesoporous 

silica: these can be readily ascribed to Q2 (Si(OH)2(OSi)2), Q3 (Si(OH)(OSi)3) and 

Q4 (Si(OSi)4) species, respectively.  
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Figure 128 13C CP/MAS NMR spectra (A) of the DABCO tether and the 

corresponding 29Si CP/MAS NMR (B) spectra confirming the 

covalent link between the tether and the mesoporous silica 

support. 

  To further confirm the heterogenisation of DABCO FTIR spectroscopy 

was used (Figure 129). The band at 1470 cm-1 was assigned to the CH2 bending 

modes of the DABCO species (curves b and d) in the heterogenised catalysts. 

This band was absent in the corresponding FTIR spectra of PropylCl/SiO2 

(curves a and c of the mesoporous silica support containing just the tether) 

therefore alluding to the presence of DABCO on the heterogenised catalysts. 

Notably there was a band at 3745cm-1; this band can be ascribed to the 

pendant silanol groups that are still available for further functionalisation of 

the catalyst, hence providing ample scope for further manipulation of catalyst 

loading, if required. However it is important to note that this design strategy 

relies upon the creation of well-defined and isolated active centres in order to 

create a catalyst that is amenable to detailed characterisation at the molecular 

level; enabling structure-property relationships to be assessed and developed 

further. Therefore saturation of the pendant silanols with the organocatalyst is 

not desirable in the creation of isolated single-sites, which form the loci for the 

generation of enhanced catalytic turnovers.  
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Figure 129 FTIR spectra of the DABCO organocatalyst anchored on 

mesoporous silica 60Å (curve b) and 30Å (curve d).  The 

corresponding propylCl/SiO2 60Å (curve a) and propylCl/SiO2 30Å 

(curve c) are provided for comparison (non-immobilised 

supports). All samples have been outgassed at room temperature. 

 To investigate the heterogenised catalyst stability TGA with their 

associated derivatives (DTA) was performed (Figure 130). The initial weight 

loss between 100-150oC was recognised as the removal of physisorbed water, 

and this was apparent in both the mesoporous silica-bound DABCO and in the 

pure silica analogue (Figure 130). When DABCO is immobilised onto the 

mesoporous support, the weight loss due to the physisorbed water is less; this 

is indicative of the fact that the immobilisation of the organic moiety has 

occurred via the hydrophilic pendant silanol groups of the support. 

Additionally further weight loss features in the TGA/DTA of anchored 

DABCO/mesoporous SiO2 at 315oC and 555oC are clearly discernible, which can 

be ascribed to the decomposition of the organic DABCO groups.  
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Figure 130 TGA and DTA curves of DABCO immobilised within mesoporous 

silica 60Å (A) and 30Å (B). In both cases, the corresponding blank 

mesoporous silica frameworks are provided for comparison. 
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7.3.2.1 Characterisation summary 

The heterogenised DABCO catalysts were characterised via a range of different techniques (Table 37). This combinatorial 

characterisation approach gave confirmation that the design strategy was effective and that the DABCO moiety was successfully 

covalently anchored onto the support.  

Table 37 Summary of the characterisation data of the heterogenised DABCO catalyst.  

Elemental 
Analysis 

BET 13C MAS NMR 
Spectroscopy 

29Si MAS NMR 
Spectroscopy 

FTIR Spectroscopy TGA 

Nitrogen was 
detected 
implying that 
DABCO was 
present on the 
support. 

A decrease of both 
pore size and pore 
volume was observed 
after immobilisation. 

Indicated that the 
integrity of DABCO 
was retained post 
immobilisation.  

Broad signal at -60ppm 
was indicative of a Si-C 
bond therefore 
indicating that DABCO 
was successfully 
covalently immobilised. 

Band at 1470cm-1 was 
assigned to CH2 
bonding modes of 
DABCO therefore 
indicating its presence 
on the catalyst.  

Band at 3745cm-1 
indicated that silanol 
sites were still available 
for additional 
immobilisation.  

The organic 
species 
decomposes 
between 315oC-
555oC 
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7.3.3 Efficacy of immobilised catalysts in the MBH reaction 

  Following the promising characterisation data that indicated the 

successful covalent anchoring of DABCO (Table 37) onto the mesoporous silica 

the catalysts were tested in the MBH reaction. Successfully, the anchored 

DABCO organocatalyst displayed higher activity (in terms of TON) and 

selectively than its homogeneous counterpart (Figure 131) whilst retaining 

heterogeneity (Figure 132), further vindicating the merits of the design 

approach. Interestingly, the results also indicated that the choice of pore 

aperture is also critical for regulating the activity and selectivity, and should be 

carefully considered in the design rationale. It was found that the turnover 

numbers progressively increased as the environment around the 

organocatalyst became more confined (Figure 131). Het DABCO MS-30 Å 

(heterogenised DABCO on 30Å mesoporous silica) had a turnover number of 

39 and a yield of 61% to the desired product. The larger pore Het DABCO MS-

60 Å had a lower turnover of just 18.4 and a much lower yield of just 35.7%. 

The small pore apertures resulted in higher turnover numbers.  

In order to investigate this further DABCO was also immobilised on 

additional mesoporous silica supports with larger pore apertures (250 Å and 

150 Å) following the same procedure (Figure 133). Notably it was discovered 

that if the pore aperture was too large (> 150 Å) no appreciable activity was 

observed. The key difference between the larger pore catalysts and the smaller 

pore catalyst is just their respective pore sizes. Therefore, these preliminary 

results provide valuable evidence that the active sites are indeed located within 

the inner walls of the mesoporous support, as this would explain the observed 

differences in activity. Thus consideration of pore size is crucial in modulating 

the activity (Figure 131). This design strategy therefore provides 

complementary benefits from a catalytic perspective; where covalent anchoring 

of homogeneous organocatalysts to the inner walls of an appropriately tuned 

pore aperture can result in enhancements both in catalytic activity (turnover) 

and retention of selectivity. 
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Figure 131 Catalytic performance of the homogeneous DABCO catalyst with 

its heterogenised analogues (Het. DABCO. MS) confined within a 

wide range of pore apertures. Reaction conditions: 4 

nitrobenzaldehyde (0.8 mmol), methyl acrylate (1.6 mmol), 

methanol (1 ml) and homogeneous (0.3 mol%) or heterogeneous 

(50 mg) were stirred at room temperature for 5 days. 
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Figure 132 Conversion after removal of heterogenised catalyst from the 

Mortia-Baylis-Hillman reaction indicating no leaching. 

7.4 Conclusion 

It has been shown in this preliminary study that homogeneous 

organocatalysts can be covalently anchored and immobilised onto the inner 

walls of mesoporous silicas containing a wide-range of pore apertures. The 

design approach that was adopted facilitated the immobilisation of the active 

centres in a site-isolated fashion that served to enhance catalytic turnovers and 

selectivities, compared to their corresponding homogeneous analogues. 

Although, it is important to note that the conversion of the homogeneous 

DABCO catalyst, and other homogeneous catalysts from literature (see Table 

31), were higher than the heterogenised DABCO catalyst reported within this 

chapter. However, ultimately the immobilised catalysts have many advantages 

in terms of selectivity, product recoverability, catalyst activity (TON) compared 

to the homogeneous catalysts, and these benefits could easily be argued to 

overcome the shortcomings in conversion. Additionally through optimisation 

of both the catalyst and the process it may be possible to further improve upon 
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the initial conversion and create a highly effective route to C-C bond formation 

that can be applied in fine chemical applications. 

Through dextrous manipulation of the synthetic protocols, the active 

centres of the immobilised catalyst were predominantly located within the 

interior confines of the mesoporous silica framework. This resulted in the 

catalytic activity being enhanced in the smaller pore silica (compared to the 

larger pore silica) owing to spatial confinement. The previously reported 

immobilised MBH catalyst (Table 34) had much lower TON (TON=0.7-9.1) than 

the Het. DABCO MS-30Å (TON=39). The immobilised organocatalysts from the 

literature were largely anchored onto non-porous supports, therefore these 

catalysts were unable to capitalise from the benefits of spatial confinement. It 

is thought that the confinement effects have resulted in the much higher TON 

(and selectivity) with the Het. DABCO MS-30Å compared to literature values 

(Table 34) and the larger pore silica supports.  

The potential for expanding the versatility and industrial applicability of 

the heterogenised organocatalysts is vast. This chapter has shown that it is 

possible to generate a highly active heterogenised catalyst with high TON. By 

further expanding upon this promising work by subtly tuning the support 

properties, the organic moiety and conditions it could be possible to improve 

upon these promising results and create an effective catalyst for fine chemical 

applications.  

7.5 Experimental  

7.5.1 General 

Chemicals and solvents were supplied by Fisher, Sigma Aldrich, Fluka and 

Merck Novabiochem. Fumed silica purchased from Aldrich, 250 Å, 150 Å, 60 Å, 

and 30 Å Grace-Davison silica employed without the need for calcination and of 

particle sizes 75-150μm for all porous supports.  

  Perkin Elmer Clarus 480 with an Elite 5 column was used to calculate 

conversion and selectivities for the Baylis Hillman reaction.  
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  Thermogravimetric analyses (TGA/DTG) of materials were performed 

under argon flow (100 ml min-1) with a SETSYS Evolution TGA-DTA/DSC 

thermobalance, heating from 40 to 1000 oC at 5 oC min-1.  

  N2 physisorption measurements were carried out at 77K in the relative 

pressure range from 1 x 10-6 to 1 P/P0 by using a Quantachrome 

Autosorb1MP/TCD instrument. Prior to the analysis, the samples were 

outgassed at 453 K for 3 h (residual pressure lower than 10-6 Torr). Specific 

surface areas were determined using the Brunauer–Emmett–Teller equation, in 

the relative pressure range from 0.01 to 0.1 P/P0. Pore size distributions were 

obtained by applying the DFT method and using the desorption branch of the 

N2 physisorption isotherm. 

FTIR spectra of self-supporting pellets were collected under vacuum 

conditions (residual pressure <10-5 Torr; 1 Torr = 133.33 Pa) using a Bruker 

Equinox 55 spectrometer equipped with a pyroelectric detector (DTGS type) 

with a resolution of 4 cm-1. 

Solid-state 13C spectra were recorded at 100.56 MHz using a Varian 

VNMRS spectrometer and a 6 mm (rotor o.d.) magic-angle spinning 

probe.  They were obtained using cross polarisation with a 1 s recycle delay, 1 

ms contact time, at ambient probe temperature (~25 °C) and at a sample spin-

rate of 6.8 kHz.  Between 1400 and 5000 repetitions were 

accumulated.  Spectral referencing was with respect to an external sample of 

neat tetramethylsilane (carried out by setting the high-frequency signal from 

adamantane to 38.5 ppm).  Silcon-29 spectra were recorded on the same 

instrument and probe at 79.44 MHz.  Direct-excitation spectra were recorded 

following a 6.2 μs pulse with either a 120 (459 repetitions) or 240 s (150 

repetitions) recycle delay and at a spin-rate of 6.8 kHz.  Cross-polarisation 

spectra were recorded using a 2 s recycle delay, 3 ms contact time, 

approximately 10000 repetitions and at the same spin-rate.  Spectral 

referencing was with respect to an external sample of neat tetramethylsilane 

(carried out by setting the high-frequency signal from 

tetrakis(trimethylsilyl)silane  to -9.9 ppm). 
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7.5.2 Immobilisation of DABCO211 

 

Figure 133: Heterogenisation of DABCO onto mesoporous silica 

Mesoporous silica (5g) was degassed for 2 hours at 200oC. It was then 

suspended in toluene (50ml), 3- chloropropyltriethoxysilane (0.1ml) was added 

drop wise and triethylamine (0.01ml) was added. The suspension was stirred 

under reflux at 120oC for 48 hours.  The reaction was then cooled, the silica 

was collected via filtration and washed by soxhlet extraction technique.  

  The propyl chloride functionalised silica (2g) was suspended in acetone 

(60ml) and DABCO (1g) was added. It was stirred under reflux for 36 hours 

before being washed via soxhelt extraction.  

7.5.3 Mortia-Baylis-Hillman reaction 

4 nitrobenzaldehyde (0.8 mmol) and mesitylene (0.056ml) were added to 

MeOH (1ml) and stirred until a homogeneous solution was obtained. Methyl 

acrylate (1.6mmol) and catalyst (homogeneous: 0.3mol% or heterogeneous: 

50mg) were added and the solution was stirred for 5 days at room temperature 

in a sealed 2 ml vial. All products were analysed via GC Clarus 480 with a FID 

detector using an elite 5 column. Products and substrates were quantified the 

calibration method with mesitylene as a standard.   

Both the reproducibility and carbon balance (>95mole%) were within 

accepted limits. 

 

 

 

silica
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Chapter 8 Future Work: Harnessing Pendant 

Silanols in Hierarchically Porous SAPO-5 
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8.1 Introduction 

8.1.1 Harnessing silanols in HP zeotypes for functionalisation of bulky 

active sites 

 Mesoporous silicas have attracted considerable attention in recent years 

for the anchoring of bulky functional groups owing to their large pore 

diameters but they have not been widely implemented within industry. Their 

frameworks are amorphous and this often confers in low hydrothermal and 

chemical stabilities, therefore impeding their uses widely within catalysis. 

Crystalline microporous zeotypes (zeolites and AlPOs) are more stable but their 

lack of silanol sites and small pores makes useful functionalisation unrealistic. 

Hierarchically porous molecular sieves, which combine the advantages of a 

microporous and mesoporous system, have the potential to serve as successful 

inorganic hosts for large organic functional groups. Hierarchically porous 

crystalline zeotypes are a potential solution; they have been shown to be 

crystalline and stable. It is possible to astutely tailor the properties of these 

materials by, choosing framework topology, using dopant metals or adjusting 

mesopore diameters to create an optimised support for the immobilisation of 

bulky functional groups. Therefore they represent an exciting class of 

supports/frameworks that could be used in the immobilisation of large 

functional groups.   

There are already a handful of examples within the literature detailing the 

emerging application of HP zeolites as hosts for the anchoring of active species 

(Figure 134). Ryoo and co workers212 successfully grafted an organo-metallic 

functional group onto HP ZSM-5, among other HP zeolites, for the catalytic 

Sonogashira reaction (Figure 134 A). The functionalisation of the microporous 

ZSM-5 was also attempted, but it wasn’t possible due to lack of free and 

accessible silanol groups inside the micropores. The functionalised HP ZSM-5 

catalyst was found to be highly active and recyclable, only a slight decrease in 

catalytic activity was observed after 5 recycles (96% to 91%). The HP ZSM-5 

functionalised catalyst’s activity was contrasted with a functionalised SBA-15. 

The functionalised SBA-15 activity was lower than the HP ZSM-5 and 

additionally there was a stark decrease in catalytic conversion over the recycle 
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tests (84% to 38%). Likewise Kore et al213 reported that the functionalised HP 

ZSM-5 with a Pd(II) dicarbene complex was highly efficient for the Heck 

reaction and it exhibited high stability during the recycle experiments, in 

contrast it was not possible to recycle the homogeneous catalyst (Figure 134 

B).213 Therefore this highlighted the benefits of improved stability and activity 

by utilising a hierarchically porous crystalline zeolite for the immobilisation of 

bulky functional groups for catalysis rather than the traditional amorphous 

mesoporous silicas.  

Figure 134 (A) Grafted dichloro-β-oxoiminato-Pd on the mesopore walls of HP 

ZSM-5 to be used in the Sonogashira coupling of chlorobenzene 

with terminal alkynes.212 (B) HP ZSM-5 functionalised with Pd(II) 

dicarbene complex of imidazole based ionic liquids for the Heck 

reactions of chlorobenzene with alkenes.213 (C) Sulfonic acid 

functionalised HP ZSM-5 for the acid catalysed reaction of 2’-

hydroxyacetophenone and benzaldehyde.214 (D) Figure of the HP 

ZSM-5 illustrating the bonding of the active site to the interior 

walls of the mesopores via the silanol sites.  

 The HP ZSM-5 catalysts functionalised with organometallic groups were 

shown to be highly active in their respective reactions. The use of expensive 



  Chapter 8 

 248 

  

and harmful metals is not desirable. Instead it is preferred to use purely 

organic groups; these can be robust, inexpensive, readily available and non-

toxic. Although the majority of the literature was focused on organometallic 

groups, HP ZSM-5 has also been successfully functionalised with purely organic 

sulfonic acid groups for acid catalysis (Figure 134 C). This catalyst was more 

active than a blank HP ZSM-5 framework and a functionalised microporous 

framework. 214 Thereby this further showed the versatility of these HP zeolites 

to act as supports for a range of functional groups that can be utilised in a 

plethora of applications.  

8.2  Aims 

As yet organo-functionalised HP AlPOs have not been reported within 

the literature. Microporous AlPOs represent a truly compositionally diverse set 

of materials.13, 25, 215 Advances in the field of the synthesis and design of 

hierarchically porous AlPOs detailed within this thesis (Chapter 3-6) have 

demonstrated that it is possible to astutely tailor the nature of the catalyst.57-59, 

139 It has been previously shown that it is possible to engineer bi-functional HP 

SAPOs, which possess both Brønsted and silanol acid sites (Chapter 3).139 

Furthermore, it is possible to design the nature of the active sites further 

through isomorphous substitution (Chapter 6), which has also been previously 

demonstrated within the microporous AlPO family.52, 79, 132 It has also been 

demonstrated that it is possible to use similar silanol sites found in 

mesoporous silicas (Chapter 7) to functionalise the framework with organic 

groups for catalysis. Therefore it should be possible to apply these same 

principles and tailor the properties of HP AlPOs in order to create an optimised 

multi-functional support for organocatalysis functionalisation.  

8.3 Results and Discussion 

8.3.1 Design Strategy: Harnessing silanols within HP SAPO-5 for 

anchoring 

As previously detailed the mesopore walls of HP SAPO-5 are lined with 

silanol groups (see Figure 135 and Chapter 3). These silanols have been 
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highlighted to be active in the Beckmann rearrangement (Chapter 4 and 5).139 

They also have the potential to be functional handles within the HP AlPO 

framework, which can permit the mesopores to be decorated with additional 

functional groups (for example imidazolium ionic liquids for CO2 fixation, 

Figure 136 A) via silylation using a similar strategy seen with mesoporous 

silicas (see Chapter 7).10 

  

Figure 135 HP SAPO-5 with imidazolium active site grafted to the silanol sites 

within the mesopores (a) with Brønsted acid sites in the 

micropores (b). TEM of HP SAPO-5 showing hierarchically porous 

nature of the catalyst (RHS). FTIR spectra of HP SAPO-5 

highlighting presence of silanols within the mesopores of the 

catalyst (LHS).  

 The imidazolium ionic liquid, 1-(2,6-diisopropylphenyl)-1-H-imidazole 

was first synthesised before post synthetically grafting it onto the HP SAPO-5 

via the silanol sites (Figure 135). The resulting catalyst will be denoted as 

Imidazolium/HP SAPO-5. 
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8.3.2  Characterisation 

  In order to validate the success of the design strategy (Figure 135 and 

Figure 136(A)) a combination of characterisation techniques were used. PXRD 

was utilised to confirm that the framework was still intact after the anchoring 

of the imidazolium organocatalysts; Imidazolium/HP SAPO-5 was shown to be 

phase pure and crystalline (Figure 136).  

 

Figure 136 (A) Immobolisation strategy schematic. (B) pXRD of 

imidazolium/HP SAPO-5. 

Elemental analysis was used to verify the presence of the organocatalyst 

within the porous framework. The catalyst loading could then be calculated 

from the corresponding C, H, N contents. After anchoring the catalyst is 

washed excessively with solvents to ensure any excess imiPr is washed away. It 

is likely that the carbon mass and hydrogen mass detected via elemental 

analysis may be influenced by some residual solvent. Therefore the N average 

was used to calculate the active site quantity on the HP SAPO-5 (Table 38). 
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From elemental analysis it was calculated that there is 0.23mmol/g of the 

active site on the support.  

Table 38 Elemental analysis of imidazolium/HP SAPO-5 

Catalyst C average 
(%) 

H average 
(%) 

N average 
(%) 

Active sites 
(mmol/g) 

Imidazolium/HP 
SAPO-5 

7.45 1.02 0.63 0.23 

In order to gain an insight as to where the organocatalysts was anchored 

nitrogen adsorption experiments were performed. As a post synthetic strategy 

was utilised it was plausible that the organic group could be randomly tethered 

on the external surface as well as within the internal mesopores. Interestingly 

there was a dramatic difference between the blank HP SAPO-5 and 

imidazolium/HP SAPO-5 isotherms and BET data (Figure 137 and Table 39). 

The surface area, pore diameter and pore volume was significantly reduced 

when the imidazolium active site was anchored covalently to the HP SAPO-5. 

This suggests that the imidazolium moiety had been largely anchored to the 

inner walls of the HP SAPO-5 catalyst.  

 

Figure 137 Nitrogen adsorption isotherm (A) and BJH pore distributions (B) of 

HP SAPO-5 before (black) and after (green) anchoring of imiPr. 
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Table 39 BET properties of HP SAPO-5 and imidazolium/HP SAPO-5.  

Catalyst Surface Area 

(m2/g) 

Micropore 

surface 

area(m2/g) 

Micropore 

volume 

(cm3/g) 

Mesopore 

Volume 

(cm3/g) 

HP SAPO-5 317±16 194±10 0.08±4x10-3 0.3±0.02 

Imidazolium/ 

HP SAPO-5 

38±2 12±1 <0.01±5x10-4 0.09±5x10-3 

  CP/MAS NMR spectroscopy was deployed to investigate the integrity of 

the imidazolium on the support post immobilisation (Figure 138). Within the 
13C MAS/NMR spectra it was reassuring to see the expected signals, which can 

be assigned to SiCH2 (9.6ppm), -CH2 (22ppm), -CH2N (54ppm) and the signals 

between 120 and 140ppm are assigned to the aromatic groups (Figure 138 A). 

Interestingly there is evidence of some ethoxy groups being present with 

signals at about 15ppm and 69ppm. In the 29Si MAS NMR spectra there is a 

broad peak between -70ppm and -50ppm (Figure 138 B). This broad signal is 

indicative of a Si-C covalent bond. The broad width of the peak suggests that 

there are various combinations of XSi(OSi)3, XSi(OSi)2OR and XSi(OSi)OR2 binding 

modes, therefore accounting for the presence of the peaks at 15ppm and 

69ppm observed in the 13C NMR spectra. The 29Si MAS/NMR spectra also 

contained additional peaks between -90ppm and -110ppm; these are due to 

the tetrahedral silicon atoms comprising the framework of the HP SAPO-5.  
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Figure 138 29Si CP/MAS NMR spectra (A) of imidazolium/HP SAPO-5 and the 

corresponding 13C CP/MAS NMR (B) spectra of the tether.  

8.3.2.1 Characterisation summary 

The combinatorial approach for the characterisation of imidazolium/HP 

SAPO-5 revealed, promisingly, that the imidazolium moiety was covalently 

anchored onto the HP catalyst (Table 40). pXRD pattern revealed that the 

integrity of the HP SAPO-5 support was retained post immobilisation, while 13C 

MAS NMR spectroscopy revealed that the integrity of the imidazolium moiety 

was retained. BET suggested that the organic species is anchored in the 

mesopores, owing to the dramatic decrease in surface area and pore volume 

post immobilisation. This characterisation is very reassuring, and indicates that 

the organic moiety has been successfully anchored on to the HP SAPO-5.  
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Table 40 Summary of characterisation of the imidazolium/HP SAPO-5 catalyst. 

Elemental 

Analysis 

pXRD  BET 13C MAS NMR 

Spectroscopy  

29Si MAS NMR 

Spectroscopy 

Nitrogen was 

detected 

implying 

that the 

imidazolium 

was present 

on the 

support. 

HP SAPO-5 

remained 

phase pure 

post 

immobilisation

Surface area 

and pore 

volumes were 

significantly 

reduced post 

immobilisation

Expected 

signals for the 

imidazolium 

moiety were 

observed 

indicating the 

catalyst 

retained its 

structure 

Signal was 

observed 

around -

60ppm which 

is indicative of 

Si-C bond 

8.3.3 Catalysis 

  Owing to the encouraging preliminary characterisation of the 

imidazolium/HP SAPO-5 catalyst (Table 40), its efficacy was tested in the 

coupling of CO2 with styrene oxide. The quantity of CO2 emitted into the 

atmosphere from anthropogenic processes is vast. Yet, only 110Mt of CO2 per 

year is used as a synthetic building block within the chemical industry, this 

represents less than 1% of global emissions.216 CO2 is a renewable, unexploited 

source of carbon that is highly abundant, economical and non-toxic; it holds 

tremendous scope as a building block for more processes. Chemical fixation of 

CO2 has attracted much attention over the years, as it is a means to make an 

unwanted by-product into a desired product. However, it is relatively inert, so 

activation of CO2 can be a challenge. Although, it has been demonstrated that 

it is possible to utilise CO2 in the synthesis of cyclic carbonates through the 

coupling with epoxides, and imidazolium ionic liquids are known to be an 

active catalyst for this reaction. 217, 218 Imidazolium ionic liquids are a more 

sustainable alternative to the traditional phosgene method of synthesising 

polycarbonates. Therefore the ability of organic functionalised HP SAPO-5 as a 

catalyst was tested in this reaction.    
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Scheme 10 Synthesis of cyclic carbonates via the traditional route using 

phosgene.  

 Polycarbonates have applications in manufacture of CDs, DVDs, 

eyeglasses, aircraft windows, etc. owing to their impact resistance and optical 

transparency. Cyclic carbonates are traditionally produced by reacting 

phosgene (COCl2) with ethane-1,2-diol with excess dichloromethane as a 

solvent (Scheme 10). Hydrochloric acid and chlorinated solvents are produced 

as by-products. This process is not ideal; phosgene is extremely toxic and the 

by-products are harmful to the environment and people.  

By utilising CO2 it is possible to create a more environmentally benign 

route to cyclic carbonates as well as utilising an unwanted by-product (Scheme 

11). Researchers are now looking for new catalysts to activate the inert CO2 and 

incorporate it into useful epoxides. Imidazolium ionic liquids are known to be 

active in this reaction (Scheme 12 and Table 41)217, 218 and as such they were 

chosen to be the functional group that was anchored onto the HP AlPOs. 

Previously it had also been proposed within literature that acidic silanols can 

participate in the reaction to activate the epoxide with the basic imidazolium 

halide (Scheme 13),219 therefore by using the imidazolium/HP SAPO-5 as a 

support, which contains acidic sites and basic imidazolium halide, it was hoped 

that it would be possible to capitalise on both active sites and achieve good 

activity owing to the bifunctional nature of the catalyst. 

 

Scheme 11 More environmentally benign route to cyclic carbonates using 

CO2. 
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Scheme 12 Proposed mechanism for the formation of cyclic carbonates using 

immobilised ionic liquids.217, 218 

 

 

Scheme 13 Proposed mechanism for the formation of cyclic carbonates using 

a bifunctional catalysis involving acidic surface silanols and the 

basic imidazolium iodide.219 
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Table 41 Literature examples of heterogenised imidazolium moieties for the cycloaddition of CO2 to epoxides.  

Catalyst Moiety Support Reaction Conversion 
(%) 

Selectivity 
(%) 

TOF  
(h-1) 

Ref

 

MCM-41 

 

100 98.8 23.5 220 

 

MCM-41 35.4 91.2 5.5 218 

 

MCM-41 9.3 95.3 19.1 218 

 

MCM-41 31.8 90.2 8.7 218 
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Cross 
linked 
polymer  

96.1 99.8 9.6 221 

 

MCM-41 Yield: 87 3.6* 
(based 
on 
yield) 

222 

 

MCM-41 

 

100 95.5 23.2 223 

 

MCM-41 

 

84 97 35.6 224 
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MCM-41 

 

9 84 2.9 224 

 

Silica 91 97.8 5.1 219 
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Encouragingly the imidazolium/HP SAPO-5 hybrid catalyst was active in 

the reaction with a TOF of 65hr-1, which is higher than similar heterogenised 

imidazolium halides (see Table 41), and it did successfully produce some cyclic 

carbonate (Figure 139). However, its selectivity to the desired product was low, 

just 30%. The main product was an unwanted aldehyde, which is formed via an 

acid catalysed reaction (Figure 139 A(b)). The HP SAPO-5 is intrinsically acidic 

(see Chapter 3 on page 62) and was shown to be active in acid catalysed 

Beckmann rearrangement reactions (see Chapter 4 on page 102), so it is likely 

that these acid sites were promoting the formation of the aldehyde from the 

epoxide; instead of the formation of the cyclic carbonate as was originally 

hoped (see Scheme 13). 

 The HP SAPO-5 blank framework was also tested in this reaction. 

Interestingly it had 99% conversion, with 34% selectivity to the aldehyde and no 

formation of the cyclic carbonate, instead high molecular weight by-products 

were largely formed due to the acid sites. This suggested that the presence of 

the organocatalysts on the support removed some of the acidity of the catalyst. 

Therefore this indicated that it might be possible to further tune these 

materials by careful consideration of their framework properties. More 

importantly it also demonstrated that the heterogenised imidazolium is key in 

forming the desired carbonate product (Figure 139 A(a)), and therefore the 

design strategy presented did produce an active heterogenized catalyst. 

Through applying exiting principles from the mesoporous silicas and 

microporous AlPOs,25 it can be envisaged that these catalysts could be tailored 

and engineered to be very profitable and successful catalysts. 
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Figure 139 (A) Schematic illustrating that the desired carbonate product is 

formed at the mesopores (b) and the undesired aldehyde is a 

product of the Brønsted acid sites present in the micropores and 

surface of the catalyst. (B) Imidazolium/ HP SAPO-5 catalytic results 

(B) in the coupling of CO2 with styrene oxide.  

8.4 Conclusion and Future Scope 

Chapters 3-6 have focused on the synthesis and application of HP Me 

AlPOs for the Beckmann rearrangement of cyclic oximes. These catalysts were 

found to mimic the active sites found in the microporous analogues as well as 

having additional silanol sites. Silanol sites in mesoporous silicas were shown 

in Chapter 7 to be functional handles for the immobilisation of 

organocatalysts. Therefore it was hypothesised that it would be possible to 

immobilise organocatalysts into the HP AlPOs to create a hybrid inorganic-

organic catalyst for CO2 fixation.  

 The imidazolium ionic liquid was covalently anchored onto the HP SAPO-

5 post synthetically. The resulting imidazolium/HP SAPO-5 was characterised 
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via elemental analysis, MAS NMR spectroscopy, BET and pXRD. The initial 

characterisation was extremely promising and indicated that the ionic liquid 

had been successfully anchored onto the framework. The catalyst was tested in 

the probe reaction, the coupling reaction of epoxide with CO2 to form cyclic 

carbonates. The heterogenised catalyst was active in the reaction, it had higher 

TON than similar heterogenised catalysts using MCM-41 as a support, but it 

exhibited poor selectivity. The poor selectivity was attributed to the acidic 

nature of the catalyst as the by-product, phenylacetaldehyde, was formed via 

an acid catalysed reaction. Therefore the catalyst needs to be optimised 

further.  

 Chapter 6 demonstrated the scope of the potential to optimise and 

tailor these HP Me AlPOs for particular reactions. Careful choice of metal 

dopant can impact the types of active sites present in the material greatly. 

Therefore, there is a lot of opportunity to optimise the imidazolium/ HP Me 

AlPO catalysts and the results presented in this chapter represent just the 

beginning of this exciting field.  

8.5 Experimental 

8.5.1 Synthesis of HP SAPO-5 

Analogous procedure reported on page 98.  

8.5.2 Synthesis of 1-(2,6-diisopropylphenyl)-1-H-imidazole  

      

Scheme 14 1-(2,6-diisopropylphenyl)1-1-H-imidazole 

A solution of 2,6-diisopropylalinine (9.13 ml, 43.5 mmol), glyoxal (40 % in 

H2O, 5 ml, 43.5 mmol) and MeOH (50 ml) was stirred for 16 hours at room 

temperature and yielded a yellow solution. Formaldehyde (37 % in H2O, 6.47 

ml), ammonium chloride (4.65 g, 86.9 mmol) and MeOH (150 ml) were added 
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and the resulting solution was refluxed for 1 hour. Phosphoric acid 85 % (5.66 

ml, 82.72 mmol) was added to the solution and the mixture further refluxed. 

After 8 hours the solvent was removed and the residue was cooled with ice. 

KOH (40%solution) was added to the cooled residue until pH9. The crude 

product was then extracted with DCM, washed with brine and dried with 

magnesium sulfate. The product was collected via a silica column using a 

diethyl ether: ethyl acetate eluent.  

The product was characterised via 1H NMR spectroscopy:  

1H (400MHz, CDCl3) δ 7.46 (1 H, s), 7.43 (1H, dd, J = 7.76 Hz), 7.27  (1H, s), 

7.24 (2H, d, J = 7.70 Hz) 6.94 (2H, s), 2.40 (2H, sept, J = 6.85 Hz), 1.14 (2H, d, 

J = 6.85Hz).   

8.5.3 Synthesis of 1-(2,6-diisopropylphenyl)-3-(3-

(trimethoxysilyl)propyl)-1H-3λ4-imidazole  

    

Scheme 15 1-(2,6-diisopropylphenyl)-3-(3-(trimethoxysilyl)propyl)-1H-3λ4-

imidazole 

The imidazolium (0.5 g, 2.6 mmol) was dissolved in acetonitrile (20 ml) 

under nitrogen. (3-iodopropyl)trimethoxysilane (0.53 mL, 2.6 mmol) was added 

and the solution heated to 100 oC for 7 hours. Then the solvent was removed 

and the crude product was triturated with diethyl ether before drying under 

high vacuum to afford an orange oil. 

The product was characterised via 1H NMR spectroscopy:  

1H (400 MHz, CDCl3)  δ 10.13 (1H, s) 7.74 (1H, s), 7.56 (1H, m), 7.32 (2H, m), 

7.17 (1H, s) 4.83 (2H, t, J = 6.85 Hz), 3.60 (9H, s), 2.31 (2H, septet, J = 6.85 

Hz), 2.15 (2H, quintet, J = 7.76 Hz), 1.21 (12H, dd,J = 6.79 Hz), 0.73 (2H, t, J = 

8.13 Hz). 
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8.5.4 Covalent immobilisation of ImiPr onto HP SAPO-5 

HP SAPO-5 (1g) was degassed and then suspended in toluene (60ml). 

ImiPr (0.5mmol) was added to the suspension and refluxed overnight. The 

solid was collected via filtration and then washed in a soxhlet using DCM.  

8.5.5 Synthesis of cyclic carbonate from styrene oxide and CO2 

Styrene oxide (5g) was added to a batch reactor with the catalyst (0.1g). 

The catalyst was charged with 20 bar of CO2 and heated to 115oC. It was stirred 

at 400rpm for 2 hours. At the end of the reaction mesitylene was added (3g) as 

an internal and the reaction mixture was analysed via GC. 
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Chapter 9 Summary  

The design of isolated, defined and stable active sites within porous 

catalysts is the cornerstone of zeolitic chemistry. As such zeolites are very 

successful in industry, they account for 40% of all industrial heterogeneous 

catalysts. For example, SAPO-34 is utilised for the MTO process and the highly 

siliceous ZSM-5 is used for the vapour phase Beckmann rearrangement. 

However their microporous nature can lead to mass transfer being impeded. 

This can cause a decrease in the catalysts longevity, activity and selectivity; the 

three key characteristics of a good catalyst. Mesoporous materials were 

developed and it was hoped that they would overcome the diffusion limitations 

of their microporous counterparts. However their amorphous nature meant 

that they were not amenable to widespread industrial application. Hence, a 

catalyst that combines the advantages of a microporous system (defined 

bespoke active sites) with the benefits of a mesoporous system (enhanced 

diffusion as well as substrate and active site scope), a hierarchically porous 

catalyst, has great potential. Hierarchically porous molecular sieves have much 

to offer and show great promise as future industrial catalysts. There have been 

many studies and published papers on HP zeolites, however the field of HP 

AlPOs is comparatively in its infancy. This thesis has served to research the 

design, synthesis and catalytic application of HP Me AlPOs.  

 Chapter 3 focuses on the design and synthesis of HP SAPO-5 and HP 

SAPO-34 with a view to apply these materials as catalysts in the vapour phase 

(Chapter 4) and liquid phase (Chapter 5) Beckmann rearrangement. The various 

synthetic strategies were discussed and the chosen strategy for the synthesis 

of HP AlPOs in this thesis utilised an organosilane as a soft template. This 

strategy was highlighted in the introduction of Chapter 3 to be highly versatile. 

It had been used extensively to synthesise HP zeolites, and there are a few 

examples of it being used for the synthesis of HP SAPOs with mixed results. In 

some cases the catalyst was not phase pure and had significant impurities 

present in the pXRD; this highlighted the need to improve upon the current 

synthetic strategies presented within literature. Owing to the reported 

advantages of this soft templating organosilane surfactant strategy and the 
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potential to improve upon the synthesis, this strategy was chosen to synthesise 

the HP AlPOs within this thesis.  

 Chapter 3 goes onto discuss in detail the design strategy of the HP 

SAPOs for the Beckmann rearrangement. The HP SAPOs were synthesised 

utilising a one-pot soft surfactant strategy. The amphiphilic surfactant chosen 

had a silyl head group, the surfactant was believed to form micelles within the 

synthesis gel and the silyl head was expected to embed into the AlPO 

framework. Upon calcination the carbonaceous tail was removed, as was the 

microporous SDA, to reveal a hierarchically porous framework with silanols 

lining the mesopores and Brønsted acid sites in the micropores.  

A combination of characterisation techniques was employed to reveal 

the structure of the HP SAPO-5 and HP SAPO-34 and the nature of their active 

sites in comparison to their microporous analogues. pXRD revealed that both 

the HP SAPO-5 and HP SAPO-34 were phase pure. BET isotherms and data 

reported an increase of pore volumes and surface areas of the HP SAPOs in 

comparison to their microporous analogues, and via the BJH pore distribution 

curves the HP catalysts were found to have mesopores. TEM revealed that the 

mesopores were connected to the microporous framework in both the HP 

SAPO-5 and HP SAPO-34 architectures, therefore revealing the truly 

hierarchically porous nature of the catalysts. The acid sites within the HP 

catalysts were investigated via a variety of techniques; FTIR spectroscopy, FTIR-

CO spectroscopy, FTIR-collidine spectroscopy, MAS NMR spectroscopy and 

TPD-NH3. Spectroscopic investigations revealed that the HP catalysts had 

Brønsted acid sites that mimicked the strength of the microporous catalysts, as 

well as additional silanol sites that were absent in the microporous analogues. 

Both of these types of acid sites are known to be active within the Beckman 

rearrangement. These studies are extremely comprehensive and reveal the in-

depth properties of these HP catalysts, which should facilitate their application 

in a range of different processes, and this has led to a publication and a patent 

being filed.  

 Chapter 3 outlined the nature of these catalysts and revealed them to 

contain both silanol and Brønsted acid sites; both of these sites can be 

considered active sites in the Beckmann rearrangement. Therefore Chapter 4 
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presented the application of the HP SAPO-5 and HP SAPO-34 in the vapour 

phase Beckmann rearrangement. Classically the Beckmann rearrangement is 

performed in the liquid phase; it uses corrosive reagents and produces large 

quantities of ammonium sulfate as a by-product. To circumvent these 

problems a vapour phase process has been developed using a highly siliceous 

MFI catalyst, this process is theoretically 100% atom economic and does not 

rely upon harmful reagents. However, the catalyst can suffer from deactivation 

over time and have difficulties in catalysing larger oximes owing to the size of 

the micropores. Therefore it was hoped that the HP SAPOs with the desired 

active sites and larger pores would improve the catalyst’s lifetime and 

substrate scope.  

The resulting HP SAPO-5 and HP SAPO-34 were found to have 

successfully enhanced life times, substrate scope and activity in comparison to 

their microporous analogues in the vapour phase Beckmann rearrangement. In 

the vapour phase Beckmann rearrangement of cyclohexanone oxime to ε-

caprolactam both HP SAPO-5 and HP SAPO-34 maintained close to 100% 

conversion over the course of the reaction with comparable selectivities to 

their microporous analogues. Whereas the microporous catalysts became 

deactivated, for example SAPO-5 conversion of cyclohexanone oxime dropped 

over the course of the reaction and was just 30% at the end.  

In the case of the Beckmann rearrangement of cyclooctantone oxime the 

results were even more dramatic. Again the HP catalysts conversion was close 

to 100% over the course of the reaction. Whereas the microporous catalyst, for 

example SAPO-34, conversion was initially much lower than that of the HP 

catalyst, just 46%, and then continued to reduce over the course of the reaction 

to just 30%. Likewise the commercial ZSM-5 catalyst was also deactivated over 

the course of the reaction. Thus this work further substantiated the location of 

the active (acid) sites within the micropore and highlighted the importance of 

accessibility of the reagents to the active sites as well as the importance of the 

stability of the catalyst. The combination of the thorough characterisation 

study presented in Chapter 3 and the catalytic study in Chapter 4 has helped to 

further the understanding of the vapour phase Beckmann rearrangement and 
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resulted in publications and a patent. Hence it could have a far-reaching impact 

in the future design of catalysts for this important industrial reaction.    

 The high temperatures associated with the vapour phase Beckmann 

rearrangement can result in catalyst deactivation and poor selectivity, therefore 

being able to conduct this rearrangement at low temperatures in the liquid 

phase is very attractive. The effect of pore diameter and accessibility of the 

substrate to the active site was found to be very important in the liquid phase 

Beckmann rearrangement. SAPO-5, which has a pore diameter (7.3Å) larger 

than cyclohexanone oxime (6.6Å), had comparable conversion to the HP SAPO-

5 in the liquid phase Beckmann rearrangement of cyclohexanone oxime. In 

contrast, SAPO-34, which has a pore diameter (3.8Å) smaller than 

cyclohexanone oxime, had much lower conversion than HP SAPO-34 (11% vs 

20%). The enhancement in conversion with the HP SAPO-34 was attributed to 

the improved accessibility of the reagent to the active sites owing to the 

auxiliary mesoporous network.  

The improvement in conversion of the HP catalyst compared to the 

microporous analogue was even more convincing in the liquid phase Beckmann 

rearrangement of cylcododecanone oxime, owing to the much larger size of 

the substrate (8.8Å). HP SAPO-34 had almost 100% conversion of 

cyclododecanone oxime to laurolactam whilst SAPO-34 had just 72% 

conversion, a similar trend was observed with the HP SAPO-5 and SAPO-5 

catalysts. The high activity of the two hierarchically porous catalysts could be 

attributed to the improved accessibility of the active sites, the additional 

silanol sites, or a combination of both.  

In order to assess if there are differences in the active sites or 

intermediates within the liquid phase Beckman rearrangement of 

cyclododecanone oxime an in situ 15N NMR spectroscopy study was conducted. 

The preliminary study was revealing, and indicated that the rearrangement 

over the microporous and HP catalysts follow the same pathway owing to the 

same signal shapes and chemical shift values during the course of the in situ 
15N NMR spectroscopy experiment, and hence the enhanced accessibility owing 

to the auxiliary mesoporous network lead to the improvements in catalytic 

activity. Therefore, this study served to highlight the importance of considering 
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location and accessibility of the active sites when designing catalysts for the 

liquid phase Beckmann rearrangement.  

 Chapter 6 expanded upon the successes of Chapter 3-5 and developed 

multi-metallic HP Me AlPO-5 catalysts. As of yet, only monometallic HP Me 

AlPOs have been reported within literature. By isomorphously substituting a 

combination of different metals into the HP AlPO-5 framework it should be 

possible to generate a range of different active sites and this hypothesis was 

demonstrated within Chapter 6. HP Co AlPO-5, HP Ti AlPO-5 and HP Co Ti AlPO-

5 were all successfully synthesised and found to be phase pure and contain 

mesoporosity. Spectroscopic investigations of the nature of the acid sites 

within the catalysts revealed that the catalysts contained a combination of 

silanol sites, Brønsted acid sites and Lewis acid sites depending on the 

substitution pathway and metal present. HP Co Ti AlPO-5 had the highest 

contribution of Lewis acid sites whereas HP Ti AlPO-5 had the least. This 

resulted in HP Ti AlPO-5 having the highest selectivity to ε-caprolactam in the 

liquid phase Beckmann rearrangement of cyclohexanone oxime, as well as 

having the highest conversion of cyclododecanone to laurolactam in the 

Beckmann rearrangement of cyclododecanone. Therefore this study has 

demonstrated that it is possible to create multi metallic HP Me AlPO catalysts 

and through careful consideration of the substituted metals it is possible to 

tailor the nature of these sites in order to engineer highly active catalysts.  

 The future work chapters, Chapter 7 and 8, served to highlight the 

potential of utilising pendant silanols groups to securely anchor bulky organic 

groups to the interior walls of the porous support in order to create highly 

active heterogenised catalysts. In Chapter 7 DABCO, a tertiary amine, was 

successfully covalently anchored via silylation, as confirmed via FTIR 

spectroscopy, MAS NMR spectroscopy and BET evidence, onto the interior wall 

of mesoporous silica supports with varying pore sizes for the MBH reaction. It 

was found that by decreasing the pore size the TON could be enhanced, Het. 

DABCO MS-60Å had a turnover number of 18 and by decreasing the pore size 

the resulting Het. DABCO MS-30Å catalyst had an improved turnover of 39. 

Previously reported supported catalysts within literature for the MBH reaction 

were largely non-porous, therefore this resulted in much lower TON (0.7 -9.1) 



  Chapter 9 

 270 

  

as the catalysts were unable to capitalise from the benefits of spatial 

confinement. By decreasing the size of the pore diameter it was possible to 

enhance the positive effect of spatial confinement and enhance the activity of 

the catalyst. Therefore the design strategy presented has highlighted the 

benefits of immobilising the organocatalysts onto the inner walls of the 

support with an appropriately tuned pore aperture. This strategy facilitated 

improved catalytic activity (TON) without compromising on selectivity. This 

work resulted in a publication and the principles can be applied to a range of 

different supports and functional groups, for example the immobilisation of 

ionic liquids onto HP SAPO-5 as discussed in Chapter 8.  

 Chapter 8 presented the first example of covalently immobilising 

organocatalysts onto HP AlPO frameworks. The imidazolium organocatalyst 

was successfully covalently anchored onto the HP SAPO-5 by harnessing its 

pendant silanols located in the mesopores, which was similar to the strategy 

seen in Chapter 7. The resulting catalyst was characterised, it was found to 

have retained both the integrity of the AFI architecture and the integrity of the 

imidazolium organocatalysts. Its efficacy in the cycloaddition of carbon dioxide 

to epoxides reaction was also assessed. The catalyst was found to be active, 

however the selectivity was low owing to the intrinsic acidity of the framework; 

highlighting the scope for future optimisation. Therefore this chapter 

represented the great potential of these HP architectures in catalysis. There are 

a vast number of methods to further optimise the HP frameworks as successful 

scaffolds for the immobilisation of organocatalysts or other bulky functional 

groups.  

 Overall, this thesis has presented a successful design strategy for the 

synthesis of HP AlPOs. It has also demonstrated the HP AlPO catalysts potential 

in acid catalysis and as supports for bulky functional groups. The presented 

design strategy resulted in a range of HP AlPO catalysts that mimicked the 

same active sites seen in the microporous frameworks, with the added bonus 

of improved mass transfer owing to the auxiliary mesoporous network and the 

inclusion of pendant silanols sites. Hence a range of active sites were 

demonstrated to be able to be meticulously engineered into the HP framework 

through either isomorphous substitution, by employing the same design 
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principles from the well-established microporous AlPOs, or through covalent 

immobilisation via the pendant silanols sites, as seen with mesoporous silica 

supports. These materials therefore represent great opportunity in the 

development of enhanced catalysts for a plethora of reactions. 
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