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SUMMARY  

 Mesoporous oxides have been used extensively for supported catalysis over the past 

several decades due to their facile synthesis, structural stability, and tunability of their 

material properties. Likewise, polymers have also generated considerable interest as 

effective catalyst carriers because of the degree of control over their chemical and physical 

properties. The support of metal-free molecular catalysts on mesoporous supports and 

polymer backbones has enabled a variety of studies investigating the role of material 

properties and their impact on catalysis. In this thesis, several inorganic ï organic 

mesoporous systems have been developed and studied with target applications in 

performing cascade and cooperative reactions. These materials and their abilities to 

immobilize, compartmentalize, and facilitate cohabitation of molecular catalysts has led to 

interesting developments in the field of supported molecular catalysis. The goal of this 

thesis is to demonstrate new methodologies for the development of multicatalytic 

heterogeneous materials with a particular interest in compartmentalization and 

cooperativity. Additionally, the goal is to relate material properties of mesoporous ï 

polymer composite structures and their effect on catalysis rates.  

This thesis is organized into five chapters with chapters two, three, and four 

focusing on the main research objectives. The first chapter dives into background 

information covering concepts such as benefits of supported molecular catalysis, 

immobilization, and downfalls. A brief summary of the types of immobilized catalysts on 

mesoporous silicas, zeolites, and polymers is given along with their application in cascade 

and cooperative reactions. Chapter two covers the first research objective which is a novel 
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approach to compartmentalize incompatible silica-supported sulfonic acid and polymer-

supported benzylamine catalysts via covalent tethering of linear polymers to the inorganic 

supports. Material properties such as silica pore diameter (SBA-15 or MCM-41) were 

investigated with a variety of poly(styrene) copolymer molecular weights (6100 ï 45000 

g/mol) creating a total of six polymer-silica composite structures. Efforts went into 

understanding the mechanism of compartmentalization of these two catalyst species based 

on pore diameter and molecular weight. A core ï shell confinement of acids to the pores 

and polymer ï supported bases on the external surface or cohabitation of both inside the 

pores was investigated. It was elucidated that regardless of pore diameter or molecular 

weight, the majority of the polymers all tether inside the pores and ultimately result in the 

lowest molecular weight systems showing the highest activities.  

 In the second research objective in chapter three, similar systems from chapter two 

were explored with MCM-41 ï poly(styrene) inorganic ï organic hybrid materials. It was 

determined that in the absence of strong silica-grafted sulfonic acids, polymer-supported 

benzylamine catalysts could effectively cooperate with terminal silanol groups inside 

mesopores in the aldol condensation reaction. A range of copolymer molecular weights 

from 1400 ï 16000 g/mol and two compositions are synthesized creating a total of five 

hybrid materials in addition to a polymer ï free molecular analogue. It was determined that 

cooperative ability of Lewis basic primary amines and weak Brønsted acidic silanols in the 

aldol condensation of 4-nitrobenzaldehyde with acetone decreased with increasing 

molecular weights and that polymer composition played little to no role. Molecular 

dynamics simulations show that reagent diffusivity inside the pores is a strong function of 

polymer molecular weight. It was found that the lowest molecular weight outperformed the 



 xxiii  

polymer ï free materials suggesting added benefits associated with flexible polymers inside 

mesopores. 

In the fourth chapter and third research objective, a multicatalytic inorganic ï 

organic mesoporous MCM-41 material was developed for a three ï step cascade reaction. 

Co-condensation of a tertiary aminosilane under basic conditions formed the initial 

monofunctional material. Secondary grafting of mercaptopropyl groups followed by 

surfactant extraction created the necessary functional handle to install TEMPO oxidation 

catalysts via a thiol-ene coupling. This bifunctional catalyst was employed in a three ï step 

cascade converting the commodity chemical benzyl alcohol to a 2-amino-chromene 

derivative. These anti-cancer, antimalarial, and antibacterial compounds pose as an 

interesting target for future works while showcasing the benefits associated with cascade 

reactions. Sequential and all-together reaction kinetics were studied, and it was found that 

using a delayed addition of necessary reagents offered the highest rates.  

In summary with chapter five, key findings were outlined associated with each 

chapter. Additionally, possible future directions associated with supported molecular 

catalysts for cascade and cooperative reactions are supplied. The information learned from 

these studies at the interface of chemistry, chemical engineering, and materials science with 

mesoporous supports and polymers provides and interesting perspective on how these 

materials can be more important than just single catalyst carriers. 

 

 



 1 

CHAPTER 1. INTRODUCTION  

1.1 Motivation and Inspiration  

The continual research, development, and understanding of catalysts over the past 

century has driven vast improvements in their performance and stability.1 Economic, 

environmental, and sustainability motives have accelerated this research topic in recent 

years especially in the subfield of supported molecular catalysis. The heterogenization of 

molecular catalysts is the process of taking a well-defined and understood molecular 

catalyst and covalently or ionically tethering them to a support material. This has been a 

prime research theme in supported catalysis over the past several decades due to the ability 

to recycle and reuse thus ultimately increasing the turn-over number (TON) of complex 

and expensive organo- and organometallic species.2  Industries such as pharmaceuticals 

suffer from high cost due to their inherent high volume of waste generated due to complex 

syntheses, and purifications required for commercial activity.3 Heterogenized molecular 

catalysts can serve as an avenue to decrease active pharmaceutical ingredient 

manufacturing costs due to reduction in high catalyst cost through increasing catalyst 

lifetime. Increasing chemical production through application in continuous-style flow 

reactors such as continuous stir tank reactors (CSTR) and plug flow reactors (PFR) can 

also lower cost by decreasing solvent consumption. This also mitigates purification steps 

needed to isolate the catalyst which is often difficult and can potentially permanently 

deactivate the catalyst through a variety of pathways.4  Recovery and reuse of molecular 

catalysts used homogeneously is more challenging than that of recovering a surface bound 

catalyst. Therefore, tethering molecular catalysts to a solid support, can be beneficial due 
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to ease of separation from the reaction media, most commonly through filtration, 

centrifugation, magnetic recovery, and precipitation. A simple cartoon of this process can 

be found in Figure 1.1. 

 

Figure 1.1. Common strategy for the immobilization of molecular catalysts to a 

support structure. 

However, adoption of this approach is rarely seen in any industries due to several 

concerns regarding their efficacy and reusability and ultimately the higher cost of 

development and immobilization of a molecular catalyst.4-7 And unfortunately, most 

research in this field focuses on immobilization and usage of molecular catalysts as a proof 

of concept over few recycles rather than investigations into the how and why of catalyst 

deactivation and mitigation thereof as well as use over many cycles.8 The catalysts can be 

deactivated via a variety of methods throughout  processing however the major are through 

leaching of soluble complexes, oxidation, dimerization, and poisoning.9 The stability of the 

catalyst must not be compromised through the process of immobilization and only few 

works have focused on stability as a method to inform more effective immobilization and 

recycle routes.8, 10 Few works focus on adjustment of surface bound and recovery methods 
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in order to reduce deactivation thus increasing catalyst lifetime.11, 12 The complex nature 

of catalyst loss, deactivation, and mitigation thereof is ultimately responsible for the lack 

of interest in using supported molecular catalysts widely in industrial processes.7 The gap 

of interest and concerns between industry and academia in this subfield are potentially a 

reason the employment of supported molecular catalysts in industry is rarely observed. 

Aside of these aforementioned concerns, these systems have found their way to 

becoming profound and interesting test-systems for fundamental science research 

regarding catalyst immobilization, activity, cooperativity, and compartmentalization. Their 

research in these topics is a focal point of this thesis, especially with regard to multicatalytic 

systems using compartmentalization and cooperativity within inorganic-organic hybrid 

structures.  The work presented in this thesis seeks to push the boundaries and 

understanding of synthetic chemocatalytic cooperative and cascade reaction systems. At 

the intersection of supported catalysis, materials science, and polymer chemistry, the 

research enclosed attempts to make progress in this topic with outside -of-the-box 

approaches with novel and known materials. Perhaps this knowledge can help inform more 

complex systems in the future that can become useful at an industrial level. 

1.2 Supported Catalysis Using Porous Oxides and Polymers 

1.2.1 Porous Oxides ï Synthesis and Catalytic Applications 

Porous silicas are structured materials that consist of a network of parallel pores 

ranging in length and width, typically in the 2 to 10 nm in diameter range and hundreds of 

nm in length. Synthesis requires templating with a surfactant species that most commonly 
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is a quaternary ammonium containing structure. Varying lengths of poly(ethylene) and 

poly(propylene) glycol block copolymers are also used. Their synthesis is accomplished 

through a sol-gel process forming a dense nest of Si-O bonds.13 Their specific surface areas 

and pore volume can be measured using physisorption of gas molecules. These materials 

have been favored for use in several fields such as catalysis, separations, and drug 

delivery.14-17 Functionalization of their surfaces is often performed using organosilanes and 

their resulting materials a commonly applied to catalysis and separations.18-21 In catalysis, 

silicas have historically served as a popular support structure for molecular catalysts via 

covalent or physical linkages.16, 18 This enables the active catalyst species to be recycled 

and reused many times over than that of conventional molecular catalysis, where the direct 

isolation is required through often complex purification steps. Since the discovery of 

mesoporous silicas, their use as a support for molecular catalyst has generated a plethora 

of works. These focus on organometallic species for transition metal catalyzed reactions 

such as Suzuki-Miyaura, Mizoroki-Heck, hydrolytic kinetic resolution, cyclopropanation, 

hydrogenation, and hydroformylation reactions as well as many others.4, 6, 10, 11, 22-27 They 

have also been used to support organocatalysts catalysts such as Macmillanôs 

imidazolidinone, L-proline, sulfonic acids, amines, TEMPO, and imidazolium/pyridinium 

cations in addition to many others.28-35 These catalysts are usually synthesized via 

immobilization of organic species via surface functionalization reactions such as via 

organosilane grafting via alkoxy groups or click chemistry with copper(I) catalyzed azide-

alkyne and thiol-ene couplings.  

Zeolites are naturally occurring crystalline aluminosilicates with a number of 

tunable properties.36, 37 Crystal structure, particle size, Brønsted, and Lewis acidity are 
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some of the traits which can be modified during or after their synthesis. They are 

synthesized through a sol-gel process which typically range from days to weeks. Their 

structure is similar to that of silica however they have an ordered, crystalline network of 

Si-O bonds forming a variety of crystal structures. Their frameworks can be controlled via 

the modification of the structure directing agent (SDA) that is typically in the form of a 

quaternary ammonium containing compound. Zeolite are microporous in nature meaning 

pore sizes are considerably less than that of mesoporous silicas, usually less than 2 nm in 

size.38  Zeolites have played a major role in the heterogeneous catalysis specifically in the 

petrochemical industry field due to the tunable properties, most commonly Bronsted and 

Lewis acidity. Incorporation of other heteroatoms such as Al, Ga, Fe, and Ti have brought 

about capabilities for other types of reactions.39-42  Supporting molecular catalysts has yet 

to be common in zeolites, most likely due to their lower surface areas than mesoporous 

silicas, thus low catalyst tethering yields. Zeolites have also played a major role in the field 

of separations for their molecular sieving properties.43, 44 

1.2.2 Polymers ï Synthesis and Catalytic Applications 

In the past couple of decades, several controlled radical polymerization (CRP) 

techniques have been discovered. These methods allow for the controlled growth of near 

monodisperse polymers. The major techniques that are widely known in the polymer 

chemistry field are atom transfer radical polymerization (ATRP), reversible-addition 

fragmentation chain transfer polymerization (RAFT) and nitroxide mediated 

polymerization (NMP).45-47 These techniques all utilize some type of mechanistic driving 

force that promote nearly identical rates in chain growth. In contrast to traditional free 
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radical polymerizations, molecular weight distributions are narrow, thus the reactions are 

deemed ócontrolled.ô Polydispersity indices (PDI) of these polymers can reach < 1.2 

whereas conventional radical polymerizations typically exceed 2. 

The mechanism for each CRP technique is different. In the case of ATRP, a 

particularly important method for this thesis, a redox driven equilibrium dominates the 

polymerization by masking and unmasking the active chain end, thus, significantly 

reducing the concentration of active radicals in solution at any given time. Figure 1.2 

illustrates this mechanism. Due to the strong driving force for oxidation of the transition 

metal catalyst, (Mtn ï Y / ligand) the initiator ï halogen (Init-X) bond homolytically 

fragments creating a radical on both species. The halogen then gains an electron from the 

transition metal complex from Mtn ï Y / ligand to form X ï Mtn+1 ï Y / ligand. The initiator 

begins to propagate with the monomer. However, these steps can be reversed reforming 

the Mtn ï Y / ligand complex while ejecting the halogen atom. This halogen atom can then 

deactivate the chain end by combining with the other radical present. This regenerates the 

dormant species required for the ATRP mechanism. The concentration of dormant species 

at any time will be significantly higher than that of the active (radical end) species. This 

results in the ópersistent radical effectô ï which is the process whereby reactive chain ends 

will continue to propagate over a long amount of time; this is contrary to conventional free 

radical polymerizations. 
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Figure 1.2. Initiation, propagation, and termination steps in the ATRP mechanism. 

Polymer have extensively been used as an interesting support for various molecular 

catalysts. Figure 1.3 details polymer catalyst immobilization techniques via two methods. 

Post-polymerization functionalization via simple chemical reactions such as sulfonation, 

nucleophilic substitution, and esterifications have been used to install molecular catalysts 

to polymer repeat units after synthesis (Figure 1.3 ï A).48-52 Simple derivatives of basic 

monomers have also been modified to bear catalysts prior to polymerization (Figure 1.3 ï 

B). Examples of monomers using this method include styrenes, acrylates, and 

acrylamides.53-55 Polymer supported catalysts have experienced significant developments 

in the past 20 years and have been of significant interest in two chapters of this thesis as 

they serve as an additional location where molecular catalysts can be immobilized. Types 

of catalysts previously immobilized on polymers include DMAP, TEMPO, 

imidazolidinone, L-proline, diamines, Co(III)-salen, many organometallic Pd(II) species 

,and sulfonic acids.25, 48-50, 52, 54, 55 
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Figure 1.3. A) post polymerization catalyst functionalization. B) Catalyst supported 

on monomer derivative prior to polymerization. C) Methods of imparting 

functionality on ATRP-synthesized polymer chain ends. 

Another extremely powerful tool from these types of controlled radical polymers is 

the ability to functionalize and manipulate polymer chain ends. The initiators in ATRP or 

RAFT remain unmodified during the course of a controlled polymerization (with the 

exception to the generation of repeat units) thus open the idea for addition of small 

molecules, polymer immobilization, tethering to other polymers, and forming cyclic 

polymers with their chain ends.56-61 Figure 1.3 ï C details modifications possible with 

ATRP initiators before and after the polymerization. Many of the reactive functional 

groups at the X position can be obtained from commercially available initiators.62 The 

reaction halogen chain end can be exchanged with several other functional groups via post-

polymerization modifications.57 Chemical functionalities obtained from these 
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modifications often utilize the ease and mild nature of copper catalyzed azide-alkyne 

cycloaddition and thiol-ene click reactions. However, surface graft-able alkoxy silanes and 

coupling partners for amidation and esterification reactions have also been shown.  

1.3 Cascade and Cooperatively Catalyzed Reactions 

1.3.1 Cascade Reactions 

Cascade reactions are sequences where multiple synthetic transformations occur in 

the same vessel without discrete isolation of intermediates. The advantage of cascades is 

beneficial in terms of reduced waste, time, and energy requirements due to extensive 

purifications, thus posing as an effective avenue for process-intensification. With the new 

shift toward sustainable processes and operations in chemistry and chemical engineering, 

this is advantageous in reducing energy requirement and solvent usage.1, 3 The first reaction 

cascade was published in 1917 by Robinson for the synthesis of tropinone.63 In this 

synthesis a cascade of condensation reactions are performed between methylamine, 

succinaldehyde, and acetonedicarboxylic acid to accomplish three individual synthetic 

transformations. Chemist realized the power of these synthetic procedures and began to 

harness them for more complex cascades in the syntheses of natural products and other 

valuable chemicals.64-68  

Figure 1.4 frame 1 shows the conventional proceed of multistep organic synthesis 

requiring two sequential reactions where the intermediate B and final product C are isolated 

via purification steps. Frame 2 shows the process of a cascade reaction where all reagents 

and catalysts required for both reactions exist in the reaction vessel at the same time (one-

pot procedure) resulting in conversion to the final product with only one purification 
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required. Frames 3 and 4 illustrate a cascade reaction using a multicatalytic heterogeneous 

material. Catalysts D and E are immobilized on the same overall particles for a one-pot 

reaction cascade. In the cases where the material is insoluble, catalyst recovery can be a 

facile process often requiring simple filtration or centrifugation. However, one major 

drawback to performing these cascades homogeneously is in the case when cascades 

require catalyst and reagents that are incompatible with one another. For example: acids 

and bases, oxidizers and reducers, and other sensitive organometallic catalysts cannot exist 

in the same solution and result in a productive outcome without self-quenching or catalyst 

deactivation. 

 

Figure 1.4. 1) traditional organic synthesis using purification steps between reactions. 

2) generic cascade using multiple catalysts. 3) generic cascade using a single 

multicatalytic material. 4) generic cascade in a one-pot procedure. 

 

1.3.2 Multicatalytic Materials 

Many types of materials have been functionalized with multiple types of catalytic 

centers for the purposes of performing cascade reactions. The most common the materials 

are purely polymeric supports such as micelles, porous aromatic frameworks, covalent 

organic frameworks, and bottlebrush copolymers as well as functionalized mesoporous 

silicas.22, 31, 51, 69-93 Catalysts are immobilized in a variety of methods from incorporation 

into polymer backbones or onto chain ends. In the case of silica, organosilanes 
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functionalized with the catalytic centers can be grafted onto their accessible surfaces.22, 51, 

69, 70, 79, 81, 83, 86-88, 92, 94, 95 Also, linking agents such as click chemistry coupling partners can 

be grafted in the form of azides, thiols, olefins, and paraffins allowing the efficient tethering 

of large molecular catalysts.51, 81, 96-98 

The migration of the field of cascade chemistry from pure organic synthesis to 

heterogeneous supported-molecular catalysis was made just after the turn of the century 

with the advent of core-confined star polymers containing acids and bases in 2005.69  

Engineers and chemists realized a significant limitation to homogenous cascades: 

incompatible reagents can never exist inside the same phase together. For example, 

oxidizers and reducers, acids and bases must be segregated. But also, even if catalysts are 

not necessarily incompatible, introduction of other reagents required by other 

transformations can negatively affect each other, creating by-products, thus, leading to 

lower activities or low yields of the cascade products. A number of materials have been 

previously used for cascade chemistry for supported catalysts to address these challenges. 

In recent years materials including silica, MOFs, zeolites, micelles and other polymer ï 

based systems have been used for cascade chemistry.  

1.3.3 Compartmentalization of Incompatible Catalysts 

Many different materials have been utilized to achieve site isolation of multiple and 

often incompatible species. Compartmentalization of active sites is achieved via domain 

isolation where different species are trapped in different ócompartments.ô This approach 

deliberately ensures incompatible catalyst centers are adequately segregated from others. 

This ensures all or most catalyst zones are active rather than simpler multifunctional 
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catalysts in which no special steps are taken to separate incompatible species. This is 

accomplished by several different methods, all of which are heavily dependent on the 

nature of the materials used. For mesoporous silica, SBA-15 functionalized with acids and 

bases, site isolation is achieved by óinternalô and óexternalô compartments. The material is 

functionalized with sulfonic acids in the pores while on the exterior surfaces lies primary 

amines. This is one of many systems capable of isolating acids and bases for cascade 

catalysis.99 Figure 1.5 demonstrates a variety of compartmentalization approaches of acids 

and bases using multicatalytic organic-inorganic materials. Type 1 materials were the 

original works using no intentional separation strategies that resulted in surprisingly active 

catalysts.100-102 This is possibly due to low densities of acids and bases inside the catalysts. 

Type 2 and 3 engage in internal/external pore and core-shell compartmentalization 

methodologies, respectively.92, 99, 103-105 This is usually accomplished through multiple 

synthetic steps with installation of each acid or base catalyst in tandem. Type 4 is the 

newest generation of materials that use hierarchical porosity and synthesis approach to 

immobilize incompatible species.106 The process of directed motion of starting materials 

and intermediates can be manipulated in this system giving rise to a chemocatalytic 

analogue of substrate channeling. 
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Figure 1.5. Compartmentalization strategies for multicatalytic organic-inorganic 

materials developed over the past 20 years. Figure adapted from the manuscript ref. 

Qu, P., Cleveland J. W., Ahmed E., Liu F., Dubrawski S., Jones C. W., Weck M. 

ñCompartmentalization of Molecular Catalysts for Nonorthogonal Tandem 

Catalysis.ò Chem. Soc. Rev., (2021), accepted. 

In an example using zeolites, acidic plate ï like sheets undergo intercalation with 

organic linkers. Afterwards these undergo functionalization with primary amines creating 

an acid and ï base sites isolated in a multifunctional system.107 For MOFs, zinc nitrate and 

amino ï substituted terephthalic acid ligands were crystalized in the presence of palladium 

nanoparticles. This creates a MOF impregnated with Pd nanoparticles, with base 

functionalities on the MOF ligands, with active sites present in different crystal 

compartments.108 For polymer based systems, micelle formation allows for core ï shell 

isolated regions allowing for selective inner and outer catalyst immobilization for 

cascades.51, 76, 79, 81, 83, 91 Bottle brush systems allow for confinement of acids or bases in 

the interior while inert óblockingô monomers surround the exterior.74, 83 And more recently, 
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oxidation and reduction catalysts were immobilized outside shell and inside corona off a 

shell-crosslinked micelle showing powerful separation of these two incompatible reaction 

mechanisms.51 In addition to these works, many more examples exist using varied methods 

for catalyst confinement.  

A large majority of heterogeneous multifunctional cascade catalyst works focus on 

the same acid-base catalyzed cascade reaction.83, 99, 107, 109, 110 The acid catalyzed 

deacetalization of benzaldehyde dimethyl acetal followed by a Knoevenagel condensation 

with malononitrile to form benzylidene malononitrile is a convenient probe reaction 

showing acidic and basic character of a material. Deacetalization is a reaction that requires 

a Brønsted acid catalyst and water while Knoevenagel condensations require a Lewis base, 

therefore in order for an efficient outcome, both catalytic centers need to be present on the 

material without self-quenching.  However, several other probe cascade reactions have 

been published in the last 20 years. These include: deacetalization ï aldol condensation79, 

aldehyde oxidation ï reductions51, aza-addition ï ketone reduction111, deacetalization, 

alkyne hydration ï ketone reduction76, deacetalization ï ketone reduction ï acylation81 

along with several others. These probe reactions are widely used as a proof of concept for 

many different catalyst systems as a convenient method to compare multifunctional 

heterogeneous catalyst systems. 

1.3.4 Cooperative Reactions and Bifunctional Acid-Base Materials 

Counter to cascade reactions, cooperatively catalyzed reactions are those where multiple 

catalyst centers function together in proximity to accomplish a given reaction, often times 

while requiring less energy overall in comparison to the use of a single catalyst. This is 
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accomplished by increasing the energy level of the HOMO in one molecule while lowering 

the HOMO in the other.112 This has become a prominent research topic in dual transition 

metal and organocatalytic systems.113, 114 One particularly notable example of a 

cooperatively catalyzed reaction is the aldol condensation of 4-nitrobenzaldehyde with 

acetone using bifunctional acid ï base heterogenous materials. These reactions are 

effectively performed by the use of a weak Brønsted acidic and a Lewis basic species. 

While traditional aldol condensations are achieved via either acid or base catalyzed 

mechanisms, the cooperatively catalyzed route is accomplished via an enamine-based 

mechanism. In this particular example, enamine formation with the supported Lewis base 

catalyst and acetone generates the enamine nucleophile while raising the energy levels of 

the HOMO. The LUMO energy levels are lowered in 4-nitrobenzaldehyde via hydrogen 

bonding with weak Brønsted acids increasing the electrophilicity of the aldehyde carbon. 

This ultimately makes the aldehyde species more prone to nucleophilic attack from the 

enamine intermediate.  

 

Figure 1.6. Key mechanistic intermediate in the cooperatively catalyzed aldol 

condensation of 4-nitrobenzaldehyde using aminosilane grafted silica and terminal 

silanols. 

Figure 1.6 depicts the main mechanism intermediate using an aminosilane grafted 

mesoporous silica support catalyst. The enamine is formed via nucleophilic attack of the 



 16 

grafted amine with acetone. Subsequently, this species attacks the electronically activated 

aldehyde with surface silanols leading to the ultimate formation of the final product. This 

process has been studied extensively using acid ï base bifunctional materials. The most 

prominent studies have focused on using grafted aminosilanes on mesoporous silicas.34, 115-

118 More recently, cellulose has been modified with amines showing promising 

performance in this reaction.119-121 Weak Brønsted acidic silanols inherently present in 

mesoporous silicas have been shown to be more effective cooperative partners than their 

stronger competitors such as sulfonic and carboxylic acids.34 Because of this, porous oxides 

with grafted aminosilanes have been studied significantly during the aldol condensation of 

4-nitrobenzaldehyde with acetone. 

1.4 Objectives and Impact 

1.4.1 Thesis Outlook 

Supported molecular catalysts have been studied extensively due to their well-

defined structures, synthesis, and catalytic activities. Support structures such as 

mesoporous oxides and polymers have been popular due to their ease of synthesis and 

stability. A great number of works developing multifunctional heterogeneous catalysts for 

cascade reactions are published, however no generic methodology exists to 

compartmentalize any pair of incompatible molecular catalysts. This thesis was primarily 

interested in using organic-inorganic porous hybrid materials to develop a semi-generic 

materials synthesis approach for catalysts for a two-step cascade reaction. This thesis was 

also interested in the design and development of organic-inorganic hybrid systems for 

cooperatively catalyzed reactions. Specifically, the understanding of polymer supported 
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catalysts inside mesoporous silicates and their ability to either (1) compartmentalize 

opposing molecular species or (2) promote cooperativity between bases and weak acids. 

Also, the development of multicatalytic materials for three-step application driven tandem 

reactions is studied. The thesis is broken down into three specific chapters that are 

highlighted in the next three subsections. 

1.4.2 Chapter 2 ï Compartmentalization of Sulfonic Acids and Benzylamines Using SBA-

15 and MCM-41 Poly(styrene) Composite Materials 

The first research objective is centered around development of a mesoporous silica 

ï polymer composite system capable of compartmentalizing incompatible acid and base 

catalysts for cascade reactions. This chapter presents a synthetic approach using one of two 

mesoporous materials with different pore diameters (SBA-15 and MCM) and poly(styrene) 

based copolymers of three molecular weights. This chapter is interested in investigating 

polymer tethering properties based on molecular weight and diameter and their effect on 

catalysis. This multistep synthesis using organosilane grafting, atom transfer radical 

polymerization, and thiol-ene chemistry results in six silica-grafted propylsulfonic acids ï 

polymer supported benzylamine composite catalysts. Key issues regarding polymer ï pore 

confinement, solubility, and accessibility during the base catalyzed reaction are addressed. 

Optimal conditions for bifunctionality are found and presented. Molecular dynamics 

simulations were used to rationalize the findings. The goal for this chapter is to present a 

generic methodology to compartmentalize incompatible catalysts using a porous oxide ï 

polymer composite material.  
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1.4.3 Chapter 3 ï Cooperativity in MCM-41 Poly(styrene) Organic-Inorganic Hybrid 

Materials in Aldol Condensations 

With groundwork synthetic strategies established in the first chapter, the second 

research objective focuses on studying polymer supported benzylamine ï MCM-41 hybrid 

systems and their activity toward the cooperatively catalyzed aldol condensation of 4-

nitrobenzaldehyde with acetone. Aminosilane-grafted mesoporous silicas have been 

previously studied for their cooperative abilities with surface-silanol or surface grafted 

carboxylic acids. The objective this chapter was to investigate the role of polymer-

supported amines and their cooperative ability inside the pores of MCM-41 and comparing 

this to aminosilane-grafted analogues. Polymer molecular weight and composition were 

studied, and optimal conditions were found. The materials were analyzed using a slate of 

spectroscopic and analytical techniques. The goal in this chapter was to propose a new 

method to effectuate enhanced cooperativity with supported amines and acids for the aldol 

condensation. 

1.4.4 Chapter 4 ï Multicatalytic Tertiary Amine ï TEMPO Mesoporous Silica for Three-

Step Cascade Catalysis 

The objective of the final chapter was to develop a multicatalytic TEMPO-tertiary 

amine supported organocatalyst for a three-step cascade reaction. While the field of 

multicatalytic heterogeneous materials for cascade reactions focuses heavily on proof-of-

concept works, this chapter develops a material capable of producing a group of valuable 

biologically interesting compounds from commodity chemicals such as benzyl alcohol and 

benzaldehyde. The facile synthesis procedure requires sol-gel chemistry, secondary 
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grafting, and thiol-ene chemistry to generate a novel material with basic 

dimethylpropylamines and TEMPO oxidation organocatalysts. This project is primarily 

interested in understanding the synthesis procedure that results in the highest cascade 

product yields in the lowest times. The primary challenge associated with this work is the 

unfavorable adsorption of reagents to the catalyst sites, requiring sequential addition 

procedures.  
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CHAPTER 2. MESOPOROUS SILICA POLY(STYRENE) 

COMPOSITE MATERIALS FOR INCOM PATIBLE ACID -BASE 

CASCADE CATALYSIS  

Chapter 2 and Appendix B are adapted from the published article: Reproduced from Ref. 

J. W. Cleveland, D. R. Kumar, J. Cho, S. S. Jang and C. W. Jones, Catal. Sci. Technol., 

2021, 11, 1311. DOI: 10.1039/D0CY01988G with permission from the Royal Society of 

Chemistry.  

2.1 Introduction  

     As mentioned in chapter 1, reaction cascades are processes where multiple synthetic 

transformations take place all in the same reaction vessel, sometimes also referred to as 

one-pot, domino, and tandem procedures.122, 123 These processes often make use of multiple 

catalyst species and reaction pathways. Cascades have potentially large economic and 

environmental benefits by reducing waste-generating aspects of organic synthesis, such as 

offering a reduced solvent requirement, fewer purification steps, and also saving time.3 In 

Nature, complex catalytic transformations occur rapidly in enzymes or clusters of enzymes 

producing the chemical species necessary for life. The efficiency of these systems results 

from primarily two distinct phenomena: (i) the partial or complete confinement of 

incompatible or opposing catalyst species in domains or compartments and (ii) the 

channeling of reaction intermediates from one site to the next.124-126  While substrate 

channeling is a process that has yet to be demonstrated in synthetic systems, support of 

opposing molecular catalysts on the same support has been accomplished many times in 
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literature, with systems based on organic polymeric supports,51, 79-83, 98, 127, 128  

functionalized mesoporous silicas,84, 87, 89, 99, 111, 129-131 zeolites,107, 132, 133 metal-organic 

frameworks,110, 134-136 and Pickering emulsions.137 In some cases, researchers have sought 

to compartmentalize different active sites in separate domains through the incorporation of 

a physical barrier such as use of distinct silica pores, incorporation into different blocks of 

polymeric backbones, and or in core-shell structures such as micelles.76, 83, 99  Of course, 

for the purposes of chemical synthesis, one can always compartmentalize different sites in 

separate catalyst particles,69-71, 138 but this does not address the catalyst design issue of 

striving to develop single catalyst particles containing multiple types of segregated 

domains, as used in biological systems. 

     Compartmentalization is the concept in which catalyst design and particular synthetic 

routes are used to physically isolate species in distinct domains or regions. This idea is 

adapted from biological systems where many incompatible catalytic processes are 

occurring rapidly. Compartmentalization has only been accomplished thoroughly in a 

small number of non-biological works.51, 79, 81, 99, 137, 139 The purpose of 

compartmentalization is to facilitate a reaction pathway that actively shields or segregates 

incompatible or opposing catalytic species, or their reagents, from one another, leading to 

physical isolation. A major benefit of these systems is that they can limit catalyst 

deactivation while potentially allowing for the environmental and economic benefits of 

eliminating some reaction and separation steps.  

     A variety of methods of compartmentalization have been reported over recent years. 

For example, shell-crosslinked micelles (SCM) compartmentalize orthogonal catalysts in 

the corona and shell of these systems.51, 76, 81 In mesoporous SBA-15, acidic and basic 
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functionalities have been separated in the mesopores and on the external surface of catalyst 

particles.99, 103 In very few systems, researchers have combined the utility of both silica and 

polymer supported catalysis literature to create a combined system for cascade catalysis.111 

The goal of this work is to create multi-domain catalyst particles combining the attributes 

of both silica and polymeric systems which could allow incorporation of an array of 

different types of active sites in the future.  Silica domains can easily incorporate zones of 

controlled porosity, and silicates can incorporate active sites either within the silicate walls 

(e.g. by substitution of Si with Al, Fe, Ti, etc.) or via surface functionalization with organic, 

organometallic or metallic active sites.  Polymeric structures can offer more dynamic 

domains, changing with external stimuli such as temperature, electric fields, or solvent 

changes, and active sites can be incorporated in the polymerôs main chains or side chains. 

     

     In this chapter, we sought to expand the array of multi-domain catalyst particles by 

creating hybrid catalyst particles containing both silica mesopore and polymeric domains.  

As a demonstration of concept, we have deployed mesoporous SBA-15 and MCM-41 silica 

polymer composite materials as a platform to support incompatible molecular catalysts. 

These materials are synthesized via a grafting-to process using thiol-ene click chemistry. 

The efficacy of separation of silica supported Brønsted acids and polymer-bound Lewis 

bases is probed using varying polymer molecular weights and silica pore sizes. A classical 

reaction cascade, well-studied previously in other systems, comprising an acid catalyzed 

deacetalization followed by a base catalyzed Knoevenagel condensation is used as a test 

reaction sequence. This work thus attempts to demonstrate a generic method of establishing 

compartmentalization of incompatible chemical species in a mesoporous silicate ï polymer 
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composite system, allowing for further elaboration using the diversity of silica chemistry 

and polymer chemistry in the future. 

2.2 Experimental Section 

2.2.1 Materials 

Copper (0) powder < 75 ɛm, 99% (Sigma Aldrich) was purified by agitation in 

concentrated HCl (37%, ACS, VWR) for 30 minutes at room temperature. Afterwards, it 

was filtered and rinsed with deionized (DI) water and dried before use. Both styrene (Ó99%, 

contains 4-tert-butylcatechol as stabilizer, Sigma Aldrich) and 4-vinylbenzyl chloride 

(Ó90%, contains 0.1% total stabilizer, Sigma Aldrich) were purified by filtering through a 

column of basic alumina (aluminum oxide activated, basic, brockmann I, Sigma Aldrich) 

before use. P123 (Poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) average Mn ~ 5,800 20:70:20 (EO:PO:EO)), tetraethyl orthosilicate 

(TEOS) (Ó99.0%, Sigma Aldrich), Hexadecyltrimethylammonium bromide (CTAB) 

(Ó98%, Sigma Aldrich), NH4OH solution 28% (Ó99.99% trace metals basis, Sigma 

Aldrich) were use as received. The anhydrous solvents tetrahydrofuran (THF) (Ó99.9%, 

contains 250 ppm BHT as inhibitor, Sigma Aldrich), toluene (99.8%, Sigma Aldrich), 

acetonitrile (MeCN) (99.8%, Sigma Aldrich) were used as received. The bulk solvents 

toluene (Ó99.5% ACS, VWR Chemicals BDH), dichloromethane (DCM) (Ó99.5% 

stabilized ACS, VWR Chemicals BDH), ethanol 200 proof (99.5%, Koptech/VWR) were 

used as received. The reagents (3-mercaptopropyl) trimethoxysilane 95%, 5-hexen-1-ol 

98%, Ŭ-bromoisobutyrylbromide 98%, pyridine anhydrous 99.8%, magnesium sulfate 

anhydrous Ó99.5%, sodium azide Ó99.5%, N,N-dimethylformamide anhydrous 99.8%, 
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triphenylphosphine 99%, phthalic anhydride Ó99%, triethylamine Ó99.5%, N,N,Nǋ,Nǋǋ,Nǋǋ-

pentamethyldiethylenetriamine 99%, copper(II) bromide 99%, 2,2-dimethoxy-2-

phenylacetophenone (DMPA) 99%, benzaldehyde dimethyl acetal 99%, benzaldehyde 

Ó99%, malononitrile Ó99%, decane Ó95%, hydrogen peroxide solution 30 % (w/w) in H2O, 

contains stabilizer, hydrazine hydrate reagent grade, N2H4 50-60% were all purchased from 

Sigma Aldrich and used as received. 

2.2.2 Analytical Tools and Instrumentation 

Organic contents for all functionalized silica samples were measured via a Netzsch STA-

409 Luxx ï thermogravimetric analyzer ï differential scanning calorimeter (TGA-DSC). 

The temperature program used was from 25 ï 900 °C at 10 °C/min. Mass changes for thiol 

grafted samples were recorded in the 200 ï 600 °C range. Mass changes for the brush 

functionalized samples were recorded in the 200 ï 700 °C range. Loss from the bare 

supports in the same ranges were accounted for in all TGA loading calculations.  

Polymer distributions and molecular weights were determined using a Tosoh EcoSEC gel 

permeation chromatograph (GPC). A refractive index detector was the primary source for 

the analysis and the synthesized copolymer poly(styrene) derivative samples were 

compared to narrow poly(styrene) standards. 

Physical characterization of the mesoporous silicas was determined through applying the 

BET method with a Micromeritics tristar N2 analyzer at 77 K. Prior to analysis, samples 

were activated overnight at 30 mTorr at 110 °C for 6 h. The isotherm data points were 

taken from P/Po = 0.01 to 0.99. Pore volume measurements were calculated from the 

quantity of nitrogen adsorbed to the samples at P/Po = 1.0. BET surface area, external 
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surface area, and pore size distributions were obtained from the Microactive software 

package provided by Micromeritics.  

A Shimadzu Prestige 21 Fourier Transform Infrared Spectrometer (FT-IR) was used with 

diffuse light scattering for all the samples analyzed in this work. Spectra were recorded 

from 600 ï 4000 cm-1 with a total number of 128 scans.  

A combustion elemental analyses (EA) was performed for all functionalized silica samples. 

These samples were analyzed for carbon, hydrogen, nitrogen, and sulfur. Analyses were 

performed by Atlantic Microlab in Norcross, GA. 6180 Atlantic Blvd., Ste M, Norcross, 

GA 30071 

Imaging was performed using a Hitachi HD-2700 dedicated scanning-transmission 

electron microscope (STEM) operated at 200 KeV. Regular scanning and transmission 

images were recorded for both the SBA-15 and MCM-41 samples and are shown below 

with their respective procedures.   

All nuclear magnetic resonance (NMR) spectra were collected via a Bruker AV3 HD 700 

MHz NMR spectrometer. For small molecules, only 16 scans were used for 1H NMR 

spectra and 512 for 13C. For polymer samples, D1 was increased to 5 seconds and 128 scans 

were recorded to allow for visible end groups and quantitative end group analyses. 

Thiol-ene click chemistry experiments were performed in tall 40 mL vials inside of a 

Rayonet RMR-600 photochemical reactor on a magnetic stir plate with 8 ultraviolent lamps 

at 365 nm at room temperature. A fan was also used to prevent heat from accumulating 

inside of the chamber.  
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2.2.3 Catalyst Testing Procedures 

     To probe the acid catalyst performance, the benzaldehyde dimethyl acetal 

deacetalization probe reaction is used. To a vial equipped with a magnetic stir bar, 0.25 mL 

of anhydrous MeCN and toluene is added (0.25 M). 20 ɛL of benzaldehyde dimethyl acetal, 

10 ɛL of DI water (2 equiv), 10 mol% -SO3H bifunctional catalyst, and 5 ɛL of decane is 

added. The vial is heated to 80 °C and the reaction progress is monitored via 1H-NMR 

(CDCl3) with timepoints using decane as an internal standard.   

     To probe the base catalyst performance, the Knoevenagel condensation of benzaldehyde 

with malononitrile is used. To a vial equipped with a magnetic stir bar, 0.25 mL of 

anhydrous MeCN and toluene is added (0.25 M). 13 ɛL of benzaldehyde dimethyl acetal, 

10 mg of malononitrile (1.2 equiv), 5 mol% -NH2 bifunctional catalyst, and 5 ɛL of decane 

is added. The vial is heated to 80 °C and the reaction progress is monitored via 1H-NMR 

(CDCl3) with timepoints using decane as an internal standard.   

     For the combined acid/base cascade procedure, a vial equipped with a magnetic stir bar, 

0.25 mL of anhydrous MeCN and toluene is added (0.25 M). Then, 20 ɛL of benzaldehyde 

dimethyl acetal, 10 ɛL of DI water (2 equiv), 10 mg of malononitrile (1.2 equiv), 5 mol% 

-NH2 bifunctional catalyst, and 5 ɛL of decane is added. The vial is heated to 80 ÁC and 

the reaction progress is monitored via 1H-NMR (CDCl3) with timepoints using decane as 

an internal standard.  

2.2.4 Models and Simulation Methods 
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     To investigate the dimension of poly(st-co-NPhth) chains in dichloromethane, fully 

atomistic simulation models are prepared to contain a single chain of poly(st-co-NPhth) 

with various molecular weights such as 3600, 6100, and 16000 g/mol, and 6400 

dichloromethane molecules. 

     To describe the polymer-polymer and polymer-solvent interactions in molecular 

dynamics (MD) simulations, DREIDING force field is employed,140 whose energy terms 

are  

    Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ  (1) 

where Etot, EvdW, EQ, Ebond, Eangle, Etorsion and Einversion are the total, van der Waals, 

electrostatic, bond stretching, angle bending, torsion, and inversion energies, respectively. 

EQ is calculated from Mulliken charges which are obtained using density functional theory 

(DFT) with B3LYP functional and 6-31G** basis set. 

     After the initial structures are built using Monte Carlo techniques with three-

dimensional periodic boundary conditions, annealing MD simulations are performed by 

changing the volume and temperature in order to accelerate the equilibration of the 

structures. Then, for data collection, equilibrium isobaric-isothermal ensemble (NPT) MD 

simulations are performed for 30 ns at 298.15 K and 1 atm. The equations of motion are 

integrated via the velocity Verlet algorithm141 using a time step of 1.0 fs with Nose-Hoover 

thermostat.142-144 For all of our MD simulations, we use the LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator) software package.145  

2.3 Results and Discussion 
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2.3.1 Experimental Approach 

     The main design hypothesis for this system was that polymer size and silica pore 

diameter can be used to control the óclickô location in the mesoporous particles and that 

this can lead to physical isolation of opposing catalysts. Specifically, we were interested in 

determining if primarily polymer pore filling, pore exclusion towards the mouth or external 

surface, or an intermediate of the two (Figure 2.1) could be achieved, leading to catalyst 

compartmentalization. It was hypothesized there are two distinct modes of catalyst 

compartmentalization that can take place in this system: (i) complete exclusion of the 

polymers from the pores via size control with the degree of polymerization and solvent 

choice (Case 1, core-shell) or (ii) cohabitation of both the grafted acid and polymer 

supported base domains inside the mesopores, confined in distinct ópocketsô of acids and 

bases created by the polymer network composite (Case 3, isolated pockets). Both methods 

have been shown to create efficient catalysts in separate systems in the literature, however 

the latter case has not for a silica-polymer composite catalyst but has for a porous, purely 

polymer system.82, 83, 99, 127 The main tools used for the assessment of potential 

compartmentalization were the reaction kinetics, N2 physisorption porosity analysis and a 

slate of control  experiments. To determine whether polymer size has an impact on this 

phenomenon, a screening of molecular weights and silica pore diameters was conducted. 

To accompany this study, Table A.1 highlights results from molecular dynamics 

simulations of the random copolymer used in this work at three separate molecular weights, 

yielding their radii of gyration (Rg) in the thiol-ene conditions, 25 °C and in DCM.  
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Figure 2.1. Illustration of the various polymer óclickô locations. 

     The overall functionalization route highlighted in .  illustrates the four-step process for 

the synthesis of these acid-base bifunctional mesoporous silicate polymer catalysts. While 

it is noted that the grafting process will unselectively place thiols everywhere on the 

support, the majority will reside within the mesopores due to the large particle sizes used, 

which offer the majority of the surface area in the mesopores (see Figure A.1 and Figure 

A.2). The Brønsted acid and Lewis base catalysts used in this system are a surface-grafted 

propylsulfonic acid and a polymer supported primary amine in the form of benzyl amine. 

These species are created from a surface-grafted thiol and phthalimide protected amine. 

First, either SBA-15 or MCM-41 (pore diameters of 7.0 and 2.4 nm, respectively) is 

functionalized with 3-mercaptopropy trimethoxy silane through grafting in dry toluene at 

80 °C, forming SBA/MCM-SH (SBA/MCM-X; the slash is generic notation for materials 

made on both supports).146 

     Analysis of N2 physisorption data and imaging of the bare SBA-15 and MCM-41 can 

be found in Figure A.1, Figure A.2, and Figure A.3 in appendix A. Next, the amine-



 30 

containing terminal olefin end group polymers were subjected to the thiol-grafted support 

under thiol-ene click conditions, specifically with dimethoxyphenylacetophenone 

(DMPA), dichloromethane (DCM), and 365 nm ultraviolet (UV) light in a UV chamber.147, 

148 This forms SBA/MCM-SH-poly(styrene-co-2-(4-vinylbenzyl)isoindoline-1,3-dione) 

(referred to later as poly(st-co-NPhth). These are the main inactivated mesoporous silicate 

polymer composite precatalyst samples investigated in this study. The active, catalytic sites 

are created during deprotection of the polymer chains, with subsequent oxidation of 

remaining thiol groups to form sulfonic acids.  

 

Figure 2.2. Functionalization route for the synthesis of the acid-base polymer 

composite catalysts 

 

2.3.2 Characterization of SBA/MCM Composite Materials 
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     Random copolymers of styrene and 2-(4-vinylbenzyl)isoindoline-1,3-dione), referred to 

as poly(st-co-NPhth), were synthesized through supplemental activator and reducing agent 

atom transfer radical polymerizations149, 150 (SARA-ATRP) using hex-5-en-1-yl 2-bromo-

2-methylpropanoate (5-eneBMP) as the initiator.147 These structures were analyzed via gel 

permeation chromatography (GPC) for molecular weight distributions and nuclear 

magnetic resonance (NMR) to confirm the copolymer structure and assess the structural 

integrity of the functional olefin end-group. Three molecular weights were synthesized for 

this study: poly(st-co-NPhth)-1, poly(st-co-NPhth)-2, poly(st-co-NPhth)-3 are Mn of 6100, 

16000, and 45000 g/mol, with poly dispersities (ņ) of 1.16, 1.15, and 1.33, respectively. 

GPC traces, molecular weights, NMR end group analysis, and reactions conditions are all 

described Table A.2. SARA-ATRP was employed to generate controlled and narrow 

polymers with functional end-groups required for this study. 

     Next, two steps were deployed to generate the active acid and base sites required for the 

cascade reactions. First, the phthalimide protecting group was removed using aqueous 

hydrazine.150  Overnight treatment was found to result in complete deprotection of the 

phthalimide, forming the primary benzyl amine species predicted to be active for the 

Knoevenagel condensation. Table 2.1 includes sample information regarding support and 

polymer combination with thiol, acid, and base loadings as well as SO3H:NH2 ratios. The 

base catalyst loading for each sample was determined through elemental analysis (EA). 

Lastly, the sulfonic acid was generated by oxidation of residual thiols on the surface of the 

mesoporous silicates that were left unreacted from the thiol-ene coupling.151 Oxidation 

conditions were applied to the composite samples, and determination of  the acid content 

by titrating the surface sulfonic acids using a NaCl solution as a ion exchanging agent.99, 
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152, 153  Mild thiol-oxidation conditions were used (30% aq. H2O2/THF (v/v), room 

temperature) to mitigate unwanted side reactions with the supported benzylamines such as 

formation of imines, amides, hydroxylamines, nitroso, or nitro compounds. Acid loadings 

are reported in Table 2.1 and were all found to be similar ~ 0.23 mmol/g. The detailed 

titration procedure is highlighted in the supporting information. From elemental analysis 

(EA), the parent SBA-15 and MCM-41 thiol functionalized samples contained 1.36% and 

1.26% sulfur, respectively. The nitrogen content for the polymer containing samples was 

also assessed via CHN combustion analyses, and the N catalyst loadings were found to be 

between 0.06 and 0.13 mmol/g for all the catalyst samples. Thus, the catalyst samples 

generally had excess acid sites, relative to base sites. 

Table 2.1. Sample information of the mesoporous silicate composite and free NH2 

copolymer materials 

Entry Sample Support 

Polymer 

Mn
a 

(g/mol) 

Thiolb 

(mmol/g) 

NH2
b 

(mmol/g) 

SO3H
c 

(mmol/g) 
SO3H:NH2 

1 

SBA-15-

poly(st-co-

NPhth)-1 

SBA-

15 
6100 0.42 0.13 0.24 1.9 

2 

SBA-15-

poly(st-co-

NPhth)-2 

SBA-

15 
16000 0.42 0.06 0.23 3.8 

3 

SBA-15-

poly(st-co-

NPhth)-3 

SBA-

15 
45000 0.42 0.06 0.23 3.8 

4 

MCM-41-

poly(st-co-

NPhth)-1 

MCM-

41 
6100 0.4 0.12 0.21 1.8 

5 

MCM-41-

poly(st-co-

NPhth)-2 

MCM-

41 
16000 0.4 0.1 0.23 2.3 

6 

MCM-41-

poly(st-co-

NPhth)-3 

MCM-

41 
45000 0.4 0.07 0.23 3.3 

7 
poly(st-co-

NH2)-1 
- 5400 - - - - 
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8 
poly(st-co-

NH2)-2 
- 15500 - - - - 

9 
poly(st-co-

NH2)-3 
- 43300 - - - - 

10 
SBA-15-SO3H-

PhCH2NPhth 

SBA-

15 
- 0.42 0.14 0.26 1.9 

a Determined by GPC using narrow poly(styrene) standards. b Determined through 

combustion CHN+S elemental analysis. c Determined after the deprotection and oxidation 

protocol through the back-titration method described in appendix A 

     From the simulation studies, the polymers of molecular weights of 3600, 6100, and 

16000 g/mol were found to possess Rg in DCM at 25 oC of 0.92, 1.31, and 1.78 nm, 

respectively. The largest molecular weight copolymer synthesized for this study (45000 

g/mol) was found to be too large for a full-atomistic simulation approach with explicit 

solvent molecules, thus, a lower 3600 g/mol polymer was included for comparison 

purposes on the low molecular weight end. When doubling the radii to obtain a diameter, 

it can be hypothesized that the lower molecular weight 6100 and 16000 g/mol copolymers 

(Rg of 1.31 and 1.78 nm) should be capable of fitting into the larger pore diameter SBA-15 

silicate (7 nm pore diameter), while potentially incurring resistance due to steric effects 

with the smaller pore MCM-41 (2.4 nm pore diameter). Even though simulation data at 

45000 g/mol are not available, a similar statement could potentially be applied to the 45000 

g/mol copolymer, with both inclusion and blocking occurring in SBA-15, with this polymer 

being totally excluded from the pores of MCM-41. However, it is noted that polymer 

morphology is a dynamic phenomenon in solution and that different conformations may 

occur, especially during the thiol-ene coupling reaction, which occurs in a different solvent. 

     The data in Table 2.1 describe several types of samples. SBA-15/MCM-41-poly(st-

co-NPhth) refers to the protected and unoxidized materials.  When these materials are 

deprotected and oxidized they are referred to as SBA-15/MCM-41- poly(st-co-NH2)-X or 
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SBA-15/MCM-41-PX, where X is a number from 1-3 denoting the polymer molecular 

weight deployed. Entries 1-3 in Table 2.1 refer to the SBA composite catalysts and entries 

4-6 are for the MCM catalysts. Entries 7-9 are the free (untethered) deprotected (NH2) 

catalysts that were used as a benchmark for the Knoevenagel condensation kinetics 

discussed later. Entry 10 is the analogous polymer-free bifunctional catalyst, containing 

grafted, molecular amine sites, synthesized for comparison purposes. For this sample, 2-

(4-vinylbenzyl)isoindoline-1,3-dione) was directly coupled to the support via thiol-ene, 

then deprotected and oxidized.  

     Thermogravimetric analysis (TGA), elemental analysis, N2 physisorption, and infrared 

(IR) spectroscopy were used to characterize the materials. TGA combustion analysis and 

N2 physisorption data were cross compared to assess the total quantity of polymer 

functionalized on the thiol-grafted support, as well as to probe their physical location on 

the mesoporous silica particles (i.e. on the external surface/pore mouths or inside the 

pores). Figure 2.3 shows the TGA curves for bare supports, thiol-grafted, and click-

functionalized samples used in this work. From the results, one can note that the total 

quantity of polymer attached to each of the SBA/MCM-poly(st-co-NPhth) samples on 

either silicate support is not equal (Table A.3). This requires proper normalization 

procedures to assess important metrics, as discussed later. To this point, the thiol-ene 

coupling of polymer chains to each support material the total N:S ratio was held constant; 

however, the resulting polymer functionalized samples had some deviation in polymer 

content. 
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Figure 2.3. TGA curves for the bare silicates, thiol grafted, and polymer óclickedô 

composite samples. Frame A highlights the SBA-15 functionalized samples where 

frame B is for the MCM-41 samples. These curves indicate the mass losses prior to 

deprotection and oxidation. 

     Generally, the larger pore SBA-15 support allowed for incorporation of a higher weight 

percent of polymer than the smaller pore MCM-41, suggesting some polymer incorporation 

in the mesopore space, which is discussed further below. The SBA-15-poly(st-co-NPhth) 

composites contained 13-17 weight percent polymer, whereas for the MCM-poly(st-co-

NPhth) samples, 6-12 weight percent polymer was observed. As a consequence of the 

varying polymer loadings between the SBA and MCM supports, the acid base ratios are 

slightly different, though in all cases the number of acid sites exceed the number of base 

sites (Table 2.1). For the low molecular weight (6100 g/mol) polymer samples, the 

SO3H:NH2 ratio is 1.9 and 1.8 for SBA-15 and MCM-41, respectively, whereas in the 

16,000 and 45,000 g/mol samples for either silicate, the ratios are between two and four. 

A 

B 
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     Table 2.2 reports the textural properties for the bare and functionalized supports used in 

this study. The pore sizes and BET surface areas for the bare SBA-15 and MCM-41 

supports are 70 and 24 Å, and 730 and 1220 m2/gSiO2, respectively. After the thiol grafting 

process and thiol-ene experiments, the BET surface areas and pore volumes decrease 

significantly, as expected. When normalized to a common basis, the mass of silica in the 

sample, the BET surface area for the SBA-15 composite reduces from 623 m2/gSiO2 for 

SBA-15-SH to 424 m2/gSiO2 for SBA-15- poly(st-co-NPhth)-1. For the larger molecular 

weight composites, SBA-15-poly(st-co-NPhth)-2 and SBA-15-poly(st-co-NPhth)-3, the 

surface area is slightly higher at nearly 480 m2/gSiO2 for each. For the MCM-41 composites, 

a less substantial difference in surface area was observed between MCM-41-SH and the 

MCM-41 composites, with a small drop from 1155 to 1025 m2/gSiO2 for MCM-41-poly(st-

co-NPhth)-1 and only 1047 and 1050 m2/gSiO2 for MCM-41-poly(st-co-NPhth)-2 and 

MCM-41-poly(st-co-NPhth)-3. A similar trend in pore volume reduction can be seen for 

these samples as well. The lowest pore volumes were observed for each system with SBA-

15- poly(st-co-NPhth)-1 and MCM-41- poly(st-co-NPhth)-1, having the shortest polymer 

chains, at 0.66 and 0.59 cm3/gSiO2, respectively. Using normalized pore volumes before and 

after the thiol-ene reaction, the polymer filling fraction (gpore/gtotal), which estimates the 

mass of polymer inside the pores relative to the total polymer mass (from TGA), one can 

gain insight into how much of the polymers reside inside the mesopores versus how much 

are on the external surface or pore mouths (See Appendix A, equation 1). These estimates 

suggest that for the SBA-15 composites, over 85% of the polymer mass resides inside the 

pores. This is likely a consequence of the large pore diameter of the parent silica of 70 Å. 
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Surprisingly, we also calculate relatively high polymer pore fractions for the MCM-41 

composites, despite the smaller pores of MCM-41.  These were estimated to be 0.83, 0.70 

and 0.70 for MCM-41-poly(st-co-NPhth)-1, 2, and 3, respectively. Comparing these 

fractions with the illustration of the various cases in Figure 2.1, it appears that none of the 

systems can be accurately labeled as case 1, where there is primarily polymer pore 

exclusion. The SBA-15-poly(st-co-NPhth)-1, 2, 3, and MCM-41-poly(st-co-NPhth)-1 

composites can be thought of as primarily polymer pore filling (case 3), while MCM-41-

poly(st-co-NPhth)-2 and 3 appear to be more pore filling than exclusion but more of a 

mixed system between case 1 and 3, with fractions at 0.70 for both (case 2). When 

comparing these results to the predictions based on the simulation data, it appears that 

polymer Rg is not an effective tool to predict polymer tethering location and ultimately 

pore filling in these systems. A very limited control of pore filling and exclusion seems to 

be acquired with these polymers and silica. Perhaps a greater degree of control can be found 

using polymers of significantly higher molecular weight and silicas or zeolites of smaller 

pore diameters. These data reflect similar results reported in the literature regarding the 

very few examples of threading of polymers into mesoporous structures.154, 155 In our work, 

instead of physically mixing the silica and polymer, the thiol-ene coupling, which 

covalently tethers the polymers to a particular thiol on the support, restricts its motion to 

some degree, and prevents removal via the washing treatments. This work is the first report, 

to our knowledge, of tethering/threading polymers into mesoporous silicas for the purposes 

of cascade reactions. 
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 Table 2.2. Textural properties for all bare and functionalized supports 

Entry Sample Dp
a (Å) 

BET 

surface 

areaa 

(m2/gSiO2) 

Pore 

volumea 

(cm3/gSiO2) 

ä 

(gpore/gtotal) 

1 SBA-15 70 730 0.93  -  

2 SBA-15-SH 67 623 0.84  -  

3 

SBA-15-

poly(st-co-

NPhth)-1 

61 424 0.66 0.91 

4 

SBA-15-

poly(st-co-

NPhth)-2 

63 481 0.7 0.86 

5 

SBA-15-

poly(st-co-

NPhth)-3 

63 479 0.71 0.85 

6 MCM-41 24 1220 0.82  -  

7 
MCM-41-

SH 
23 1155 0.68  -  

8 

MCM-41-

poly(st-co-

NPhth)-1 

21 1025 0.59 0.83 

9 

MCM-41-

poly(st-co-

NPhth)-2 

22 1047 0.65 0.7 

10 

MCM-41-

poly(st-co-

NPhth)-3 

22 1050 0.66 0.7 

11 

SBA-15-

SO3H-

PhCH2NPhth 

66 483 0.68 - 

 a Dp: Pore diameter, a Determined through N2 physisorption analysis at 77 K; See Figure 

A.7, A.8, and A.9 for thiol-graft silicate and composite isotherms as well as raw N2 

physisorption BET areas and pore volumes. 

     FT-IR spectroscopy was used to confirm the presence and then the deprotection of the 

phthalimide protected amines on the NPhth units in the polymer chains on the composites 

(Figure A.13).  The presence of the carbonyl group from the phthalimide protected amine 

was confirmed by the C=O stretching at 1700 cm-1. Upon deprotection in aqueous 

hydrazine, the IR spectra indicate a loss in signal in this region (Figure A.13).  A smaller 
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mass loss from 200-700 °C in thermogravimetric analysis compared to the protected 

samples also indicated removal of the bulky phthalimide group (Figure A.14). 

2.3.3 Catalytic Testing and Composite Comparison 

     After full characterization of the composite materials, kinetic analyses were performed 

to assess the efficacy of the catalysts, as well as to rationalize the structural data. As 

mentioned above, the cascade reaction used in this study is the acid catalyzed 

deacetalization of benzaldehyde dimethyl acetal followed by the base catalyzed 

Knoevenagel condensation with malononitrile to form benzylidene malononitrile, with 

benzaldehyde as the intermediate (Figure 2.4). Reaction conditions were a 0.25 M 

cosolvent solution of a 1:1 v:v mixture of MeCN and toluene at 80 °C. For reaction A, 2 

molar equiv. of water was used. For reaction B, 1.2 equiv. of malononitrile was used and 

for reaction C, water and malononitrile were both used.  Similar to a previous report, 

reaction kinetics for just the deacetalization (using benzaldehyde dimethyl acetal and no 

malononitrile) and the Knoevenagel condensation (using benzaldehyde as a starting 

material and no water) were used to probe the efficacy of these dual acid-base bifunctional 

catalysts for the purposes of assessment of Lewis base and Brønsted acid performance, or 

more broadly, to gauge the likelihood of active site compartmentalization occuring.127 

These data were gathered to understand the nature of the polymer domains and their 

interaction with the remainder of the composites and if the polymer molecular weight or 

silica pore diameter impact the catalytic behavior. All reactions were normalized using 5 

mol% nitrogen (or 10 mol% acid in reactions probing the acid kinetics, since SO3H:NH2 

ratios vary) and turnover frequencies (TOFs) and initial rates of reaction were calculated 

from the approximately linear low conversion/time regime, typically the first 30 minutes. 
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Base site TOFs were normalized by total amine catalyst present in the sample using N 

content from elemental analysis. TOFs for the acid kinetics were normalized by total acid 

content determined from the aforementioned titration method. 

 

Figure 2.4. The probe acid-base reactions and cascade used to study the materials in 

this work. 

     Several control experiments were performed to better understand the catalytic results 

obtained with the new bifunctional catalysts (Table A.5). The background activity of both 

reactions using no catalysts (entry 1 and 2) was low, with 10% and 6% conversion in 6 h 

for reactions A and B, respectively. The unoxidized thiol supported sample was also tested 

and showed catalytic activity (SBA-15-SH, entry 4, reaction A). Two samples were 

prepared that possess one out of the two potential active centers, SBA-15-SO3H-poly(st-

co-NPhth) and SBA-15-SH-poly(st-co-NH2); see Figure A.15 for the synthesis routes. Both 

catalysts were tested using the cascade reaction C (Table A.6, entries 1 and 2) and the 

monofunctional acid catalyst SBA-15-SO3H-poly(st-co-NPhth) showed near complete 

conversion to intermediate 2 while 0% conversion to 3. SBA-15-SH-poly(st-co-NH2) 

showed minimal conversion to 2 with 8% conversion, while yielding only 2% to cascade 

product 3.  

     Another important control experiment is the test of the polymer-free dual acid-base 

bifunctional catalyst SBA-15-SO3H-PhCH2NH2 (Table 2.2, entry 11. Table 2.3, entry 1). 
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This sample was prepared by direct thiol-ene coupling of the 2-(4-vinylbenzyl)isoindoline-

1,3-dione monomer to SBA-15-SH, followed by the same deprotection and oxidation 

procedures. The initial rate for reaction B with this material (Table 2.3, entry 1) was 0.08 

M/h, which is considerably lower than the best performing free copolymer poly(st-co-NH2) 

and best performing composites, SBA-15-P1 and MCM-41-P1. 

Table 2.3. Initial rates and TOFs for reactions A and B separately with the 

synthesized catalyst samples 

a Determined from reaction A, b Determined from reaction B 

     Figure 2.5 (frame A and B) shows the kinetic profiles for the Knoevenagel condensation 

reaction (reaction B) performed with all six of the SBA-15-P1-3 and MCM-41-P1-3 

Entry Catalyst 

Initial 

rate 

(M/h)a 

TOF (10-3 

s-1)a 

Initial 

rate 

(M/h)b 

TOF (10-3 

s-1)b 
SO3H:NH2 

1 
SBA-15-SO3H-

PhCH2NH2 
0.72 15.4 0.08 1.7 1.9 

2 SBA-15-P1 0.18 4.0 0.43 9.5 1.9 

3 SBA-15-P2 0.42 9.3 0.14 3.1 3.8 

4 SBA-15-P3 0.69 15.3 0.05 1.1 3.8 

5 MCM-41-P1 0.24 5.3 0.40 8.9 1.8 

6 MCM-41-P2 0.84 18.6 0.01 0.2 2.3 

7 MCM-41-P3 1.29 28.6 0.01 0.2 3.3 

8 
poly(st-co-

NH2)-1 
- - 1.19 25.2 - 

9 
poly(st-co-

NH2)-2 
- - 0.99 21.0 - 

10 
poly(st-co-

NH2)-3 
- - 0.70 14.7 - 
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catalysts. It can be noted from the SBA-15 kinetics that activity decreased as the polymer 

molecular weight increased, similarly to the kinetics with the deprotected free amine 

copolymer catalysts (Figure A.10 and Figure A.11). A noticeable drop in the initial rate 

was observed as the degree of polymerization increased for these untethered, silica-free 

catalysts. This is generally a well understood trend in polymer supported catalysis, arising 

from diffusional limitations using larger polymer sizes, though it does not rule out other 

factors in the composite system, such as differing polymer chain solubility inside the pores 

or other pore effects such as polymer swelling constraints due to confinement.156-158 Entries 

8-10 in Table 2.3 show the initial rates and for the silica-free polymer samples, poly(st-co-

NH2)-1-3, being 1.19, 0.99, and 0.70 M/h with polymers of 5400, 15500, and 43300 g/mol, 

respectively. In the large pore SBA-15 composite samples (entries 2-4), a moderate drop 

in the initial rate  for reaction B was observed as the polymer size increased, with 0.43, 

0.14, and 0.05 M/h observed over SBA-15-P1, P2, and P3, respectively. With the MCM-

41 composites also in reaction B (entries 5-7), kinetic experiments indicate a nearly 

identical initial rate using MCM-41-P1 compared to SBA-15-P1, at 0.4 M/h; however, with 

the larger polymer chains in the MCM composites, significant losses in activity were 

observed, with very small initial rates of 0.01 M/h for both samples These results rival 

background reactivity at around 6% conversion to 3 in 6 h. Figure 2.6 shows a graphical 

bar chart illustrating the difference in the composite catalysts using the metrics of TOFs 

based on initial rates. 
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Figure 2.5. Kinetic profiles for the base catalyzed Knoevenagel condensation (reaction 

B) using the SBA-15 and MCM-41 bifunctional composite catalysts (frame A and B). 

Kinetic profiles for the acid catalyzed deacetalization (reaction A) using the SBA-15 

and MCM-41 bifunctional composite catalysts (frame C and D). Conversion was 

monitored by 1H-NMR using decane as an internal standard. 

     Figure 2.5 (frame C and D) shows solely the acid catalyzed deacetalization kinetics 

(using benzaldehyde dimethyl acetal as a starting material and no malononitrile, reaction 

A) using the SBA-15 (frame C) and MCM-41 (frame D) composite catalysts. It can be 

qualitatively seen based on the curves that the performance for reaction A follows the 

opposite trend observed for the Knoevenagel condensation, with the samples that showed 

the lowest activity in the Knoevenagel condensation showing the highest activity in the 

deacetalization reaction. In contrast to the performance of these catalysts in reaction B, 

where initial rates decreased with an increase in polymer size, the initial rates for reaction 

A in the SBA-15 and MCM-41 composites increased with increasing polymer length, being 

A B 

C 
D 
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0.18, 0.42, and 0.69 M/h for SBA-15-P1, P2, and P3, respectively. This trend was more 

clearly evident with the MCM-41 composites, with rates of 0.24, 0.84, and 1.29 M/h for 

P1, P2 and P3. 

 

Figure 2.6. Bar chart representations of the initial rates and TOFs for all bifunctional 

silica catalyst samples during only reaction A (frame A) and only reaction B (frame 

B). 

     Seeking catalysts that possessed significant bifunctionality, offering good rates in each 

reaction step, SBA-15-P1 and MCM-41-P1 were selected and employed in the full reaction 

cascade (reaction C) as shown in Figure 2.7 (SBA-15-P1). These catalysts were also 

recycled by centrifuging and decanting the liquid for several cycles (entries 5-7 in Table 

. 

! 
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A.6), showing modest reusability with a conversion of 1 at 90% after the third cycle at the 

same timepoint of 7 h. SBA-15-SO3H-PhCH2NH2 was also employed in reaction C (Figure 

A.16) and showed considerably lower activity.  The initial rates for formation of cascade 

product (3) during reaction C (full reaction cascade) shows 0.1 M/h for both SBA-15-P1 

and MCM-41-P1 with 0.04 M/h for SBA-15-SO3H-PhCH2NH2. This is likely due to the 

poor performance in the second cascade step (perhaps from acid/base quenching) which is 

evident by a large build-up of the intermediate 2 (PhCHO) with a slow rate of formation 

of 3.  

     Despite the complexity of this system, we can propose several factors to rationalize the 

results obtained. The observed reduction in TOF of the free, unsupported amine 

copolymers (poly(st-co-NH2)-1-3) (Table 2.3, entry 1). This sample was prepared by direct 

thiol-ene coupling of the 2-(4-vinylbenzyl)isoindoline-1,3-dione monomer to SBA-15-SH, 

followed by the same deprotection and oxidation procedures. The initial rate for reaction 

B with this material (Table 2.3, entry 1) was 0.08 M/h, which is considerably lower than 

the best performing free copolymer poly(st-co-NH2) and best performing composites, 

SBA-15-P1 and MCM-41-P1. Table 2.3, entries 8-10 support a baseline understanding of 

why the composite catalyst systems perform more poorly with higher molecular weight 

polymers; however, the severity of the loss in performance requires additional 

consideration. When comparing the TOFs for the SBA-15-SO3H-PhCH2NH2, SBA-15-P1, 

and MCM-41-P1 in reaction B, the TOF of 1.7×10-3 s-1 for the polymer-free system is much 

lower compared to the relatively high TOF of 9.5×10-3 s-1 with SBA-15-P1 (and similarly 

high MCM-41-P1 at 8.9×10-3 s-1) during the standalone Knoevenagel condensation. 

Especially when comparing the nearly identical SO3H:NH2 ratio for these three systems, 
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one can infer that the polymer plays a more complex and subtle role than simply acting as 

a support for the Lewis base active sites. Noting that the pore filling fraction for SBA-15-

P1 (SBA-15-poly(st-co-NPhth)-1) was 0.91 (0.83 for MCM-41-P1), one may categorize 

these samples as a case 3 system (Figure 2.1). The fact that such a system, where the 

polymer is wholly or mostly contained within the mesopore, yields an effective catalyst 

suggests that some acid and base sites are freely available, and that acids and bases may be 

cohabitating the same porous structure but still maintaining physical separation through 

means of spacing. The spacing could be associated with acid and base sites in different 

pore channels, or because portions of the channels contain ñpocketsò of incompatible active 

sites that ñshieldò each other in a single pore.  

 

Figure 2.7. Full kinetic profile of reaction C with the SBA-15-P1 brush catalyst. 

Quantification of 1, 2, and 3 was determined from 1H-NMR using decane as an 

internal standard. 

     When comparing just the SBA-15 composite samples, we can note a steady decrease in 

TOF of the amine catalysts (reaction B) as the polymer molecular weight increases, with 

9.5×10-3 s-1 for SBA-15-P1 and 3.1×10-3 and 1.1×10-3 s-1 for P2 and P3. In an opposite 
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fashion, the TOFs for the acid catalysts (reaction A) increase as a function of polymer size 

with an uptick from 4.0×10-3 in SBA-15-P1 to 9.3×10-3 and 15.3×10-3 in P2 and P3. SBA-

15-P1 shows the best activity in both reactions while for the larger polymer SBA-15-P2 

and P3, these show more dominant performance in reaction A compared to reaction B. The 

acid to base ratios for these samples are nearly 2 for P1 and 4 for P2 and P3. The increase 

in the ratio could potentially be responsible for the lack in performance for the higher 

molecular weight SBA-15 composites in reaction B, resulting from contact between the 

amine and sulfonic acid sites leading to deactivation. However, this is contrary to the 

previous suggestion that in the presence of polymer, active sites become nested inside 

ñpocketsò inside the mesopores, thus mitigating quenching. Another point of consideration 

is that the larger polymers inside the mesopores could also be creating zones of inaccessible 

or poorly utilized amine sites resulting from a dense crowding and/or poor 

solubilizing/swelling of polymers. 

     A similar, but more pronounced trend can be found with the MCM-41 composite 

catalysts with a remarkable drop in TOF of the amine sites (reaction B) as a function of 

polymer molecular weight with 8.9×10-3 s-1 for MCM-41-P1 and 0.2×10-3 and 0.2×10-3 s-1 

for P2 and P3. And similarly with the SBA case above, a drastic increase in acid TOF 

(reaction A) with molecular weight can be found at 5.3×10-3 in MCM-41-P1 to 18.6×10-3 

and 28.6×10-3 in P2 and P3. In these systems, the SO3H:NH2 ratio is nearly 2 for P1 and 2 

and 3 for P2 and P3, noting these are lower in comparison to the SBA-15 composites (for 

MCM-41-P2 and P3); however, we see a complete loss in catalytic activity for the higher 

molecular weight MCM-41 composites. These results could represent complete quenching 

of amine sites or more likely, total blocking of some of the pores due to the narrow pore 
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structure during the reaction while the polymers are partially solvated. With the large 

polymers in such narrow pores, there could possibly still exist ñpocketsò of active acid and 

base sites, however, if they exist the data suggest they are largely inaccessible to the acetal 

and benzaldehyde starting materials for their respective reactions. 

     After building a representative polymer composite system with a 16,000 g/mol poly(st-

co-NPhth) in the pores of MCM-41 (Figure 2.8) at 25 °C and no solvent, one can notice 

observe a significant degree of polymer confinement and pore congestion, potentially 

resulting in mass transfer limitations. This conveys why the higher molecular composite 

MCM-41 systems exhibit a large loss in activity for the Knoevenagel condensation 

reaction, if this moderate length polymer is highly constrained. Another important note is 

that the reactions are performed at a much higher temperature than the temperature that the 

molecular dynamics simulations were conducted (80 o C vs 25 o C).  The MD analysis was 

conducted under the thiol-ene temperature conditions to model the radii of gyration of the 

polymers during the coupling reaction. At the significantly higher temperature where the 

reaction kinetics were studied, and in the presence of solvent molecules the polymer size 

due to swelling will be larger than at room temperature. Thus, an increase in polymer 

swelling at an elevated temperature could further hinder pore diffusion of reactant 

molecules and accessibility of active sites.  
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Figure 2.8. Front view (a) of the 16,000 g/mol poly(st-co-NPhth) MCM-41 model;  

Front view (b)  and tilted view (c) of 16,000 g/mol poly(st-co-NPhth) included in 

MCM -41 pore. White: H, gray: C, red: O, blue: N, orange: Si. 

     At high composite molecular weight (16,000 g/mol and higher) base activity is 

considerably lower than that of the small 6,100 g/mol polymers in both SBA-15 and MCM-

41 supports. These data suggest that smaller polymer sizes are more capable of providing 

access to both acid and base sites in an efficient manner. As noted before, a few previous 

works isolated incompatible acid and base catalyst solely within porous polymeric 

structures.83, 127  In this case, potentially a similar phenomenon is occurring within the 

mesopores of these silicates. The drop-off in TOF for SBA-15-P3 with 1.1×10-3 s-1 or 

0.2×10-3 s-1 in MCM-41-P2 and P3 for reaction B suggests that the longer or larger the size 

of the polymer domains impacts active site accessibility, perhaps due to poor solvation and 

swelling of the polymer,156-158  catalyst quenching between the adjacent acid sites, and mass 

transfer limitations to Lewis base active sites.  Since the acid to base ratio in both SBA-15-

P2 and P3 is close to 4 (and 2.2 and 3.3 for MCM-41-P2 and P3, respectively), this helps 

provide some rationalization of why the acid catalyzed reaction proceeds quickly while the 

base catalyzed reaction begins to slow if the issue is catalyst quenching. In addition, TOFs 
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fall from 8.9×10-3 s-1 in MCM-41-P1 to 0.2×10-3 s-1 for both MCM-41-P2 and P3 in reaction 

B. Such a sharp drop in activity indicates a near total loss of catalysis occurring, resulting 

from catalyst inaccessibility or active site quenching, or a synergy of the two effects in 

these systems. Inaccessibility may partly result from a ómushroomô polymer morphology 

effectively burying the Lewis bases inside a poorly solubilized collapsed polymer 

composite due to the low grafting density.159-161 This effect gives reason as to why the 

external surface tethered polymers in MCM-41-P2 and P3 (30% of total polymers) still 

poorly participate in reaction B. 

2.4 Conclusion 

     In summary, this chapter demonstrates a previously unexplored route for incorporating 

Brønsted acidic and Lewis basic molecular functionalities onto a mesoporous support. A 

particular focus was placed on segregating active sites in polymer and silica domains in a 

single particle, akin to how biological systems segregate active sites in different particles 

or organelles. Using MD simulations in the thiol-ene conditions (25 °C, DCM) gave insight 

in how degree of polymerization effects radii of gyration. Targeting polymer brush 

domains on the external surface of mesoporous silica supports, to our surprise, the polymer 

chains primarily threaded themselves into the silica mesopores. This implies the design 

element of using MD simulations to inform whether degree of polymerization could be 

used as tool to size exclude polymers from the mesopores ultimately proved to show little 

effect.  

   Thiol-ene coupling was used to link SARA-ATRP derived protected amine polymers to 

the thiol-loaded silica surface, yielding polymer-silica hybrid particles. By using polymers 
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of varied molecular weight and silica materials with different pore sizes, we sought to use 

size exclusion to prevent large molecular weight Lewis base bearing polymers from 

óclickingô inside the pores, where the majority of Brßnsted acids reside.  In an alternate 

hypothesis, we also considered that cohabitation of both the grafted acid and polymer-

supported base inside the pores could function effectively if they were separated by space 

inside the mesopores by the silica walls or inert poly(styrene) backbones in the polymer. 

By using TGA and N2 physisorption experiments, it was determined that 70% or more of 

the polymers fit inside of the mesopores in all composite samples, effectively generating 

pockets of acids and bases as the dominant structure.  

     Rates in the individual reactions were used to assess the efficacy of the catalysts or more 

specifically, to determine which of the 6 composite samples contained the most significant 

bifunctionality towards each reaction. The highest initial rate found for reaction A and the 

lowest initial rate found for reaction B are from MCM-41-P3 with 1.29 and 0.01 M/h, 

respectively. Meanwhile, the highest initial rate found for reaction B and lowest initial rate 

found for reaction A are from SBA-15-P1 with 0.43 and 0.18 M/h, respectively. It was 

determined that in the composites where reaction A exhibited the strongest performance, 

reaction B suffered significantly, often showing little to no catalytic activity (SBA-15-P3, 

MCM-41-P2, MCM-41-P3). On the other hand, the composites where reaction B 

performed the strongest, reaction A suffers but much less when compared to the previous 

case (SBA-15-P1, SBA-15-P2, and MCM-41-P1). Therefore, the catalysts showing the 

most significant degree of bifunctionality were SBA-15-P1, SBA-15-P2, and MCM-41-

P1. When comparing the SBA-15-P1 and MCM-41-P1 composite catalysts with the 

polymer-free bifunctional catalyst, SBA-15-SO3H-PhCH2NH2, both the polymer catalysts 
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significantly outperform the polymer-free system in reaction B but underperform in 

reaction A. These results potentially indicate that the polymers are playing a larger role in 

compartmentalization rather than just as a support for the Lewis base catalysts.  

     The largest TOF of 9.5 s-1 found from this work (SBA-15-P1, reaction B) shows a 

modest improvement in comparison to other systems in literature.127 This approach 

ultimately produced a bifunctional catalysts system capable of cohabitation of grafted 

Brønsted acid and polymer supported Lewis base active sites inside the pores of 

mesoporous silica. Future research in the group will focus on new methods to create 

compartmentalization in porous-oxide systems with acids and bases and other types of 

incompatible molecular catalysts. 
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CHAPTER 3. COOPERATIVITY IN THE ALDOL 

CONDENSATION USING BIFUNCTIONAL MESOPOROUS 

SILICA - POLY(STYRENE) MCM -41 ORGANIC/INORGANIC 

HYBRID CATALYSTS  

Chapter 3 and Appendix B are adapted from the submitted manuscript: Reproduced from 

Ref. J. W. Cleveland, J. Choi, R. Sekiya, J. Cho, H. J. Moon, S. S. Jang, and, C. W. Jones. 

3.1 Intr oduction 

     In living systems, enzymes can function synergistically (cooperatively) or separately 

(reaction cascades) to produce the essential chemicals required in biological systems. 

Within a single enzyme, multiple functional groups in the protein work together to bind 

substrate, activate it, and catalyze the reaction. In this context, catalysis in proteins is 

characterized by cooperative action of multiple groups, often referred to as cooperative 

catalysis. Groups of enzymes can also work together to promote a cascade of individual 

reactions, each performing a separate reaction step. In recent years, researchers have drawn 

inspiration from highly efficient biological systems to develop engineered materials that 

promote a series of reactions using enzymatic catalysis.162-164 In parallel, scientists have 

adapted these biological principles into the synthetic realm to engineer materials capable 

of enhanced activity toward cooperatively catalyzed reactions or cascade reaction 

networks. In some cases, catalysts require spatial sequestering with the use of a multitude 

of domains due to incompatibility of active catalyst sites in some cascade reactions.31, 51, 74, 

81, 98, 103, 111, 131, 138, 165-167 In other instances, reactions targeting cooperative activation of 
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substrates, cohabitation of catalyst sites in close proximity becomes a design feature.34, 53, 

117, 120, 168-175 In both cases, functionalized materials such as polymers,51, 53, 74, 81, 98, 111 

mesoporous silicas,31, 34, 53, 103, 111, 117, 131, 167, 168, 175 zeolites,166, 176 and metal-organic 

frameworks165 have been used as platforms to host molecular active sites for these 

purposes. These supports offer significant advantages due to their high surface areas, ease 

of functionalization, stability, and sometimes inherent catalytic properties.  

     For cooperatively catalyzed reactions, active sites function together in proximity to 

electronically activate substrate(s) to further reduce the activation energy (or increase the 

pre-exponential factor) beyond what a single active site would produce.177, 178 One of the 

most well-studied systems for cooperativity involves the combination of acidic and basic 

active sites. Paired acid/base sites are useful, for example, in an array of reactions involving 

aldehyde activation, including the Henry,168 Michael,179 aldol,117, 120, 172, 175, 180, 181 

nitroaldol,182 and Knoevenagel reactions.183 One of the standard test reactions used to probe 

acid/base bifunctionality associated with the proximity between the two types of catalyst 

sites is the cooperatively catalyzed aldol condensation of 4-nitrobenzaldehyde with 

acetone.34, 53, 117, 180-182, 184 This dual acid/base system has been used to evaluate a variety 

of cooperative catalysts, including with polymers,53 mesoporous silica,34, 117, 180-182 and 

cellulose.119, 120 The most effective cooperative partners reported in the literature for this 

reaction are a Lewis base accompanied by a weak Brønsted acid.114 Davis and coworkers 

explored the role of acid pKa and showed that weaker acids gave higher catalytic reaction 

rates when paired with primary amine  as the Lewis base.185  Thybaut studied 

intramolecular cooperativity of secondary amines with acids of varied pKa and came to a 

similar conclusion.175  We compared the utility of carboxylic acids and weakly acidic 
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surface silanols and demonstrated that the weaker acid was more effective in this case as 

well.34  

     Changing the nature of the catalyst support can also affect the cooperativity and thus 

the reaction rates. Previous work using amino-functionalized cellulose with carboxylic 

acids as cooperative partners showed superior efficacy (initial rates, turnover frequencies) 

compared to silica-supported analogues.120 This as hypothesized to be associated with the 

regular and ordered spacing of functional groups along the cellulose backbone, vs. the 

uncontrolled distribution of amine sites on silica surfaces prepared via silane grafting. It is 

known that active site spacing and chain flexibility is important in catalytic performance.  

For instance, a work that investigated the role of carbon linker length in aminosilane-

functionalized mesoporous silica demonstrated that shorter lengths yielded reduced levels 

of active site mobility and flexibility and thus hindered efficient cooperativity.117, 184 

     In this chapter, a mesoporous silica support, MCM-41, and random linear copolymers 

of styrene and 4-vinylbenzylamine (VBA) are used as building blocks with which to study 

acid/base cooperativity in the aldol condensation of 4-nitrobenzylaldehyde with acetone. 

Whereas previous work evaluated the impact of the total number of methylene bridge units 

between the Lewis base and the silica support surface using grafted aminosilanes in SBA-

15,117, 184 here we utilize readily controllable structural features of polymer chains and 

incorporate Lewis basic amine sites in polymer chains grafted to the weakly acidic silica 

support. First, random copolymers synthesized by atom transfer radical polymerization 

(ATRP) are coupled to the silica support via thiol-ene óclickô reactions between 

mercaptopropyl grafted MCM-41 and an olefinic polymer end-group. This is followed an 

activation procedure to generate the active Lewis base catalyst. The role of polymer 



 56 

molecular weight is probed using well-defined polymers with molecular weights in the 

range of 1400 ï 16000 g/mol and via changes in polymer composition/morphology by 

using two different molar copolymer compositions, varying the fraction of styrene and the 

protected Lewis base monomer (10:90 and 30:70). Molecular dynamics (MD) simulations 

of the experimental work were used to give additional insight into how these two polymer 

variables affect the structure and reactivity of the system. Amine site normalized batch 

reaction kinetics provide quantitative insight into how these material properties affect 

cooperativity in the system.  

3.2 Experimental Section 

3.2.1 Materials 

Styrene (>99%, Sigma Aldrich, with 4-tert-butylcatechol) and 4-vinylbenzyl (90%, with 

4-tert-butylcatechol) were both purified by simple filtration through a bed of basic 

aluminum oxide (Al2O3, activated, basic, Brockmann I) to remove the free-radical 

inhibitor prior to use. 

Hexadecyltrimethylammonium bromide, CTAB (>98%), Copper(I) bromide (99.999%, 

Copper(II) bromide (99.9%), N,N,Nǋ,Nǋǋ,Nǋǋ-pentamethyldiethylenetriamine (99%), 

tetraethyl orthosilicate (TEOS, >99%), Ŭ-bromoisobutyryl bromide (98%), 5-hexen-1-ol 

(98%), hydrazine hydrate, reagent grade (50-60% aq.), (3-

mercaptopropyl)trimethoxysilane (95%), pyridine (anhydrous, 99.8%), dodecane 

(anhydrous, >99%), 4-nitrobenzaldehyde (4-NB, 98%), Cu(0) (powder <75 ɛm, 99%), 

Copper(II) bromide (99%), sodium azide (>99.5%), magnesium sulfate anhydrous 

(>99.5%), triphenylphosphine (99%), sodium hydroxide (pellets, >97%), phthalic 
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anhydride (>99%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%), and 

triethylamine (>99.5%) were all obtained from Sigma Aldrich and used as received. The 

solvents acetone (reagent grade, >99.5%), acetonitrile (reagent grade, >99.5%), N,N,-

dimethylformamide (>99.8%), and tetrahydrofuran (>99%) were obtained from Sigma 

Aldrich.  The bulk solvents toluene (99.5%), dichloromethane (>99.5%), methanol 

(>99.8%), ethyl acetate (>99.5%), diethyl ether (>99%), hexane (mixture of isomers, 

>98.5%), ethanol (200 proof) were all obtained for VWR International. 1,4-

dimethoxybenzene (DMB) was obtained from Tokyo Chemicals Inc. and was used as 

received. 

3.2.2 Analytical Tools and Instrumentation 

Thiol-ene coupling reactions between polymers and thiol-functionalized MCM-41 were 

performed inside of a Rayonet RMR-600 photochemical reactor on top of a small stir plate 

at room temperature. Vigorous agitation was allowed for 24 hours inside of a 20- or 40-

mL vial. A fan was also used to prevent a buildup of heat inside the chamber. 

Fourier-transform infrared spectroscopy measurements were made with a Shimadzu 

Prestige 21 FTIR spectrometer equipped with diffuse light scattering. Measurements were 

made from 400 to 4000 wavenumbers at 128 scans.  

Nuclear magnetic resonance spectra were collected via a Bruker AV3 HD 700 MHz 

spectrometer equipped with a 24 position autosampler. For kinetic measurements, simple 

16-scan 1H experiments were performed. Baseline corrections were performed after each 

spectrum was collected. Dodecane was used as an internal standard during the 
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polymerization kinetics. 1,4-dimethoxybenzene was used as an internal standard for the 

aldol condensation kinetics.  

Organic contents for all functionalized inorganics were determined with thermogravimetric 

analyses. These were collected via a TA Instruments Discovery 550 TGA under 100 

mL/min of flowing nitrogen. Measurements were recorded from a 25 ï 700 °C range with 

a ramp rate of 20 °C/min. Polymer contents were calculated from 300 ï 700 °C. Thiol 

content was determined from 200 ï 600 °C. 

Elemental analyses were determined via outsourcing with Atlantic Microlab Inc. in 

Norcross, GA. Combustion analysis provided C, H, N, and S weight percent in each of the 

functionalized MCM-41 samples. Norcross, GA. 6180 Atlantic Blvd., Ste M, Norcross, 

GA 30071 

1H-13C coupled CP-MAS solid state NMR experiments were conducted to characterize the 

chemical structure of the surface moieties on the thiol-grafted MCM-41 as well as the thiol-

ene óclickedô MCM41-SH-NPhth and MCM41-SH-NH2 structures. Dried powder (~30 

mg) was packed into 4 mm zirconia rotor, which was then subjected to magic angle 

spinning (MAS) at 10 kHz spin rate. Solid-state CP-MAS NMR was carried out using a 

Bruker Avance III 400 MHz spectrometer. The frequency of each nuclei was tuned before 

signal acquisition (399.9 MHz for 1H and 100.5 MHz for 13C), and the peaks were 

calibrated and referenced to adamantane. The acquisition parameters were 5 Õs (ˊ/2) for 

the 1H pulse, 12 µs for the dwell time, and 4096 scans. 

Gel permeation chromatography was performed with a Tosoh EcoSEC GPC equipped with 

an RI detector. Molecular weights and polydispersities were calculated in reference to 
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narrow poly(styrene) standards. Chloroform was used as the mobile phase with 0.25% 

(volume) triethylamine.  

Textural properties were determined with a Micromeritics Tristar via physisorption of N2 

at 77 K. Before analysis, activation was accomplished on all samples via heating to 110 °C 

for 8 h under vacuum. Pore volume was determined from P/Po = 0.0 ï 1.0. BET surface 

area, pore volume, BJH pore diameter were gathered with the Microactive software 

package associated with the instrument.  

Imaging of the bare MCM-41 support was accomplished with a Hitachi HD-2700 dedicated 

scanning-transmission electron microscope (STEM) operated at 200 KeV.  

3.2.3 Conventional ATRP of Styrene and NPhth 

     The random copolymerization synthesis procedure via conventional ATRP is as 

follows. First styrene was filtered through three separate short plugs of basic alumina to 

remove the free radical inhibitor. Next, NPhth, 5-eneBMP (10 mg), toluene, CuBr, and 

styrene were all added to a 25 mL Schlenk tube (with magnetic stir bar) along with 

dodecane as an internal standard and quickly frozen using liquid nitrogen. Four-to-five 

freeze-pump-thaw cycles were now performed followed by a quick injection of PMDETA. 

After the last thawing cycle, the mixture was added to a 100 °C preheated oil bath and the 

mixture was agitated under Ar. Time-points were quickly taken under flowing Ar for GPC 

and NMR analyses. Polymerizations were quenched by exposing the solution to air and 

cooling. Afterwards, most of the toluene and styrene were removed by rotary evaporation 

followed by precipitation in a 10-fold excess of MeOH. Filtration and drying at 80 °C were 

next performed. With the lower molecular weight polymers, usually as many as 5 
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precipitations were required in order to completely separate the NPhth monomer and the 

polymers completely. Molecular weights were targeted based on preliminary kinetic 

profiles for monomer consumption (Table 1 in the main text). In both compositions, a 

volume ratio of 2:1 of toluene to styrene was used. For the 10:90 polymer composition: 

(NPhth:st) composition: [st]:[NPhth]:[5-eneBMP]:[CuBr]:[PMDETA] = 135:15:1:2:4. For 

the 30:70 polymer composition: [st]:[NPhth]:[5-eneBMP]:[CuBr]:[PMDETA] = 

105:45:1:2:4. 

3.2.4 Thiol-ene Coupling Experiments 

     For the thiol-ene óclickô coupling between the polymer end-group and the thiol-

functionalized support, initially 400 mg of MCM41-SH and 20 mL of DCM were added to 

a tall 40 mL vial equipped with a magnetic stir bar. Next, a predetermined quantity of one 

of the copolymers (or NPhth monomer) was added. The amount of copolymer added 

corresponded to the composition and ultimately nitrogen content. Each coupling was set-

up with the same molar content of the phthalimide repeat unit for every hybrid synthesized. 

Afterwards, the solution was sparged with Ar for 20 minutes. The free radical initiator 2,2-

dimethoxy-2-phenylacetophenone (DMPA) was added (5 mol% relative to thiol) and the 

vial was stirred vigorously inside the reactor at 365 nm ultraviolet light for 24 h. Afterwards 

the hybrids were washed via 3 cycles each of centrifugation/decanting/redispersion in 

acetone and DCM and then were dried at 80 °C. 

3.2.5 Catalyst Testing Procedures 

     Batch kinetics for the aldol condensation of 4-nitrobenzaldehyde (4-NB) with acetone 

were studied using the following procedure. First 3.8 mg of 4-NB (1 equiv., 0.025 mmol) 
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was added to 0.5 mL (50 mM) of acetone and acetonitrile (0.25 mL/0.25 mL v/v) in a 4 

mL vial equipped with a magnetic stir bar. Next, 3.4 mg (50 mM) of dimethoxybenzene 

(DMB) was added as an internal standard and the mixture was stirred for 1 minute. 

Afterwards, an initial timepoint was taken before addition of the catalyst. Then one of the 

hybrid catalysts was added next (10 mol% amine) and quickly added to an oil bath preset 

to 60 °C. Timepoints were monitored via 1H-NMR (CDCl3) and conversion of 4-NB was 

tracked via the CHO peak at 10.1 ppm and compared with the DMB peak at 6.8 ppm. 

Formation of the dehydrated product (2) was monitored via the peak at 7.71 ppm. 

Formation of the aldol product (1) was monitored via the peak at 5.3 ppm. Prior to NMR 

analyses, phasing and baseline corrections were performed on all spectra. All kinetic runs 

were performed using the stir rate setting of 1000 rpm. 

3.2.6 Models and Simulation Methods 

     In the MD simulations, bonded and non-bonded interactions in the systems were 

described by the DREIDING force field140 where the energy terms are described as: 

Etotal = EvdW + EQ + Ebond + Eangle + Etorsion + Einversion  (1) 

where Etot, EvdW, EQ, Ebond, Eangle, Etorsion and Einversion are the total, van der Waals, 

electrostatic, bond stretching, angle bending, torsion, and inversion energies, respectively. 

EQ is calculated from Mulliken charges. However, the bonded interactions in MCM41 were 

described by a silica force field developed for bulk and interfacial properties of silica,186 

and the non-bonded interactions of MCM41 with polymer, solvent, and reactant molecules 

were described by newly developed force field parameters in Lennard-Jones 12-6 potential 

functions. As shown in Figure B.1(a), B.1(b), and B.1(c), the new force field can 
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successfully reproduce the density functional theory (DFT) energies calculated using 

B3LYP functional and 6-31G** basis set. 

     During MD simulations, the temperature was set to 298.15K for the poly(st-co-NH2) 

system and 333.15 K for the poly(st-co-NHC3H5) system according to experimental 

conditions.  For data collection, equilibrium canonical ensemble (NVT) MD simulations 

were performed for 40 ns at each temperature. The equations of motion are integrated via 

the velocity Verlet algorithm187 using a time step of 1.0 fs with NoseïHoover 

thermostat.188-190 All of MD simulations in this study were performed using LAMMPS 

(large-scale atomic/molecular massively parallel simulator) software package.191  

3.3 Results and Discussion 

     Recently, we explored the ability to isolate an acid (in mesoporous silica) and a base 

(on grafted polymer chains) in hybrid organic/inorganic materials for cascade reactions.192 

An expected finding of that work was that many of the polymer chains were incorporated 

within the polymer mesopores.  This finding led us to seek to exploit this finding and 

explore this platform for establishing close interactions between the acid and base sites for 

cooperative acid/base reactions. We hypothesized that using polymer supported Lewis base 

catalysts inside silica mesopores could offer enhanced performance in the cooperatively 

catalyzed aldol condensation as compared to mesoporous silica catalysts grafted with small 

molecule amines.  We further hypothesized that the polymers may potentially enable a 

greater degree of flexibility and spatial mobility, which were shown to be important factors 

in prior work that varied the linker length between the grafted amine and the silica 

surface,117 as compared with the small molecule grafted amines. Alongside the 
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experimental approach, MD simulations were used to aid understanding the role of polymer 

size, composition, and morphology inside the pores of MCM-41.  

3.3.1 Synthetic Approach 

     The functionalization route for all the MCM41 hybrid catalyst samples is presented in 

Figure 3.1. Six hybrid catalyst samples were prepared, with five including polymers of 

molecular weights in the range of 1400-16000 g/mol and one a polymer-free, molecularly-

functionalized analogue. In these materials, amine sites are incorporated as phthalimide-

protected primary benzylamines (NPhth), as discussed below. Initially, 3-

mercaptopropyltrimethoxysilane (MPTMS) is grafted to the support followed by thiol-ene 

óclickô chemistry under ultraviolet (UV) light combined with use of the free radical initiator 

2,2-dimethoxy-2-phenylacetophenone (DMPA) through a grafting-to approach. This 

process tethers one of the five random copolymers of poly(st-co-NPhth) or the NPhth 

monomer to the support to create a family of six precatalysts. The phthalimide protecting 

group on the amine is necessary for two reasons: (i) masking the primary amine during 

ATRP to prevent unproductive coordination to the copper catalyst during the 

polymerization and (ii) inhibiting initial strong hydrogen bonding coordination of the 

amine to the support prior to polymer coupling and catalyst activation. The polymer-free 

analogue is created by thiol-ene click chemistry between the NPhth monomer and the 

support. This sample serves as a control to understand baseline performance with a 

vinylbenzylamine-derived catalyst in the aldol condensation without a polymer backbone 

while still offering more flexibility than that of previously studied aminopropyl silanes.34  

After either of these types of structures are tethered to the support, the activation 

(benzylamine deprotection) procedure is performed. This is a simple one-step treatment 
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with an aqueous solution of hydrazine (50 % aq.) to remove the phthalimide group, 

producing the free amine, as deployed previously.150, 193 This treatment generates the active 

catalyst samples investigated in this work. In addition to these samples, a sample was 

prepared targeting intentional loss of cooperativity via passivating (capping) the weakly 

acidic surface silanols with hexamethydisilazane (HMDS). 

 

Figure 3.1. Functionalization route to prepare the MCM41 hybrid catalysts studied 

in this work. 

 

3.3.2 Conventional and SARA-ATRP 

    Prior the thiol-ene coupling, random copolymers of styrene and 2-(4-

vinylbenzyl)isoindoline-1,3-dione are polymerized via ATRP in two different 

compositions. Random copolymers of poly(styrene-co-2-(4-vinylbenzyl)isoindoline-1,3-
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dione) (later referred to as poly(st-co-NPhth)) are desired at a range of molecular weights 

at monomer molar compositions of 10:90 and 30:70 (NPhth:st) (Figure B.3 and Figure 

B.4). Use of two separate copolymer compositions is hypothesized to impact morphology 

and flexibility and is therefore included as a design variable. The olefin-functionalized 

bromo-ester ATRP initiator essential for subsequent thiol-ene addition used is hex-5-en-1-

yl 2-bromo-2-methylpropanoate (5-eneBMP). Conventional ATRP is used for generation 

of lower molecular weight polymers (6500 g/mol and under) while supplemental activator 

and reducing agent ATRP (SARA-ATRP) is used for the synthesis of the 16000 g/mol 

structure. Kinetic polymerization data for the lower NPhth containing random copolymers 

(10:90) are presented in Figure 3.2. Kinetic data for the 30:70 composition are shown in 

Figure B.5. 

 

Figure 3.2. ATRP polymerization kinetics for NPhth and styrene at 100 °C and 10:90 

monomer molar composition (NPhth:styrene). Frame A: both monomer conversions 
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with time. Frame B: GPC traces at timepoints from 1 ï 7 h of polymerization. Frame 

C: first -order kinetic plot. Frame D: Mn (GPC) vs monomer conversion (NMR) with 

ņ on the right-hand axis. 

     Figure 3.2(a), shows the conversion of either NPhth or styrene monomers over the 

course of the polymerization. Roughly equal conversion of each monomer is observed at 

each data point indicating a statistical copolymerization between the two structures, 

generating random copolymers. Figure 3.2(b) contains gel permeation chromatography 

(GPC) traces of timepoints from 1 to 7 hours. A shift from the right to the left is seen 

indicating an evolution in molecular weight. Roughly first-order kinetics are observed, as 

shown in Figure 3.2(c), with the consumption of the NPhth monomer. The data points 

generally taper off at longer times, giving some indication of catalyst deactivation or 

termination occurring.194 Finally, Figure 3.2(d) presents the linearity between Mn (GPC) 

and monomer conversion as measured via NMR in this conversion regime. Consistent low 

dispersities (ņ <1.2) are observed throughout all polymerizations. Figure B.5 contains the 

same information for the 30:70 polymerization; however, generally less control is observed 

based on monomer conversion (frame A) and in the first-order kinetic plot (frame C). 

Ultimately, the kinetic data demonstrate the targeted synthesis of a series of series of 

molecular weights and polymer compositions.  

     Table 3.1 highlights all the polymer data for the structures used to generate the hybrid 

catalysts in this study. Composition and molecular weight identity is found in the naming 

of each sample, with 10:90 or 30:70 and 1400 ï 16000 g/mol. Entries 1 and 4 represent a 

characteristic low molecular weight regime of around 1500 g/mol for both compositions. 

Entries 2 and 4 are around 6300 g/mol for each, while entry 3 serves as an upper bound 

molecular weight of 16000 g/mol for this study. It should also be noted that the entry 3 
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polymer is synthesized via SARA-ATRP. Figure B.6 shows the GPC traces for the five 

polymers used in this study. 

Table 3.1. Poly(st-co-NPhth) synthesis data via ATRP (and SARA-ATRP) used in this 

study 

Entries 1-2 with 10:90 (NPhth:st) composition: [st]:[NPhth]:[5-

eneBMP]:[CuBr]:[PMDETA] = 135:15:1:2:4. Entries 4-5 for the 30:70 (NPhth:st) 

composition: 105:45:1:2:4. All using volume ratio of toluene to styrene of 2:1 at 100 °C. a 

Entry 3 was conducted via SARA-ATRP conditions from a previous report.193 

[st]:[NPhth]:[5-eneBMP]:[Cu(0)]:[CuBr2]:[PMDETA] = 225:25:1:0.25:0.1:0.7 with a 

volume ratio of toluene to styrene of 1:1 at 90 °C. b Determined from gel permeation 

chromatography. c Determined from 1H-NMR using dodecane as an internal standard. 

Value is percent conversion of each monomer. d Calculated via %conv/100 × (nNPhth × 

M(NPhth) + nst ×  M(st)) + M(5-eneBMP) 

 

3.3.3 Material Synthesis and Characterization 

     Once the six copolymer structures were synthesized, thiol-ene óclickô coupling is 

accomplished between the surface-grafted thiols and the olefin end-group on the polymer 

chain in degassed dichloromethane (DCM). A free radical initiator DMPA and ultraviolet 

light (365 nm) are both used to maximize the degree of coupling.147, 148 The products of 

these couplings are subsequently labelled as MCM41-SH-poly(st-co-NPhth). The 

Entry Sample 
M
n, GPC
 

(g/mol)
b
 
ņ 

Conv. 

(%)
c
 

M
n, theo
 

(g/mol)
d
 

Time 

(min) 

1 
poly(st-co-NPhth)-10:90-

1400 
1400 1.13 8 1700 36 

2 
poly(st-co-NPhth)-10:90-

6100 
6100 1.16 35 6550 211 

3
a
 
poly(st-co-NPhth)-10:90-

16000 
16000 1.15 - - 1200 

4 
poly(st-co-NPhth)-30:70-

1600 
1600 1.13 7 1840 50 

5 
poly(st-co-NPhth)-30:70-

6500 
6500 1.15 27 6400 360 
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remaining ratio and value reflect the composition of the copolymer and molecular weight, 

as noted above. Table 3.3 indicates the organic/inorganic hybrid nomenclature associated 

with each polymer from its composition and molecular weight. Both N2 physisorption at 

77 K and thermogravimetric analysis (TGA) are used to characterize the extent of 

functionalization for all hybrid samples in this study. Raw physisorption isotherms for the 

bare support, MCM41-SH, and all copolymer hybrid samples are presented in Figure B.7. 

Tabulated data of surface area, pore volume, and pore diameter are given in Table 3.2. The 

unfunctionalized MCM-41 support (entry 1) exhibits high surface area and pore volume of 

1215 m2/g and 0.82 cm3/g, respectively, in agreement with our previous report.182 After 

thiol-grafting (entry 2) the surface area drops to 1056 m2/g and the surface area drops still 

further after thiol-ene coupling with the polymers. Generally, there is an inverse 

relationship between copolymer molecular weight and surface area of the resulting hybrids. 

With higher molecular polymer weight, higher surface areas are observed in comparison 

with smaller copolymer analogues. With the 10:90 composition, 16000, 6100, and 1400 

g/mol hybrid samples (entries 4-6) see a sharp loss in surface area from 1010 to 807, and 

624 m2/g respectively. The same trend is seen with the 30:70 system (entries 7-8) with a 

loss of 971 to 741 m2/g from 6500 and 1600 g/mol, respectively. A similar drop-off in pore 

volume and pore diameter could also be linked to polymer molecular weight. These trends 

are likely due to the inability of larger polymer structures to fit inside of the narrow (2.5 

nm from MCM-41-SH) pores, thus resulting in higher residual pore volumes and surface 

areas. These trends are in agreement with a previous study that resulted in the same 

conclusion.193 A relatively high surface area and pore volume is retained with the coupling 

of the polymer-free hybrid structure (entry 3) at 921 m2/g and 0.47 cm3/g, indicating the 
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significant loss in porosity for the other samples is due to the presence of the polymer 

backbone. The same textural values normalized per gram of SiO2 can be found in Table 

B.1.  

Table 3.2. Textural properties of the bare and functionalized materials produced in 

this study 

Determined through physisorption of N2 at 77 K. 

     In addition to nitrogen physisorption, thermogravimetric analysis (TGA) is performed 

on the samples to study to total organic matter of the modified materials. Figure 

3.3showcases the TGA burn-off curves for the bare and functionalized materials. A steady 

decrease in mass for the bare MCM-41 support is seen at high temperatures due to loss in 

surface hydroxyl groups (Table 3.3, entry 1). A 3.7% loss over the range of 200 ï 700 °C 

is noted for the mercaptopropyl-grafted MCM-41 (subtracted from the bare silica loss over 

the same range, entry 2). This corresponds to a thiol loading of 0.41 mmol/g. After the 

thiol-ene coupling, the phthalimide protected polymer hybrids exhibit total mass losses in 

the range of 9 ï 20%. It is apparent that there is an inverse relationship with mass loss and 

Entry Sample 
BET surface area 

(m
2
/g) 

Pore volume 

(cm
3
/g) 

Pore diameter 

(nm) 

1 MCM-41 1215 0.82 2.8 

2 MCM-41-SH 1056 0.64 2.5 

3 MCM41-SH-NPhth 921 0.47 2.5 

4 
MCM41-poly(st-co-NPhth)-

10:90-1400 
624 0.32 2.0 

5 
MCM41-poly(st-co-NPhth)-

10:90-6100 
807 0.45 2.2 

6 
MCM41-poly(st-co-NPhth)-

10:90-16000 
1010 0.63 2.6 

7 
MCM41-poly(st-co-NPhth)-

30:70-1600 
741 0.42 2.1 

8 
MCM41-poly(st-co-NPhth)-

30:70-6500 
971 0.54 2.5 
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molecular weight, consistent with the previous remarks regarding surface area. Grafting-

to approaches to link polymers to substrates generally offer low polymer loadings, 

especially with higher molecular weight polymers.195, 196 The same trend is seen in this 

system.  

     For the 1400 and 1600 hybrids of 10:90 and 30:70 composition, the highest mass losses 

are observed to be 19.2 and 13.3%, respectively (entries 4 and 7). With the 6100 and 6500 

g/mol systems, a decrease to 13.0 and 9.3%, respectively (entries 5 and 8), is observed and 

a noticeable drop in polymer loading is observed with the 10:90-16000 g/mol sample, to 

10.0% (entry 8). Generally, higher polymer loadings are achieved in the 10:90 composition 

compared to the 30:70 case. The polymer-free material contains a relatively high organic 

content at 11.1% (entry 3). In addition to the curves shown in Figure 3.3, additional TGA 

data are given in Figure B.8 and Figure B.9 for the phthalimide deprotected and silanol-

capped HMDS structures. A reduction in mass loss over the same range is attributed to the 

absence of the bulky phthalimide group, resulting from conversion of the hybrids from 

MCM41-SH-poly(st-co-NPhth) to MCM41-SH-poly(st-co-NH2). For the MCM41-SH-

poly(st-co-NPhth)-10:90-6100-HMDS material (synthesis detailed in Figure B.10), there 

is an increase in mass loss in this window of 2.3% compared to that of the HMDS-free 

hybrid. This corresponds to a loading of passivated hydroxyl groups (trimethylsilyl) of 0.31 

mmol/g. More detailed chemical and physical information for this sample is given in Table 

B.2. 
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Figure 3.3. Thermogravimetric curves from 150 ï 700 °C for the bare and 

functionalized thiol and phthalimide protected polymer hybrid samples produced in 

this study. Data gathered at a heating rate of 20 °C/min 

     To determine carbon, nitrogen, hydrogen, and sulfur content for the thiol-

functionalized, and polymer-coupled hybrid samples, combustion elemental analysis (EA) 

is performed. Sulfur mass content (1.33%) and results in a thiol loading of 0.41 mmol/g 

prior to thiol-ene coupling. This value is in close agreement with the loading estimated 

from TGA. Understanding the amine loading for each sample is of critical importance for 

the set-up of the batch kinetic experiments discussed later. The results of the elemental 

analyses echo those from the TGA and N2 physisorption results. A drop in nitrogen loading 
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with increasing polymer molecular weight is observed, indicating lower polymer loadings 

at increasing polymer sizes. The highest N content values found are for the 10:90-1400 

g/mol and 30:70-1600 g/mol samples at 0.34 and 0.26 mmol/g, respectively. The lowest 

value of 0.09 mmol/g is observed for the 16000 g/mol hybrid material. The polymer-free 

MCM41-SH-NPhth sample also possesses a high N loading of 0.26 mmol/g.  

Table 3.3. Chemical properties of the hybrid materials 

Entry Sample [NPhth:st] 
Polymer M

n
 

(g/mol)
a
 

N 

(mmol/g)
b
 

Mass loss 

(%)
c
 

1 MCM41 - - - 2.5 

2 MCM41-SH - - 0.0 6.2 

3 MCM41-SH-NPhth - - 0.26 11.1 

4 
MCM41-poly(st-co-NPhth)-

10:90-1400 
10:90 1400 0.34 19.2 

5 
MCM41-poly(st-co-NPhth)-

10:90-6100 
10:90 6100 0.15 13.0 

6 
MCM41-poly(st-co-NPhth)-

10:90-16000 
10:90 16000 0.09 10.0 

7 
MCM41-poly(st-co-NPhth)-

30:70-1600 
30:70 1600 0.26 13.3 

8 
MCM41-poly(st-co-NPhth)-

30:70-6500 
30:70 6500 0.14 9.3 

a Determined from gel permeation chromatography using and refractive index detector and 

narrow poly(styrene) for reference. b Determined from combustion elemental analysis. c 

Determined from thermogravimetric analysis from a temperature range of 200-700 °C for 

the MCM-41 and MCM41-SH materials and from 300 ï 700 °C for all others.  

 

     Another technique to confirm phthalimide deprotection after aqueous hydrazine 

treatment is Fourier-transform infrared spectroscopy (FTIR). Figure 3.4 (full spectra Figure 

B.11) shows the absorbance spectra for the bare MCM-41 support, free poly(st-co-NPhth) 

10:90 copolymer at 6100 g/mol, and the associated protected and deprotected hybrid made 

with this polymer. A specific indication of the presence or absence of the phthalimide 
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protection group is obtained via the C=O stretching frequency at 1720 cm-1. Figure 3.4(A) 

shows a narrow window of the spectra from 1300 to 1800 cm-1. For the unfunctionalized 

support, there are no indications of detectible chemical functionality in this range. For the 

unsupported poly(st-co-NPhth)-10:90-6100 structure, a strong absorbance in the C=O 

stretching region at 1720 cm-1 is observed. For the hybrid samples, prior to deprotection, 

the same peak is observed, followed by a loss of this band after activation via hydrazine 

treatment. The weak signals from 1300-1500 cm-1 are consistent with the poly(styrene) 

backbone, being indicative of mono-substituted phenyl rings.197 The sharp signal at 700 

cm-1 is for CH and CH2 rocking in the polymer backbone and is seen in the hybrid samples 

and copolymer in Figure 3.4(B).  As an additional note, FTIR did not detect the surface-

grafted thiols for the MCM-41-SH sample; therefore, EA, TGA, and N2 physisorption are 

the major techniques used for this characterization.  
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Figure 3.4. Fourier-transform infrared spectra of the bare MCM-41 support, bare 

phthalimide protected copolymer (6100 g/mol, 10:90 composition), and both the 

protected and deprotected MCM41-SH 6100 g/mol hybrid (10:90). Frame A is from 

1300 ï 1800 cm-1 while frame B shows the full 600 ï 2000 cm-1 spectrum. 

     Solid-state 1H-13C cross-polarization magic-angle spinning (CP-MAS) NMR 

experiments were also performed on the MCM41-SH, MCM41-SH-NPhth, and MCM41-

SH-NH2 materials to confirm the success of the thiol-ene reaction as well as the 
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phthalimide deprotection (Figure 3.5). The peaks at 9, 26, and 50 ppm mirror those of 

previously reported 3-mercaptopropyltrimethoxysilane-grafted silica with one (on 

average) remaining methyl (alkoxy) group.198  After thiol-ene addition of NPhth, a number 

of new peaks are observed. The new signals at 28 and 35 ppm result from new CH2 groups, 

most likely from the vinyl and benzylic carbons from the NPhth structure. The most notable 

new signals are at 130 and 170 ppm. These result from the highly de-shielded aromatic 

carbons from the phenyl and phthalimide rings as well as the amide carbonyl carbon, 

respectively. After deprotection, a loss in the 170 ppm signal of the amide carbon as well 

as a thinner aromatic peak at 130 ppm are observed. This gives strong indication of the 

removal of the protecting group resulting in the active amine species required for catalysis.  

 

Figure 3.5. Solid-state 1H-13C cross-polarization magic-angle spinning NMR spectra 

of the MCM41-SH, MCM41-SH-NPhth, and MCM41-SH-NH2 materials. 
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3.3.4 Organic/Inorganic Hybrid Catalyst Testing 

     After hybrid synthesis and activation, batch kinetics for the aldol condensation (Figure 

B.12) of 4-nitrobenzaldehyde with acetone are measured. Two separate products are 

expected, as illustrated in Figure B.12 as the aldol (1) and dehydrated (2) products. With 

each reaction, the catalyst loading is site normalized by Lewis base content to probe the 

impact of structural differences in each hybrid catalyst associated with polymer molecular 

weight and composition. Conditions used are 10 mol% NH2, 50 mM 4-NB in acetone and 

acetonitrile (1:1 v/v) and 60 °C, similar to a previous study.120 Initial rates of the reaction 

and site normalized turnover frequencies (TOFs) are calculated in the initial, short time, 

low-conversion regime, typically within the first 0.5 h. Site normalized kinetics for the 

conversion of 4-NB using these dual acid-base MCM-41 polymer hybrid catalysts are 

given in Figure 3.6. Additionally, the control reactions using MCM41-SH, phthalimide 

protected hybrid sample (MCM41-SH-poly(st-co-NPhth)-10:90-6100), and HMDS-

capped MCM41-SH-poly(st-co-NPhth)-10:90-6100-HMDS are shown in Figure B.13.  
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Figure 3.6. Kinetic profiles of the main six amino functionalized samples investigated 

in this study. The error bars were calculated from 3 separate runs. Conversion of 4-

NB is determined from 1H NMR using 1,4-dimethoxybenzene as an internal standard. 

     Experimentally, with both the thiol and phthalimide protected materials, no catalytic 

activity is observed over the course of the entire profile due to a lack of nucleophilic amine 

sites (Figure B.13). With the six NH2 hybrid systems, three regimes of activity are noted. 
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g/mol) of 10:90 and 30:70 is nearly identical, all showing the highest activity. These 

samples are followed by the MCM41-SH-NH2 and 6100 and 6500 g/mol systems, all at 

similar reaction rates. The worst performing hybrid catalyst is the high molecular weight 

MCM41-SH-poly(st-co-NH2)-10:90-16000 catalyst. With the HMDS passivated material, 

a significant loss in activity (~50% less conversion in 5 hours) is observed in comparison 

with the un-passivated sample (MCM41-SH-poly(st-co-NH2)-10:90-6100). Figure 3.7 

visually compares the quantitative differences in TOF and initial rate with molecular 

weight of the polymers inside the hybrid samples. Generally, there is no difference in 

selectivity towards either product 1 or 2 in any of these systems, with product compositions 

ranging from 45-56% dehydrated product (2) for all runs. 

 

Figure 3.7. Hybrid catalyst efficacy comparison plot showing difference in TOF (site 

normalized by Lewis base) and initial rate (per batch kinetics run) at different 

polymer molecular weights and compositions. The data points at a molecular weight 
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of zero represent that of the polymer-free hybrid in the case of the thiol-ene óclickedô 

monomer (MCM41-SH-NH2). 

     As mentioned before, the catalyst giving the slowest reaction rate is the material with 

the highest molecular weight polymer, MCM41-SH-poly(st-co-NH2)-10:90-16000. It 

yields the lowest TOF of 3.4 × 10-4 s-1. TOFs of the 6100 and 6500 (10:90 and 30:70) 

hybrid samples show significant improvement at 10.7 and 10.0 × 10-4 s-1, respectively. The 

lowest molecular weight hybrids of 1400 and 1600 g/mol (10:90 and 30:70) give the 

highest activity of 12.5 and 12.4 × 10-4 s-1, respectively. Interestingly, the polymer-free 

catalyst, MCM41-SH-NH2, rivals the performance of both the 6100 and 6500 systems, with 

a TOF of 9.9 × 10-4 s-1. (The initial rates, from which TOFs are derived, echo this trend 

with values from 6 ï 24 mM/h). The grouping of data points at around 1500 and 6300 

g/mol for both sets of compositions indicates that polymer chain composition plays little 

to no role in the overall efficacy and cooperativity in these systems. Instead, molecular 

weight seems to be the governing variable in activity. When capping the surface silanol 

groups with HMDS, the TOF of MCM41-SH-poly(st-co-NH2)-10:90-6100 drops by 50 % 

from 10.7 to 5.3 × 10-4 s-1. When comparing this drop to a previous report using 

aminopropyl grafted amines at 50 °C, a 70% reduction in TOF was observed.34 The 

relatively higher TOF in the HMDS passivated sample in this work is perhaps due to a low 

loading of 0.31 mmol/g TMS groups or because HMDS does not convert the residual thiol 

groups to their corresponding trimethylsilyl -protected product. Regardless, the significant 

drop in activity supports the importance of surface hydroxyl groups for the dual acid-base 

cooperative mechanism (illustrated with MCM41-SH-NH2 in Figure B.14). The values for 

the TOF and initial rates for all hybrid catalysts can be found in Table B.3.  

3.3.5 Molecular Dynamics  
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     Atomistic computational models are prepared to investigate the physical distributions 

of polymer chains, reactant molecules (4-NB), and solvent molecules in the pore of 

MCM41. According to the experimental conditions, two model systems composed of 

polymer chains poly(st-co-NH2) consisting of a primary amine-attached styrene unit and 

styrene are built with a predetermined mixing ratio of 10:90 in two different molar masses 

(1400 g/mol and 6100 g/mol). Polymer chains where the amine is converted to an enamine 

with acetone are also built (poly(st-co-NHC3H5)) to investigate the effect of the reaction 

intermediate on the molecular arrangement in the pores of MCM41.184 The structure of 

MCM41 is prepared according to the work by Ugliengo et al199 to have a dimension of 70.3 

Å × 40.6 Å × 105.4 Å with a diameter of ~30 Å, where the axial direction of the pore was 

set along the z-axis. Next, six short poly(st-co-NH2) (1,400 g/mol) chains and two long 

poly(st-co-NH2) (6,100 g/mol) chains are covalently anchored in the pore of MCM41 as 

shown in Figure 3.8(a): the former is MCM41-poly(st-co-NH2)-10:90-1400 (MCM41-SP; 

SP = shorter polymer) and the latter is MCM41-poly(st-co-NH2)-10:90-6100 (MCM41-LP, 

LP = longer polymer). The rest of the space in the pore is filled with solvent molecules 

(acetone: MeCN =1:1 v/v) using the Monte Carlo method. Once the systems are 

constructed, molecular dynamics (MD) simulations are performed to obtain the 

equilibrium state of poly(st-co-NH2) in the presence of 4-NB and solvent molecules, and 

subsequently the next MD simulations are performed after replacing -NH2 by -NHC3H5 in 

the equilibrated MCM41-poly(st-co-NH2)-10:90-1400 and MCM41-poly(st-co-NH2)-

10:90-6100 systems.  

     In the MD simulations, there are two reaction step foci: the reaction between the amine 

group and acetone during enamine formation, and the reaction between the -NHC3H5 
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enamine group and 4-NB molecules according to the catalytic mechanistic pathway.184 

Although it is not intended to model chemical reactions in classical MD simulations, 

investigation of the molecular arrangements between reactive entities in MD simulations 

using pair correlation analysis is useful. Even though the frequency of molecular collisions 

cannot fully determine the effective reaction rate because of necessary reaction threshold 

energy various reaction energetics, the molecular configurations enhancing the diffusivity 

and proximity are the preeminent factors for the chemical reaction. This can provide 

information on the efficacy of the desired transformation. Computational models are 

illustrated in Figure 3.8(b) for the MCM41-poly(st-co-NH2)-10:90-1400 and MCM41-

poly(st-co-NH2)-10:90-6100, respectively. From Figure 3.8(a) and Figure 3.8(b), it is 

found that polymer chains with different molecular weights produce different 

configurations in the pore. The short polymer chain in MCM41-poly(st-co-NH2)-10:90-

1400) interacts with silica surface in a relatively unrestricted motion, while the long 

polymer chain in MCM41-poly(st-co-NH2)-10:90-6100 occupies a significant portion of 

the inner pore space with restricted chain mobility. The distribution of solvent molecules 

(hidden in Figure 3.8 for visualization purposes) in the pores of MCM41 depends on their 

binding energies to the silica surface. Since acetone has stronger binding energy (-30.9 

kcal/mol) on the MCM41 pore in comparison to MeCN (-22.2 kcal/mol), the acetone 

molecules adsorb on the MCM41 surface more favorably. Figure B.1(d) shows the pair 

correlation for surface silanols and solvent molecules, confirming that acetone molecules 

have greater correlation with silanol groups at ~ 3.5 Å in comparison to MeCN molecules. 

Therefore, the diffusivities of the solvent molecules present large difference, as shown in 
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Figure 3.8(c), supporting the conclusion that MeCN has a greater diffusivity than the 

acetone in the pores of MCM41.  

     On the other hand, it is clearly demonstrated in Figure 3.8(c) that MeCN and 4-NB 

molecules have greater diffusivities in the MCM41-poly(st-co-NH2)-10:90-1400 system in 

comparison to MCM41-poly(st-co-NH2)-10:90-6100, which is apparently because the 

molecular mobilities of MeCN and 4-NB are significantly restricted by the congested pores 

due to the long polymer chains. Therefore, it is presumed that the higher molecular mobility 

of 4-NB in the presence of the short polymer chain would provide a more favorable 

environment for catalytic cooperativity.  

 

Figure 3.8. Typical structure of (a) MCM -41-SP and (b) MCM-41-LP for 

visualization (red indicates one polymer chain); (c) mean-square displacement of 

solvents (acetone and ACN) and reactant (4-NB), which demonstrates that the 

molecular diffusion is greater in the presence of short polymer chains (SP) due to the 

lesser mobility of long polymer (LP), and that acetone has much lesser mobility due 

to its stronger interaction with MCM -41. 

     For further investigation of molecular configurations varying with polymer molecular 

weight, we analyzed the pair correlations of the molecules involved in the reaction. Figure 

3.9(a) and Figure 3.9(b) show the pair correlation between amine (-NH2) and silanol 
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groups, and between the intermediate (-NHC3H5) and 4-NB, respectively. Both the 

MCM41-poly(st-co-NH2)-10:90-1400 and MCM41-poly(st-co-NH2)-10:90-6100 systems 

in Figure 3.9(a) show similar distributions for the pair correlation for the amine and silanol 

pair at ~ 1.5 Å. Considering the higher distribution of acetone molecules near the MCM41 

pore surface, both short and long polymers should provide similar probability for the 

enamine formation reaction. However, the pair correlation for the intermediate (-NHC3H5) 

and 4-NB in the successive reaction step shows noticeably more favorable formation in the 

MCM41-poly(st-co-NH2)-10:90-1400 system. On the other hand, it should be noted in 

Figure 3.9(c) that the strong interaction of the amine with silanols restricts the interaction 

of 4-NB with the silanol group at ~ 1.8 Å, regardless of the polymer molecular weight. 

However, once the polymer supported amines are converted to the enamine intermediate 

(-NHC3H5), Figure 3.9(d) shows that 4-NB molecules can more readily access the silanol 

groups in the MCM41-poly(st-co-NH2)-10:90-1400 (-NHC3H5) system since this tethered 

polymer has a far greater degree of unrestricted motion. The possibility of this occurring 

in the MCM41-poly(st-co-NH2)-10:90-6100 (-NHC3H5) system is much lower due to the 

bulky congested polymer structure possessing a reduced degree of flexibility. This is 

mainly because the low mobility of the long polymer chain does not allow much change in 

molecular arrangement in the MCM41 pore, thus inhibiting 4-NB from accessing silanol 

groups. 

     Therefore, from these MD simulations for MCM41-poly(st-co-NH2)-10:90-1400 and 

MCM41-poly(st-co-NH2)-10:90-6100, it is understood that MCM41-poly(st-co-NH2)-

10:90-1400 can facilitate the aldol condensation reaction better via greater molecular 

mobility of the reactant 4-NB and the polymer chain. The longer polymer chain in 
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MCM41-poly(st-co-NH2)-10:90-6100 suppresses reactant mobilities in the pores of 

MCM41. The 30:70 composition polymers are omitted from this study since the activity 

of the organic/inorganic hybrid structures was primarily dominated by molecular weight. 

Also, the 16,000 g/mol hybrid structure was also omitted due to complexity with these 

computational methods and such large polymer chains. 

 

Figure 3.9. Pair Correlation Analysis for the (a) amine (-NH2)-silanol pair, (b) 

intermediate (-NHC3H5)-reactant molecule(4-NB) pair, (c) 4-NB-silanol pair in the 

presence of poly(st-co-NH2) and (d) 4-NB-silanol pair in the presence of poly(st-co-

NHC3H5). 

     To access further kinetic information, one of the highest performing hybrid catalysts 

(MCM41-SH-poly(st-co-NH2)-10:90-1400) is run at 50 and 70 °C. Calculating the TOF 

allows comparison with related literature works that focused on reactions using 10 mol% 

amine at 50 °C. In this work, a TOF of 8.1 × 10-4 s-1 is calculated for MCM41-SH-poly(st-
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co-NH2)-10:90-1400 at the same conditions, similar to another work focused on 

aminopropyl-grafted MCM-41 (8.3 × 10-4 s-1) and slightly above the rate of a grafted amine 

with SBA-15 support (7.2 × 10-4 s-1) in a separate work.34, 182 The apparent activation 

energy (Ea,app) and a pre-exponential factor (Aapp) are calculated from an Arrhenius plot 

(Figure B.15). The Ea,app and Aapp are calculated to be 29.6 kJ/mol and 1.85 × 105 s-1, 

respectively. The Ea,app value here is less than a related system using grafted aminosilanes 

in MCM-41 (40.1 kJ/mol) and the pre-exponential is also lower (9.33 × 106 s-1).182 Since 

the Ea,app is lower in the MCM41-SH-poly(st-co-NH2)-10:90-1400 system, this indicates 

the energy barrier required for this reaction is lower with this material. However, since the 

TOF values are nearly identical, this implies these catalysts display the similar levels of 

efficacy in the aldol condensation. Differences in the Ea,app and Aapp values likely result 

from the temperature ranges where they were gathered (50-70 °C this work,  45-55 °C from 

the previous work182). 

3.4 Conclusion 

     To conclude, this chapter develops a bifunctional acid-base polymer hybrid catalyst 

system for the purpose of catalyzing the aldol condensation through a cooperative 

mechanism. A Lewis base bearing copolymer in conjunction with weakly acidic silanol 

groups is investigated through modification of material properties. Phthalimide removal 

renders a polymer supported Lewis basic benzylamine capable of cooperativity with 

MCM-41 silanol groups. Batch kinetics are used as means to understand difference in 

hybrid as a result of differences in material properties. MCM41-SH-NH2 is also 

synthesized and used as a polymer-free analogue. MD simulation methods are used to 

understand the differences in polymer morphology with 1400 and 6100 g/mol structures 
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inside the pores of MCM41 and it is determined reactant diffusivities suffer in larger 

molecular weight systems as a result of polymer-induced pore congestion.  

     Polymer molecular weight (1400 ï 16000 g/mol) and composition (10:90 or 30:70 

NPhth:styrene) is varied to uncover effects associated with chain flexibility, conformation, 

and ultimately cooperativity. ATRP kinetics enabled the targeted synthesis of a range of 

molecular weight and composition with all low polydispersities (<1.2). These polymers are 

covalently tethered to the MCM-41 mesoporous support via an olefin-thiol linkage. Their 

textural properties are determined through nitrogen physisorption and surface areas in the 

range of 600 ï 1000 m2/g. TGA was used to confirm the presence and content of polymer 

chains in the support as well as confirm the deprotection/removal of the Lewis base 

protecting group. FTIR and CP-MAS NMR spectra were also used to support the 

phthalimide deprotection through loss and C=O stretching (1720 cm-1) and carbonyl peak 

(170 ppm). Amine-normalized kinetics (10 mol%) were used to compare hybrid catalysts 

and those with the lowest molecular weights (1400 and 1600 of 10:90 and 30:70) were 

found to possess the TOFs (12.5 and 12.4 × 10-4 s-1). Interestingly, these two catalysts 

outperformed the MCM41-SH-NH2 polymer-free hybrid suggesting a greater activity is 

endowed using a polymer supported Lewis base in comparison with a short propyl chain. 

Between the 10:90 and 30:70 structure types in the 1500 and 6300 g/mol regimes, there 

does not seem to be any impact on hybrid activity resulting from varied copolymer 

composition. Silanol capping using HMDS also supported the influence of these weak 

Brønsted acids as cooperative partners using the MCM41-SH-poly(st-co-NH2)-10:90-6100 

system. From performing an Arrhenius analysis for the MCM41-SH-poly(st-co-NH2)-
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10:90-1400 system from 50 ï 70 °C, Ea,app and Aapp were found to be 29.6 kJ/mol and 1.85 

× 105 s-1, respectively.  

     The largest molecular weight system, MCM41-SH-poly(st-co-NH2)-10:90-16000 

offered very low initial rates and TOFs in comparison with the other hybrids. In a previous 

work, pore confinement and congestion of larger molecular weight polymers inside the 

MCM-41 mesopores also could result in limited catalyst accessibility and potentially 

cooperativity in this system.193 In this work, instead of poor catalyst accessibility within 

polymeric domains, issues arise from reduction in reactant diffusivity due to larger 

molecular weight polymers creating mass transport issues. Ultimately, shorter polymer 

chains possess more degrees of unrestricted motion compared to their larger analogues. 

This allows for greater diffusivity of reactant molecules inside the pores thus allowing for 

a more efficacious environment for cooperativity between the polymer-supported amines 

and silanols. This work attempts to inform future systems into how cooperativity between 

polymer and support can be more effectively achieved. This work is the first report showing 

cooperativity using polymer supported amines and surface hydroxyl groups for the aldol 

condensation.  
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CHAPTER 4. DESIGN OF A BIFUNCTIONAL TEMPO -

TERTIARY AMINE MESOPOROUS SILICA CATALYST FOR 

THE THREE -STEP CASCADE SYNTHESIS OF A CHROMENE 

DERIVATIVE  

Chapter 4 and Appendix C are adapted from the accepted manuscript: Reproduced from 

Ref. J. W. Cleveland, N. Ronaghi, C. W. Jones, Molecular Catalysis. 

4.1 Introduction  

     During the last several decades, the heterogenization of molecular catalysts has become 

a prominent topic in the field of supported catalysis. The ability to use well-defined and 

understood organo- and organometallic catalysts and tether them to a support has motivated 

an array of studies into use of flow chemistry, catalyst recycle, or new mechanistic 

understanding of catalysts.4, 33, 156, 200, 201  Examples include supported organocatalysts such 

as sulfonic acids for esterifications,202, 203 L-proline and vinylamine for aldol and 

Knoevenagel condensations,31, 204, 205 as well as N-heterocyclic carbenes (NHC) for ring-

opening polymerizations.206 Others focus on supported Pd, Cu, and Zr complexes for 

hydrogenations,207 ethylene polymerization,208, 209 atom-transfer radical 

polymerizations,210 Mizoroki-Heck reactions,211 or related Suzuki-Miyaura couplings, as 

examples.212 In addition to application-based studies, fundamental works involving these 

materials have aided the understanding of the role of catalyst-linkage and the support 

during catalysis. This has been particularly important in determining whether a supported 

catalyst serves as a true catalyst or pre-catalyst.4, 9 Additional questions include whether 
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cooperative or other types of support effects can engage with reactants that offer improved 

product selectivity and/or yield.119, 213 Many types of materials have been shown to be 

effective at supporting these catalysts, however the most used materials are porous oxides 

and polymers.33, 156 

     As a result of these works, this field has enabled and fostered the development of 

multicatalytic heterogeneous materials for reaction cascades.33, 131, 214 Cascade reactions 

are those where multiple synthetic transformations occur in a single reaction vessel without 

isolation of intermediates. These procedures often require tandem catalysis or processes 

that require more than one type of catalyst to access a desired product. The development 

of catalyst tethering strategies learned from decades of research on supported molecular 

catalysis is critically important when binding two or more active sites to a single support 

material. In some instances, synthesis strategies have been adapted to support multiple and 

often incompatible catalysts on a single support material such as acids-bases,87, 98, 103, 192, 

215 oxidizing-reducing,51 and sensitive organometallic catalysts for cascade reactions.76, 130   

The above works have been motivated both by fundamental, material or catalyst design 

challenges, as well as by practical considerations.  For instance, economic benefits 

associated with these cascades may include reduced solvent requirements for work-ups, 

purifications, and the target chemical reactions. As a result of not isolating intermediates 

in a reaction sequence, time and energy can also be saved.216  

     The field of cascade reactions with multicatalytic materials has most frequently been 

focused on proof-of-concept works studying synthesis strategies for supporting catalysts, 

including occasionally systems with incompatibilities. Many published reports focus on 

the acid-base deacetalization-Knoevenagel condensation or deacetalization-hydrogenation 
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of benzaldehyde dimethylacetal as model systems. Only recently have reaction sequences 

with more than two steps been explored using multifunctional heterogeneous catalysts. 

Examples from the Asefa and Yang groups have extended the well-studied deacetalization-

Knoevenagel/aldol sequences of benzaldehyde dimethylacetal by reducing the C-C double 

bond in benzylidenemalononitrile or nitrovinylbenzene to their respective hydrogenated 

products using multicatalytic mesoporous silica and ZIF-8 materials.90, 217, 218 Additionally, 

Weck and coworkers have introduced additional complexity with a shell cross-linked 

micelle nanoreactor for a three-step sequence pursuing hydrolysis-hydrogenation-acylation 

enantioselective tandem catalysis.81  

     Also recently, several publications have shown materials and sequences where the final 

cascade product possesses applicability or interest outside proof-of-concept purposes. In 

2012, Martínez-Silvestre et al. reported the three-step synthesis of quinoxalines from 

biomass-derived glycols using supported gold nanoparticles.219 Liu and coworkers also 

reported a biomass upgrading methodology using dual Lewis (Sn and Al) and Brønsted 

acidic zeolites for the production 5-ethoxymethylfufural as a potential biofuel.220 Another 

detailed work investigated the sourcing of coumarin-3-carboxylate derivatives from benzyl 

alcohol using a bifunctional enzymatic-chemocatalytic system.167 Coumarin and chromene 

derivatives have been widely studied for their interesting biological activities as anticancer, 

antimalarial, anti-inflammatory, and antimicrobial properties and are being proposed as 

possible therapeutics.221-224 This class of structures can serve as an interesting target for 

cascade reactions, especially in the case of benzo[g]chromene-3-carbonitrile derivatives, 

as they can be easily constructed from commodity chemicals such as benzaldehyde, 

malononitrile, and various other Michael addition donor compounds. 
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     In this chapter, we sought to expand the development of multicatalytic materials for 

three-step tandem procedures with a focus on producing valuable chemicals. As an 

example, the commodity chemical benzyl alcohol along with malononitrile and lawsone 

(2-hydroxy-1,4-naphthoquinone) is converted to 2-amino-5,10-dioxo-4-phenyl-5,10-

dihydro-4H-benzo[g]chromene-3-carbonitrile (chromene) through a three-step cascade 

reaction with a single multicatalytic mesoporous silica MCM41-type material. This work 

advances from previous studies by performing a three-step procedure to synthesize 

chromene derivatives in three distinct intermolecular reactions in comparison to prior 

work167 using two inter- and one intramolecular step in a solely chemocatalytic fashion.  

The sequence involves an oxidation of benzyl alcohol followed by a two-step base 

catalyzed Knoevenagel condensation followed by Michael addition. Active sites used for 

this procedure make use of a supported TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) 

and N,N-dimethylpropylamine catalysts grafted to mesoporous silica. 

4.2 Experimental Section 

4.2.1 Materials 

The chemicals tetraethyl orthosilicate (TEOS) (99%, Sigma Aldrich), 3-(N,N-

dimethylaminopropyl)trimethoxysilane (DMeAPTMS) (98%, Gelest), (3-

aminopropyl)triethoxysilane (APTES) (99% Sigma Aldrich), dodecane (99%, Sigma 

Aldrich),      malononitrile (99%, Sigma Aldrich), hexadecyltrimethylammonium bromide 

(CTAB) (>98%, Sigma Aldrich), sodium hydroxide pellets (>98%, Sigma Aldrich), (3-

mercaptopropyl)trimethoxysilane (MPTMS) (95%, Sigma Aldrich), hydrochloric acid 

(37%, Sigma Aldrich), 2,2,6,6-tetramethyl-4-piperidyl methacrylate (TMPMA) (>98%, 
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TCI), benzaldehyde (>99%, Sigma Aldrich), sodium tungstate dihydrate (99.9%, Sigma 

Aldrich), hydrogen peroxide solution (50 wt%, Sigma Aldrich), benzyl alcohol (99%, 

Sigma Aldrich), 2-hydroxy-1,4-naphthoquinone (lawsone) (97%, Sigma Aldrich), 

potassium bromide (99.5%, Sigma Aldrich), sodium hypochlorite solution (10-15%, Sigma 

Aldrich), sodium bicarbonate (>99.7%, Sigma Aldrich), and acetonitrile (>99.5%, Sigma 

Aldrich) were purchased from their respective vendors and used as received. The bulk 

solvents methanol (>99.8%), acetone (>99%), toluene (99.5%), and DCM (>99.5%) were 

obtained from VWR Chemicals BDH and used as received. 

4.2.2 Analytical Tools and Instrumentation 

Kinetic data were gathered using a Bruker AV3 HD 700 MHz nuclear magnetic resonance 

spectrometer equipped with a 24 position autosampler and cryoprobe. Conversions were 

determined using dodecane as an internal standard. For each timepoint, a 16 scan 1H NMR 

spectrum were obtained. Phasing, axis, and baseline corrections were performed in all 

spectra before analysis. Timepoints were analyzed within 2 h of acquiring due to 

degradation/decomposition occurring in DMSO-d6. 

Nitrogen physisorption experiments were performed using a Micromeritics Tristar via 

physisorption of N2 at 77 K. Activation prior to analysis was accomplished on all samples 

via heating to 110 °C for 8 h under vacuum. Pore volume was calculated from P/Po = 0.0 

ï 1.0. BET surface area, pore volume, pore diameter were calculated from the Microactive 

software package. 

For organic burn-off experiments, a TA Instruments Discovery 550 thermogravimetric 

analyzer was used. Weight loss and derivative weight curves were recorded from ambient 
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temperature to 700 °C at a ramp rate of 20 °C/min. Weight loss was normalized for each 

sample from 100 °C and higher. Organic contents were calculated from the loss in the 150-

700 °C range. Nitrogen was used as the purge gas at a rate of 100 mL/min.  

Elemental analyses were performed by Atlantic Microlab in Norcross, Georgia (6180 

Atlantic Blvd Suite M, Norcross, GA 30071). Carbon, hydrogen, nitrogen, and sulfur 

content were determined.  

Powders were analyzed using a Shimadzu Prestige 21 Fourier-transform infrared (FTIR) 

spectrometer via diffuse-reflectance. Spectra were recorded using diffuse light scattering 

from 600 ï 4000 cm-1 with a resolution of 8 cm-1 and 128 scans.  

Imaging of the functionalized and bare silica nanoparticles was conducted using a Hitachi 

SU8010 scanning electron microscope. A 3.0 kV operating voltage used. 

13C CPMAS NMR experiment was conducted using Bruker Avance III 400 MHz 

spectrometer with 9.5 T wide-bore magnet. The frequencies of 13C and 1H were tuned 

before acquisition (100.61 MHz for 13C and 400.13 MHz for 1H), and the peaks were 

calibrated referenced to adamantane. Dried powder sample was packed into 4 mm zirconia 

rotor, which was then subject to MAS at 10 kHz rate. Power density was optimized prior 

to the measurement and set to 44 W. The pulse parameters were 5 Õs for ˊ/2 pulse, 12 Õs 

for dwell time, and 4 s for pulse delay, with 4096 scans. 

4.2.3 Synthesis Procedures for All MCM-41 Catalysts 

     Synthesis of MCM41-DMeAPS-CTAB:  First, 2.0 g of CTAB was dissolved in 480 mL 

of DI water in a 1 L round bottom flask with a magnetic stir bar along with 7 mL of a 2.0 
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M NaOH (aq) solution at 80 °C. Next, a mixture of 0.550 mL of DMeAPTMS and 10 mL 

of TEOS was quickly added. The mixture was allowed to stir for 2 h. Afterwards, the 

mixture was hot-filtered and rinsed with 2 L of DI water. The resulting solid was dried 

overnight in an oven at 110 °C. The analogous materials MCM41-CTAB and MCM41-

APS-CTAB were synthesized through the same method.  

     Synthesis of MCM41-DMeAPS-CTAB-SH: After adding 2.0 g of MCM41-DMeAPS-

CTAB to a 100 mL round bottom flask with a stir bar, 100 mL of toluene was added. 

Ultrasonication was performed for roughly 30 min to disperse the mixture then 0.4 mL of 

MPTMS was added. The mixture was stirred for 24 h at 100 °C. Afterwards, the resulting 

suspension was washed via centrifuging-decanting-redispersing in acetone 3 times. The 

solid was then dried at 110 °C overnight in an oven. The analogous MCM41-CTAB-SH 

material was synthesized using the same method.  

     Synthesis of MCM41-DMeAPS-SH: First, 1.0 g of MCM41-DMeAPS-SH was added 

to a 100 mL round bottom flask with stir bar. Then 25 mL of MeOH and 0.5 mL of stock 

37% HCl (aq) was added. The mixture was stirred at 60 °C for 24 h. Afterwards, the 

material was washed via centrifuging-decanting-redispersing with 30 mL of a 0.5 M 

NaHCO solution twice (to deprotonate the amines of DMeAPS), 30 mL of DI water twice, 

and 30 mL of acetone 3 times. The solid was dried overnight in an oven at 110 °C. The 

materials MCM41-SH, MCM41-APS, MCM41-DMeAPS, and MCM41 were prepared 

using the same method; however,  the NaHCO step was omitted for the amine-free 

materials. 
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     Synthesis of MCM41-DMeAPS-SH-TEMPO: Thiol-ene addition was carried out via 

the following procedure. TEMPOMA (25 mg) was added to a 20 mL vial along with 250 

mg of MCM41-DMeAPS-SH and purged with Ar for 5 min. Additionally, oxygen was 

removed from DCM via sparging at a rate of 3 bubbles/second for 20 minutes using Ar. 

After sparging, 10 mL of degassed DCM was transferred to the Ar-purged vial and 

sonicated for 5 min. The vial was added to the ultraviolet (UV) photochemical reactor and 

stirred under 365 nm UV light for 12 h at room temperature. Afterwards, the solid material 

was washed via centrifuging-decanting-redispersing in acetone 3 times. The resulting solid 

was dried under vacuum at room temperature for 4 h. MCM41-SH-TEMPO was 

synthesized using the same procedure. The TEMPO functionalized samples were stored in 

the refrigerator when not in use. 

4.2.4 One, Two, and Three-Step Catalyst Testing Procedures 

     Batch kinetics for the base catalyzed Knoevenagel condensation ï Michael addition 

cascade or the TEMPO catalyzed oxidation were studied via the following procedure.  For 

the Knoevenagel ï Michael cascade, 0.5 mL of MeCN (with 50 mM of dodecane as an 

internal standard) was added to a 4 mL vial equipped with a magnetic stir bar. Afterwards, 

a predetermined amount of catalyst was added corresponding to 5 mol% amine. Next, 4 

equiv. of malononitrile and 2 equiv. of lawsone were added followed by 0.1 mmol of 

benzaldehyde to start the reaction. For the TEMPO catalyzed oxidation, 0.5 mL MeCN, 

0.5 equiv KBr, and 3 equiv of NaOCl (10-15%) aqueous solution were added to a 4 mL 

vial equipped with a stir bar along with the catalyst corresponding to 1 mol% TEMPO 

groups. Afterwards, 0.1 mmol of benzyl alcohol was added to start the reaction. The vials 
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were added to a stir plate at room temperature stirring at 1000 rpm. A similar approach was 

used with the aforementioned quantities for the full 3-step cascade. Conversions were 

monitored via 1H NMR spectroscopy (in DMSO-d6) after an axis calibration, phasing, and 

baseline corrections. The peaks monitored for conversion calculations are as follows: 

benzyl alcohol = 5.22 ppm, benzaldehyde = 10.0 ppm, benzylidene malononitrile = 8.5 

ppm, 2-amino-chromene223 = 4.62 ppm. Conversions were determined using dodecane as 

an internal standard at 0.86 ppm.  

4.3 Results and Discussion 

4.3.1 Synthetic Approach for the Bifunctional MCM41-DMeAPS-SH-TEMPO Catalyst 

     The main goal for this system was to engineer a multicatalytic system containing grafted 

aminosilanes and covalently tethered TEMPO catalysts for the purposes of three-step 

cascade catalysis. The synthetic procedure adopted is similar to that of a previous report 

by Lin and researchers in 2011 where thiols (oxidized to sulfonic acids) and propylamines 

were used for the two-step deacetalization ï Knoevenagel condensation cascade.103 This 

synthetic approach allows for convenient production of mesoporous silica MCM-41 with 

multiple pre-catalytic functionalities using co-condensation sol-gel chemistry followed by 

secondary grafting and thiol-ene óclickô coupling between olefins and thiols. The overall 

functionalization route for the synthesis of the multicatalytic material MCM41-DMeAPS-

SH-TEMPO is shown in Figure 4.1. One main bifunctional catalyst was synthesized along 

with MCM41-SH-TEMPO, MCM41-DMeAPS and several other materials used for control 

experiments. Initially, co-condensation of 3-(N,N-dimethylaminopropyl)trimethoxysilane 

(DMeAPTMS) is performed under basic conditions with CTAB to produce surfactant pore-
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blocked MCM41 with tethered dimethylpropylamines in the pores and on the external 

surface (MCM41-DMeAPS-CTAB). Secondary grafting of MPTMS at 100 °C in toluene 

for 24 h renders MCM41-DMeAPS-CTAB-SH with propylthiol groups predominantly 

bound to the external surface.103 Removal of CTAB from the pores is accomplished via 

well-known low temperature acidic extraction procedures using a mixture of 37% HCl in 

methanol at 60 °C overnight, rendering MCM41-DMeAPS-SH. Washing afterward with 

an aqueous solution of sodium bicarbonate was necessary for deprotonating the quaternary 

ammonium species.  

 

Figure 4.1. Synthetic route for the bifunctional MCM41-DMeAPS-SH-TEMPO 

catalyst 
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     For synthesizing a tetherable TEMPO catalyst, 2,2,6,6-tetramethyl-4-piperidyl 

methacrylate (TMPMA) is oxidized to the corresponding nitroxide radical species 

(TEMPOMA) using Na2WO4-2H2O as a catalyst and H2O2 (50 wt%) in methanol at 60 °C 

for 24 h (Figure C.1).225 For the final step, the olefin from the methacrylate portion of 

TEMPOMA is covalently tethered to MCM41-DMeAPS-SH using thiol-ene óclickô 

chemistry in degassed DCM under ultraviolet (UV) 365 nm light at 22 °C for 12 h. An 

analogous DMeAPS-free MCM41-SH-TEMPO material was synthesized for comparison 

purposes using the same method without the use of DMeAPTMS. The MCM41-DMeAPS 

monofunctional material was produced via surfactant extraction prior to MPTMS grafting. 

MCM41-APS was also synthesized using co-condensation of TEOS with APTES followed 

by acidic extraction. The resulting materials were characterized using a slate of tools such 

as thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), N2 

physisorption, combustion elemental analysis (EA), and scanning electron microscopy 

(SEM). 

4.3.2 Material Synthesis and Characterization 

     Mass loss curves from TGA burn-off experiments can be found in Figure 4.2 for the 

bare and amine functionalized samples to quantitatively compare the organic content of 

each material. Mass loss values are given in Table 4.1. Physical and chemical data for the 

bare and amino modified materialsMCM41-DMeAPS-CTAB and MCM41-DMeAPS-

CTAB-SH show the largest mass loss, resulting from large amounts of CTAB filling the 

pores (entries 2 and 3) (>40%). After acid extraction a significant reduction in mass loss 

from 150-700 °C is evident for the MCM41-DMeAPS, MCM41-APS, and MCM41-

DMeAPS-SH materials (entries 4, 6, and 7) (< 20%). A 1.3% increase in mass loss in 
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MCM41-DMeAPS-SH-TEMPO compared to MCM41-DMeAPS-SH can be attributed to 

the presence of TEMPOMA after the thiol-ene addition (entries 4 and 5). For comparison 

purposes, DMeAPS-free MCM41-CTAB was acid extracted using the same procedure and 

a mass loss of 8.8% was found over the same range (entry 1). This is likely due to trace 

amounts of CTAB that were unable to be removed from the mesopores using this method. 

Due to this, mass losses greater than 8.8% for the surfactant-extracted materials is 

attributed to additional organic content such as grafted thiols and amines. TGA curves for 

MCM41-SH-TEMPO and related materials are shown in Figure C.2. These materials show 

similar results compared to their DMeAPS analogues. Mass loss values from 150-700 °C 

and residual mass at 700 °C for all samples are given in Table C.1. Ultimately, the TGA 

experiments confirm the addition or subtraction of organic species in the materials such 

amines, thiols, and TEMPO groups over the course of the chemical synthesis of these 

hybrid materials, as well as successful CTAB extraction. 

 

Figure 4.2. TGA mass loss curves from 100-700 °C for the bare and amine 

functionalized samples 
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     FTIR spectroscopy was used to confirm chemical functionalities present with the 

MCM41 hybrid materials. Figure 4.3 shows spectra for the bare MCM41 and all DMeAPS 

functionalized samples, as well as neat TEMPOMA. In frame A, the CH2 scissor bending 

signal can be observed at 1475 cm-1 for both MCM41-DMeAPS-CTAB and MCM41-

DMeAPS-CTAB-SH at nearly the same intensity, assigned primarily to methylene groups 

in CTAB. With the bare MCM41 sample, this same peak can also be found at a significantly 

reduced intensity, giving additional indication of the residual CTAB remaining in the pores 

after extraction. Further evidence of CTAB can be also found at 2920 and 2850 cm-1, with 

asymmetric and symmetric CH2 stretching bands, respectively, for both CTAB pore-filled 

samples as well as bare MCM41.226 Throughout the rest of the MCM41 spectrum, no 

further chemical functionality is evident. When plotting the spectrum for neat TEMPOMA 

with MCM41-DMeAPS-SH-TEMPO, a sharp peak associated with C=O stretching is seen 

at 1710 cm-1, corresponding to the methacrylate ester functional group. Other signals 

associated with TEMPOMA are observed between 1350 to 1450 cm-1.  Full spectral data 

from 600-3600 cm-1 for these samples are given in Figure C.3. Overall, the FTIR spectra 

confirm the coupling of TEMPOMA groups to the grafted-thiol groups on the outer surface 

of the particles as well as the near-complete extraction of CTAB from the pores. 
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Figure 4.3. FTIR spectra of the MCM41-DMeAPS samples. Frame A shows a lower 

window in the range of 1000-2000 cm-1. Frame B shows the wavenumber region from 

2000-3600 cm-1. 

     Figure 4.4 shows the nitrogen physisorption isotherms at 77 K for the bare and amine 

functionalized materials. Qualitatively, the CTAB pore-blocked samples show the lowest 

degree of porosity with the least uptake of nitrogen. Table 4.1 details the textural properties 

of the materials, such as BET surface areas and pore volumes. The MCM41-DMeAPS-

CTAB and MCM41-DMeAPS-CTAB-SH materials both maintain low specific surface 
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areas of 19.5 and 17.9 m2/g respectively. Pore volumes for both samples are also extremely 

low, at ~0.05 cm3/g for each sample. The maximum available surface area and pore volume 

attained with the acidic extraction conditions are those of the bare MCM41 support at 1025 

m2/g and 0.74 cm3/g. This implies that less than 7% of the available pore volume is free of 

CTAB for both the pore-blocked samples, suggesting that CTAB effectively blocks the 

pores. Both the monofunctional materials, MCM41-DMeAPS and MCM41-APS, show 

similar pore volumes at around 0.45 cm3/g but different surface areas of 510 and 865 m2/g, 

respectively. Interestingly, we can see a slight increase in both surface area and pore 

volume when comparing before and after the thiol-ene addition of TEMPO in MCM41-

DMeAPS-SH to MCM41-DMeAPS-SH-TEMPO, going from 765 m2/g and 0.4 cm3/g to 

854 m2/g and 0.54 cm3/g. This is likely due to some remaining CTAB being removed from 

the pores during TEMPOMA addition with these materials. Surface areas and pore volumes 

normalized per gSiO2 are given in Table C.2. Isotherms for the DMeAPS-free materials are 

shown in Figure C.4. 

 

Figure 4.4. Nitrogen physisorption isotherms at 77 K for the amine functionalized 

materials 
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     Combustion elemental analysis (EA) was used to compliment TGA analysis in tracking 

the stepwise synthesis of these multifunctional materials. Nitrogen and sulfur content are 

given in Table 4.1. Physical and chemical data for the bare and amino modified materials. 

The full EA dataset is shown in Table C.3 and Table C.4 for carbon, hydrogen, nitrogen, 

and sulfur content for all the studied samples in both weight percent, mmol/g and 

mmol/gSiO2. As noted before, residual CTAB in the extracted MCM41 sample results in a 

nitrogen content of 0.24% for this sample. After extraction in the amine functionalized 

samples, the N content drops to 1.0% or less (<0.7 mmol/g) from greater than 2% (>1.4 

mmol/g). When calculating the amine loading in the MCM41-DMeAPS and MCM41-APS 

samples prior to catalytic runs, the remaining 0.24% CTAB (0.19 mmol N/gSiO2) was 

accounted for, resulting in amine loadings less than that of the N content measured by EA. 

This was done by normalizing per gSiO2 and finding the difference in loading, then 

converting back to per gtotal using the residual mass calculated from TGA (Table C.1). A 

similar approach was used to determine the amine and TEMPO loadings, separately, for 

MCM41-DMeAPS-SH-TEMPO. TEMPO loading in MCM41-SH-TEMPO was 

determined from N content. The resulting active site loadings for monofunctional and 

bifunctional materials are given in Table C.5. TGA analysis of 1.3 % mass loss for 

MCM41-DMeAPS-SH-TEMPO compared to MCM41-DMeAPS-SH suggests a TEMPO 

loading of 0.05 mmol/g. This represents a lower bound compared with the aforementioned 

calculations, which result in a loading estimate of 0.11 mmol/g. However, as a consequence 

of trace amounts of CTAB extracting from the pores during thiol-ene addition (see 

discussion above), the TGA and EA loading could both be an underestimation of the actual 

TEMPO content.  



 104 

     SEM imaging was performed on the MCM41-DMeAPS-CTAB, MCM41-DMeAPS-

CTAB-SH, MCM41-DMeAPS-SH, and MCM41-DMeAPS-SH-TEMPO materials and the 

images are shown in Figure C.5. All particles are peanut-shaped with a pore length of 

around 500 nm and particle width of 200 nm. There is no discernible difference in the 

particles as a function of the material synthesis sequence.  

Table 4.1. Physical and chemical data for the bare and amino modified materials 

Entry Sample 
BET surface 

area (m
2
/g)
a
 

Pore volume 

(cm
3
/g)
a
 

N content 

(wt %)
b
 

S content 

(wt %)
b
 

Mass loss 

(%)
c
 

1 MCM41 1025 0.74 0.24 - 8.8 

2 
MCM41-

DMeAPS-CTAB 
19.5 0.044 2.25 - 43.5 

3 

MCM41-

DMeAPS-CTAB-

SH 

18.0 0.049 2.07 1.53 41.9 

4 
MCM41-

DMeAPS-SH 
765 0.40 0.87 2.08 16.4 

5 

MCM41-

DMeAPS-SH-

TEMPO 

854 0.54 1.01 1.79 17.7 

6 MCM41-DMeAPS 510 0.44 0.91 - 13.5 

7 MCM41-APS 865 0.46 0.92 - 17.2 

a Determined from the BET method via physisorption of N2 at 77 K. b Determined from 

combustion elemental analysis. c Determined from TGA from 125-700 °C. 

4.3.3 One and Two-Step Catalytic Activities 

     After material synthesis and characterization, reaction kinetics were obtained from 

batch reactions targeting standalone or sequences of reactions. Figure 4.5 details the full 

three-step cascade and elementary reactions for the synthesis of chromene 4 (2-amino-

5,10-dioxo-4-phenyl-5,10-dihydro-4H-benzo[g]chromene-3-carbonitrile) from benzyl 

alcohol 1. A co-catalyst potassium bromide and the stoichiometric oxidant sodium 

hypochlorite were used for the oxidation of benzyl alcohol and are similar to those of a 
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previous report involving supported TEMPO catalysts (reaction A).51, 227 The oxidation 

product benzaldehyde 2 is converted to benzylidenemalononitrile 3 via a base catalyzed 

Knoevenagel condensation using malononitrile in reaction B. This product is then 

converted to chromene 4 using a base catalyzed Michael addition with lawsone in reaction 

C, with the full cascade shown as reaction E. Catalyst loadings used in all oxidations, 

Knoevenagel condensation ï Michael addition, or the full tandem sequence are 1 mol% 

TEMPO and/or 5 mol% DMeAPS or APS with the loadings determined from EA (Table 

C.5). A limited solvent screen was conducted and acetonitrile was chosen as the most 

suitable solvent, consistent with a previous report.223 Using DMSO as a solvent resulted in 

no oxidation conversion (reaction A), while both water and DMF led to significant amounts 

of biproducts formed during the Knoevenagel condensation ï Michael addition (reaction 

D). A moderate reactant concentration of 0.2 M was used, as reducing this any resulted in 

severely limited rates during reaction C. 

 

Figure 4.5. Three-step reaction cascade for the synthesis (chromene 4) from benzyl 

alcohol (reaction E). Elementary oxidation reaction A, Knoevenagel condensation B, 

and Michael addition C. Dual-base catalyzed sequence D for the Knoevenagel ï 

Michael addition cascade. 

     The TEMPO functionalized materials were initially assessed during reaction A and 

amine functionalized materials with reaction sequence D, separately. Finally, both 
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MCM41-DMeAPS-SH-TEMPO and MCM41-SH-TEMPO were compared with the full, 

three-step reaction E sequence. First, MCM41-SH-TEMPO and MCM41-DMeAPS-SH-

TEMPO were compared during oxidation reaction A using 1 mol% TEMPO (Figure C.6). 

Both TEMPO-modified materials achieve greater than 90% conversion to benzaldehyde in 

30 minutes. The bare support MCM41 was also tested at the same conditions to record 

background conversion with KBr and sodium hypochlorite and a yield of roughly 50% was 

achieved in 60 minutes. Interestingly when using the same conditions and homogeneous 

TEMPO with homogeneous DMeAPTMS, a significant amount of over-oxidation to 

benzoic acid was observed, whereas this was not observed using the TEMPO-tethered and 

bare MCM41 supports.  

     For the base catalyzed Knoevenagel condensation and Michael addition, sequence D 

was investigated extensively with the MCM41-DMeAPS, MCM41-APS, MCM41-

DMeAPS-SH-TEMPO, and bare MCM41 materials. Assessing the role of amine basicity 

can be elucidated for both reactions when comparing the tertiary dimethylpropylamine 

(DMeAPS) versus the primary propylamine (APS) grafted materials. In addition to amine 

type, reaction set-up procedures - simultaneous versus sequential reagent addition - were 

studied. Simultaneous (method 1), means the reagents for both reactions, malononitrile and 

lawsone, were added at time zero versus sequential (method 2), whereas means that 

lawsone was added after the majority of benzaldehyde 2 was converted to 

benzylidenemalononitrile 3, for sequence D, 2 h after the start of the reaction. Figure 4.6 

highlights the major differences in the procedural method with the sequence D with 

MCM41-DMeAPS as the catalyst. In method 1, the rate of consumption of benzaldehyde 

is significantly lower than method 2, with a maximum conversion of 80% in 24 h, while 
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method 2 requires just over 1 h for the same conversion of benzaldehyde. This is also 

reflected with the overall yield of chromene 4 for method 1 at 64% while method two grants 

>95% in 26 h.  

     Figure C.7 presents the same experiments at 5 mol% primary amine (MCM41-APS) for 

method 1 and 2 in sequence D. These reactions, in comparison to MCM41-DMeAPS, result 

in lower rates and yields for both methods, indicating the primary amine is less suitable 

than the tertiary amine for this sequence, with 50% and 80% conversion of benzaldehyde 

in 26 h for methods 1 and 2, respectively. Primary propylamines have been studied 

extensively for their cooperative catalytic activity with silica supports for aldol and 

Knoevenagel condensations with enhanced performance owing to their dual acid ï base 

catalyzed mechanism, which includes an enamine or imine ï intermediate structure formed 

with amines and ketones or aldehydes.100, 181 For Knoevenagel condensations, electronic 

activation of benzaldehyde or other aldehyde acceptor compounds via hydrogen bonding 

with surface silanols is credited for faster kinetics than without the support.100, 184 In 

addition to hydrogen bonding, some works credit success in primary amine-bearing 

systems to imine formation with benzaldehyde which then undergo nucleophilic attack 

from deprotonated malononitrile or other donor compounds.100, 228 Higher rates for the 

DMeAPS versus APS catalysts may also be due to more effective deprotonation of 

malononitrile with the more Brønsted basic tertiary amine. Since the tertiary DMeAPS 

system cannot form imines, this suggests electronic activation of benzaldehyde with 

terminal silanols or malononitrile deprotonation may be rate-governing for the 

Knoevenagel condensation under these conditions. Thus, the imine intermediate route 

seems less likely in these systems. For Michael additions specifically, secondary or tertiary 
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grafted amines have been shown to yield higher rates than their less basic primary 

analogues.179, 229, 230 As for sequence D in general, the Michael addition is much slower 

than the Knoevenagel condensation, thus the most effective system results from the most 

effective catalyst for the Michael addition. Sequence D was run using both reagent addition 

methods, with bare MCM41 showing nearly no background conversion of benzaldehyde 

(Figure C.8). MCM41-DMeAPS-SH-TEMPO was also screened in sequence D with 

method two and the results were similar to those of MCM41-DMeAPS (Figure C.9). 

     Benzaldehyde conversion kinetics for method 1 and 2 in sequence D are compared in 

Figure C.10 for MCM41-DMeAPS, MCM41-APS, and MCM41-DMeAPS-SH-TEMPO. 

The initial turnover frequency of the amine sites and the initial rate of reaction are tabulated 

in Table C.6 for all three catalysts using both procedures, following specifically the 

conversion of benzaldehyde. TOF0 values were calculated in the short time and low 

conversion regime, typically 0.25 h after the addition of benzaldehyde. For method 1, 

DMeAPS and APS catalysts show TOF0 values of 15 × 10-4 and 7 × 10-4 s-1 while for 

method two, values of 143 × 10-4 and 87 × 10-4 s-1 were calculated, respectively. Similarly, 

the initial rates for the same reactions with method 1 were 54 and 26 mM/h while for 

method two, values of 515 and 314 mM/h were observed, respectively. The nearly 10-fold 

increase in TOF0 and initial rates shows the clear advantages of method 2 over method 1 

and this method was adopted for the full three-step tandem reaction later discussed below. 

MCM41-DMeAPS-SH-TEMPO also shows a TOF0 similar with the monofunctional 

materials at 113 × 10-4 s-1 (with 405 mM/h). 
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Figure 4.6. Kinetics for the Knoevenagel condensation - Michael addition sequence D 

using MCM41-DMeAPS. Frame A data represents method 1. Frame B corresponds 

to sequential addition of lawsone (method 2) with the dashed line indicating when 

lawsone is added to the reaction (t = 2 h). Timepoints are monitored with 1H-NMR 

spectroscopy using DMSO-d6 and dodecane as an internal standard. 

     These large differences between method 1 and 2 are rationalized by unproductive 

adsorption of lawsone to the DMeAPS (or APS) catalyst or to the silica surface, more 

generally. The pKa difference between the acidic hydroxyl in lawsone and N,N-

dimethylpropylamine is 6 (lawsone = 4, amine = 10). A difference in 106 strongly favors 

amine protonation, with these acid-base interactions transiently poisoning the catalyst, thus 

resulting is significantly reduced rates.231 Many works report lawsone adsorption and 

extraction with solid materials involving alkali metal ions and surfactants. Success in these 
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systems is usually enabled by acid ï base interactions between acidic lawsone and the basic 

adsorbents. The result of contact with organic moieties such as amines inside the pores of 

these materials could lead to similar outcomes.232, 233 Another biproduct that could result 

in lower Michael addition yields and rates is possible thia-Michael addition formation with 

lawsone and residual thiols.234 Figure 4.7-A shows the reaction kinetics for the formation 

of chromene 4 using both reagent addition methods with MCM41-APS, MCM41-

DMeAPS, and MCM41-DMeAPS-SH-TEMPO functionalized catalysts. As noted before, 

method 2 gives higher rates and yields, with even MCM41-APS using method 2 marginally 

out-performing MCM41-DMeAPS using method 1. The most effective materials, 

MCM41-DMeAPS and MCM41-DMeAPS-SH-TEMPO, result in chromene yields of 98 

and 95% in 24 h, respectively. Figure 4.7-B shows the FTIR spectra of fresh and spent 

MCM41-DMeAPS-SH-TEMPO along with neat lawsone. After the reaction, MCM41-

DMeAPS-SH-TEMPO was washed with an excess of acetonitrile several times and dried, 

resulting in a dark orange solid (Figure C.11). From FTIR analysis, there are several new 

signals from 1450 to 1750 cm-1. These correspond to ketone C=O groups associated with 

strongly adsorbed lawsone that are likely responsible for basic site poisoning, and explain 

why simultaneous reagent addition results in low rates and yields of chromene 4. The 

collected data are consistent with method 2 offering higher rates due to the Knoevenagel 

condensation reaction being nearly complete before the much slower Michael addition was 

initiated. Method 1 can also offer a high yield of chromene 4 using MCM41-DMeAPS; 

however, it requires a reaction time in excess of 2 days (91% yield in 48 h). Ultimately, the 

addition of lawsone significantly slows both base catalyzed reactions. Figure C.12 shows 

the spectrum for a solid-state 1H-13C cross-polarization magic-angle spinning (CP-MAS) 
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NMR experiment with spent MCM41-DMeAPS from reaction D. Signals at 10.3, 19.4, and 

61.3 ppm correspond to methylene carbon atoms from the propyl chain of DMeAPS while 

the sharp peak at 43.9 ppm results from the two methyl groups. These data match the 13C 

NMR spectrum of DMeAPTMS ï grafted SBA-15 in a previous report.179 The addition of 

the weak signal at 134.9 ppm is consistent with aromatic carbon atoms, which are possibly 

from physically adsorbed lawsone and the intense peak at 1.1 ppm is associated with 

residual solvent (acetonitrile).  

 

Figure 4.7. Frame A: kinetics for the conversion of benzylidenemalononitrile 3 to 

chromene 4 during reaction D with amino functionalized MCM41 samples. The 
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dashed line at t = 2 h indicates when lawsone is added to the reaction for runs 

corresponding with method 2. Frame B: FTIR spectra of the spent and fresh MCM41-

DMeAPS-SH-TEMPO catalysts and lawsone. Timepoints are monitored with 1H-

NMR spectroscopy using DMSO-d6 and dodecane as an internal standard. 

4.3.4 Three-Step Catalytic Activity 

     For the full three-step sequence E, the oxidation reaction was run until completion due 

to the incompatibilities of basic NaOCl and acidic malononitrile (Figure 4.8). When 

attempting to run reaction E by adding all reagents and the multifunctional catalyst before 

adding benzyl alcohol to initiate the reaction, zero percent conversion of benzyl alcohol to 

benzaldehyde was achieved over 2 hours. A similar approach to method 2 was applied that 

involved adding malononitrile after >95% oxidation conversion and then lawsone after 

nearly 80% Knoevenagel condensation conversion of benzaldehyde to 

benzylidenemalononitrile. This allowed for over 80% conversion to chromene 4 in 26 h. 

When comparing this with MCM41-SH-TEMPO in sequence E (Figure C.13), complete 

conversion of benzyl alcohol was still achieved in the same time as the bifunctional 

catalyst. A moderate background conversion of benzaldehyde to benzylidenemalononitrile 

was observed (60%), as well as to chromene, with around 39% conversion also in 26 h. 

The background conversions for both base catalyzed reactions are higher in this case due 

to the presence of ~0.15 mL of water from the 10% NaOCl solution that is required for the 

oxidation reaction. However, these data support the necessity of DMeAPS for higher 

conversion to chromene 4. 
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Figure 4.8. Full t hree-step reaction E sequence using MCM41-DMeAPS-SH-TEMPO. 

Vertical dashed lines indicate when malononitrile is added (t = 1 h) and lawsone is 

added (t = 3 h) to the reaction mixture. Timepoints are monitored with 1H-NMR 

spectroscopy using DMSO-d6 and dodecane as an internal standard. 

4.4 Conclusion 

     In summary, this chapter demonstrates a synthetic approach to fabricating a bifunctional 

mesoporous MCM-41 silica with tertiary amines and TEMPO oxidation sites capable of 

catalyzing a three-step, one pot reaction cascade. Co-condensation of TEOS and 

DMeAPTMS followed by secondary grafting of MPTMS and TEMPOMA olefin-thiol 

tethering using thiol-ene chemistry resulted in a convenient synthetic approach to prepare 

a porous multicatalytic material. The material facilitates the use of commodity chemicals 

such as benzyl alcohol or benzaldehyde to form valuable chemicals such as coumarin or 

chromene derivatives. The three-step procedure outlined here allowed for the efficient 

conversion of benzyl alcohol to chromene 4 in 80% yield in 26 h. 

     An array of characterization techniques, including FTIR, N2 physisorption, EA, TGA, 

SEM, was used to follow the creation of the multifunctional material, while estimating 
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surface concentrations of important functional groups that act as active sites in the reaction 

cascades described above. FTIR elucidated the newly formed signal at 1710 cm-1 

corresponding to the tethered TEMPOMA catalyst. EA and TGA data confirmed the 

presence of additional organic content such as amines and thiols, as well as quantitative 

determination of catalyst loadings. N2 physisorption confirmed the presence of significant 

mesoporosity in the bifunctional MCM41-DMeAPS-SH-TEMPO catalyst, which had a 

surface area of 854 m2/g. 

     The dual base catalyzed Knoevenagel condensation Michael addition reaction sequence 

was run using 5 mol% amine catalyst in two modes ï simultaneous or a delayed addition 

of lawsone after most of benzylidenemalononitrile was formed. The simultaneous method 

resulted in significantly lower turnover frequencies, rates, and chromene yields (15 × 10-4 

s-1, 64%) using MCM41-DMeAPS as the catalyst. Sequential addition of lawsone resulted 

in a much faster MCM41-DMeAPS turnover frequencies, rates, and a much higher 

chromene yield (143 × 10-4 s-1, >95%) in the same time frame. This 10-fold increase in rate 

is attributed to unfavorable adsorption of lawsone to the surface tethered amines via acid-

base interactions. It was found that the tertiary amine (DMeAPS) outperformed the primary 

amine (APS) material under either method 1 or 2 with higher TOF0 and chromene yields.  
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS  

Chapter summaries are adapted from their corresponding published and submitted works: 

Ref. J. W. Cleveland, D. R. Kumar, J. Cho, S. S. Jang and C. W. Jones, Catal. Sci. Technol., 

2021, 11, 1311. DOI: 10.1039/D0CY01988G with permission from the Royal Society of 

Chemistry. Ref. J. W. Cleveland, J. Choi, R. Sekiya, J. Cho, H. J. Moon, S. S. Jang, and, 

C. W. Jones, submitted. Ref. J. W. Cleveland, N. Ronaghi, C. W. Jones, Molecular 

Catalysis, accepted. 

5.1 Thesis Summary 

5.1.1 Chapter 2  

     This chapter highlights the design and synthesis of bifunctional mesoporous silicate ï 

polymer composite dual acid-base supported cascade catalysts. Compartmentalization of 

the two incompatible active sites is sought by segregating acid sites on the silica surface, 

and base sites within polymer chains and/or polymer domains. The ability to isolate and 

segregate active sites via control of the mesoporous silica pore size and polymer molecular 

weight is probed with silica samples functionalized by a grafting-to process. Supplemental 

activator and reducing agent (SARA) atom transfer radical polymerization is used to 

synthesize random copolymers containing protected primary amines. Thiol-ene óclickô 

chemistry facilitates silica functionalization via a convergent approach with the ene-

functionalized polymer end group and silica-grafted thiols forming SBA/MCM-SH-

poly(styrene-co-2-(4-vinylbenzyl)isoindoline-1,3-dione). Polymer deprotection and thiol 

oxidation produces primary amine / sulfonic acid containing composite catalysts. With the 
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polymer supported Lewis base and silica grafted Brønsted acid, the two-step 

deacetalization ï Knoevenagel condensation cascade is explored to assess the ability of 

these polymer/silica hybrids to segregate active sites, allowing both acid and base site 

accessibility. Six composite catalysts are synthesized and tested in individual and cascade 

reactions with kinetic results demonstrating that lower molecular weight SBA-15-P1 and 

MCM-41-P1 catalysts outperform (higher turnover frequencies and initial rates) their 

higher molecular weight analogues, as well as a polymer-free system containing molecular 

active sites dispersed on the silica surface.  Higher molecular weight composite catalysts 

perform more poorly due to limited chain solubility, mass transfer limitations, and poor 

catalyst accessibility. In many cases, the polymer chains effectively thread into the 

mesopores, with higher molecular weight polymers leading to pore blockage and inhibited 

mass transfer. 

5.1.2 Chapter 3  

     Catalysts containing active sites with cooperating acids and bases play significant roles 

in living systems and have become increasingly prominent in synthetic analogues. Aldol 

condensations, which typically proceed quickest in the presence of both acid and base sites, 

are commonly used probe reactions to assess the efficacy of bifunctional acid-base 

cooperative catalysts. Catalysts based on support-grafted molecular amines and either 

silanols or grafted carboxylic partners are examples of known, effective, cooperative 

catalysts. This chapter explores the efficacy of silica/organic hybrid catalysts where the 

organic component is built from linear aminopolymers appended to the silica support 

within the support mesopores. Specifically, the role of molecular weight and polymer chain 

composition using amine-bearing ATRP-synthesized copolymers poly(styrene-co-2-(4-
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vinylbenzyl)isoindoline-1,3-dione) is probed in the aldol condensation of 4-

nitrobenzaldehyde and acetone. The weakly Brønsted acidic partners are the native 

hydroxyl groups present inside the pores of mesoporous silica MCM-41. Controlled 

polymerization produces protected amine-containing poly(styrene) chains of controlled 

molecular weight and dispersity, a grafting-to thiol-ene coupling approach followed by a 

phthalimide deprotection step is used to covalently tether and activate the polymer hybrid 

catalysts prior to the catalytic reactions. Site-normalized batch kinetics are used to assess 

the role of polymer molecular weight and chain composition on the cooperative catalysis. 

Lower molecular weight copolymers are demonstrated to be more active than catalysts 

built from only molecular organic components or from higher molecular weight chains. 

Molecular dynamics simulations are used to probe the role of polymer flexibility and 

morphology, whereby it is determined that higher molecular weight hybrid structures result 

in congested pores that inhibit active site cooperativity and the diffusivity of reagents, thus 

resulting in lower rates during the reaction. 

5.1.3 Chapter 4 

     A key challenge is design of materials and processes whereby competing reagents or 

conditions do not harm the multi-step sequence, thus allowing for more efficient chemical 

synthesis with elimination of work-up and separation steps.  In this chapter, a three-step 

reaction cascade is performed using a porous bifunctional dimethylpropylamine-TEMPO-

MCM41 catalyst, converting the commodity chemicals benzyl alcohol, sodium 

hypochlorite, and malononitrile to a biologically active anti-cancer, and anti-malarial 2-

amino-chromene derivative. The cascade first utilizes a TEMPO-catalyzed oxidation of 

benzyl alcohol to benzaldehyde with NaOCl as the terminal oxidant. This is followed by a 
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two-step, dual base catalyzed Knoevenagel condensation with malononitrile followed by a 

Michael addition with lawsone. Optimal conditions converting benzyl alcohol to 2-amino-

5,10-dioxo-4-phenyl-5,10-dihydro-4H-benzo[g]chromene-3-carbonitrile include the 

delayed addition of malononitrile and lawsone during the three-step reaction sequence, 

which results in a 2-amino-chromene yield of over 80%. This importance of stepwise 

reagent addition is rationalized due to the unfavorable adsorption of acidic lawsone on the 

surface-grafted base catalyst. Tertiary Brønsted base sites of dimethylpropylamine 

outperform the more Lewis basic primary propylamine functionalized catalyst. This 

chapter outlines a simple and effective method for generating mesoporous materials with 

two types of active sites via co-condensation and thiol-ene coupling procedures. 

5.2 Future Research Directions 

5.2.1 Core-Multishell Mesoporous Silica Nanoparticles for Cascade Catalysis 

     Recently, researchers have enabled the synthesis of a double-shelled mesoporous silica 

nanoparticle catalyst for incompatible cascade catalysis.92, 105 Using poly(styrene) 

nanoparticle templates allowed for the secondary grow of a silica shell around the spheres 

prior to sphere removal via calcination. Incorporation of strong acids was achieved via 

tetrahedral aluminum H+ counterions and propylaminosilanes were co-condensed into the 

outer silica shell. A follow-up study could focus on immobilization of multiple catalysts in 

perhaps two or more silica shells and the role shell and catalyst ordering effects internal 

mass transport rates. With a two-step cascade, it would be an interesting endeavor from a 

fundamental chemical engineering assessment to investigate whether placement of 
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catalysts required for the first reaction step on the internal or external shell affects overall 

cascade catalysis rates.  

5.2.2 Polymer Brush ï Zeolite Architectures for Cascade Catalysis 

     Zeolites are microporous crystalline aluminosilicates with inherent acidity when ion 

exchanged with ammonium and calcined. Their use in industry is already extremely 

prominent due to their rigid stability, strong Brønsted acidity, and sieving properties.235 

Their inherent acidic activity could be coupled with polymer support catalysts to create 

cascade catalysts for many different sequential transformations. Their rigid framework in 

combination with large molecular weight bulky polymers could serve as an excellent 

platform to compartmentalize incompatible molecular catalysts. The use of more polar 

acrylates, methacrylates, and acrylamides backbones could enable multifunctional systems 

for cascades in more polar solvents to attempt to circumvent solubility issues regarding 

large molecular weights.53  

     Polymer supported organocatalysts such as L-proline, benzylamine, TEMPO, and 

DMAPS have been previously studied and can be used as possible candidates.156 Click 

reactions such as the copper catalyzed azide-alkyne cycloaddition or either strain or free 

radical promoted thiol-ene additions could be used as methods to tether polymer chain-

ends to the zeolite support via a grafting-to approach. Surface-initiated polymer structures 

could also be attempted using reversible addition-fragmentation chain-transfer (RAFT) 

polymerizations. Using ATRP would result in poisoned acid catalysts due to the use of 

basic amines as the catalyst species during the polymerization. The creation of multiple 
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polymer blocks could add additional polymer supported catalysts and thus longer cascades 

thus could be revolutionary to this field of cascade reactions using heterogenous catalysts.  

 

5.2.3 Cooperativity Using Polymer Brush ï Silica Materials 

     Copolymers supporting weak diol Brønsted acids and benzylamine Lewis bases has 

enabled cooperativity in the aldol condensation previously.53 Ultimately, copolymer 

structure using diblock and random copolymers with different monomer ratios resulted in 

various degrees of activity and cooperativity.  An interesting study could result from 

restricting one chain-end of the same copolymer structures to a support material such as 

nonporous or mesoporous silica nanoparticles. Physically tethering these polymers to a 

support would dramatically alter the morphology of the structure thus potentially effecting 

cooperative capabilities. Unbound polymers in solution adopt a random coil morphology 

while surface-bound structures can adapt to a variety of states depending on grafting 

density.  

     At low grafting densities, (ů > 1/Rg
2) polymer brushes adopt a ómushroomô morphology 

where they primarily are collapsed onto the surface of the support.195, 236-239 At intermediate 

and high ů values (> 0.2 nm-2), tethered polymers exhibit elongated structures radially 

outward from the support. Producing random copolymers at high and low grafting densities 

with various monomer ratios could impact cooperativity. Also, base block ï acid block 

diblock copolymers versus acid block ï base block as well as mixed structures could result 

in interesting cooperative effects. In addition, polymer immobilization techniques could 

rely on surface initiated or grafting-to approaches.195, 239 Grafting-to would mostly be 
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suitable for low ů values where surface initiated would be required for high ů structures. 

Finally, these inorganic-organic hybrid materials owing to their surface-bound nature, 

would offer much simpler recycling procedures using either filtration of centrifugation.   
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APPENDIX A. CHAPTER 2 SUPPORTING INFORMATION  

A.1  Molecular Dynamics Simulation Summary 

Table A.1. Representative radii of gyration values for the copolymers studied in this 

work  

Entry copolymer MW (g/mol) Rg
a (nm) 

1 - 3600 0.92 

2 poly(st-co-NPhth)-1 6100 1.48 

3 poly(st-co-NPhth)-2 16000 1.80 

4 poly(st-co-NPhth)-3 46000 - 

a Determined through the approached outlined in the experimental section in chapter 2. 

 

Polymer ï MCM -41 pore confinement with representative 16,000 g/mol poly(st-co-

NPhth) 

     To investigate the structures of the copolymers in in the pores of MCM-41, we modeled 

a singular poly(st-co-NPhth) chain in the pores of MCM-41. For this purpose, first, we 

built MCM-41 as described by Ugliengo and co-workers,199 with a diameter of ~30 Å with 

a wall thickness of ~10 Å as shown in Figure 2.8(a). Next, we put an equilibrated poly(st-

co-NPhth) chain with MW = 16,000 g/mol into the MCM-41 pore in the absence of solvent 

molecules and energy-minimized the structure using the Dreiding force field described in 

the models and simulation methods section. It is demonstrated in Figure 2.8(b) and 2.8(c) 

that the poly(st-co-NPhth) chain is squeezed to fit into the pore, implying that the molecular 

transport through the pore would be blocked or significantly hindered. From this 

simulation, showing a very tight fit for the polymer chain under these conditions, it is 

expected that the dimension of the poly(st-co-NPhth) chain with MW = 16,000 g/mol 
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would become more swollen and thus more hindered if we increase the temperature and 

introduce solvent due to the molecular thermal motion and solvation. 

A.2  Synthesis of Prerequisite Materials 

A.2.1 SBA-15 and MCM-41 Synthesis and Characterization 

     SBA-15 was synthesized according to a previous report.240 To a 4 L Erlenmeyer flask 

equipped with a long magnetic stir bar was added 24 g of P123 triblock copolymer. To this 

was added 636 g of deionized water and 120 mL of 37% aqueous HCl. Vigorous agitation 

was allowed for up to 1 h in order to adequate dissolve the polymer. Afterwards, 46.6 g of 

TEOS was added dropwise then the mixture was allowed to stir at room temperature for 

20 h. Next, the stir bar was removed and the temperature was increased to 100 °C for an 

additional 24 h. After the reaction, the mixture was filtered and rinsed with several liters 

of water, stored overnight at 80 °C then calcined. The calcination program is as follows: 

ramp from room temperature to 200 °C at 1.2 °C/min and hold for 1 h. Next, ramp from 

200 °C to 550 °C at the same rate followed by a 6 h hold.  

     MCM-41 was synthesized according to a previous report.241 1400 mg of 

cetyltrimethylammonium bromide was dissolved in 605 mL of deionized water in a 3 L 

round bottom flask equipped with a large football shaped magnetic stir bar. Next, 42.5 g 

of 28 wt% NH4OH (aq) was added to the mixture followed by dropwise addition of 50 g 

of TEOS. The mixture was stirred vigorously at room temperature for 2 h followed by 

filtering and rising with several liters of deionized water. The collected MCM-41 sample 

was dried in an oven at 80 °C then calcined. The calcination program is as follows: ramp 
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from room temperature to 200 °C at 1.2 °C/min and hold for 1 h. Next, ramp from 200 °C 

to 550 °C at the same rate followed by a 12 h hold.  

 

        

        

Figure A.1. SEM and TEM images of the SBA-15 used in this study 
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Figure A.2. SEM and TEM images of the MCM-41 used in this study 
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  SBA-

15 
MCM-41 

BET surface area 

(m2/g) 
730 1220 

Pore volume (cm3/g) 0.93 0.82 

Micropore area (m2/g) 119 53 

Mesopore + external 

area (m2/g) 
610 1160 

Total surface area 

(m2/g) 
729 1213 

BJH ads. pore size (Å) 70 24 

Figure A.3. Isotherms and textural properties for the SBA-15 and MCM-41 used in 

this study 

A.2.2 Small Molecule Synthesis 

     The protected benzyl amine monomer (2-(4-vinylbenzyl)isoindoline-1,3-dione) was 

synthesized via a three step process through the same procedure as a previous report.53 
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First, 20 g of 4-vinylbenzyl chloride was purified via filtering through a plug of basic 

alumina and added to a 1 L round bottom flask with a magnetic stir bar. 262 mL of DMF 

was added along with 17 g of NaN3. Vigorous agitation at room temperature was allowed 

for 24 h. Afterwards, the reaction mixture was transferred to a 2 L separatory funnel along 

with 500 mL of EtOAc. The mixture was washed 3 x 200 mL DI water and 1 x 200 mL 

brine. Dried over MgSO4, filtered, concentrated, and dried. 18.4 g of 1-(azidomethyl)-4-

vinylbenzene was isolated with an 88% yield. 

     First, 18.4 g of 1-(azidomethyl)-4-vinylbenzene was added to a 2 L round bottom flask 

equipped with a magnetic stir bar. 330 mL of THF and 55 mL of DI H2O was added along 

with 60 g of PPh3. Vigorous agitation was allowed for 48 h. Afterwards, THF was removed 

under reduced pressure followed by the addition of 400 mL of diethyl ether and 100 mL of 

H2O. 1 M HCl was added until the pH was roughly 1. The mixture was washed 2 x 200 

mL diethyl ether and the organic phase was removed. 400 mL of DCM was added to the 

acidic aqueous phase then the pH was adjusted to roughly 13 via a 1 M aqueous NaOH 

solution. The aqueous phase was washed 2 x 100 mL DCM. The final organics were 

collected, concentrated, and dried to produce 15.3 g of (4-vinylphenyl)methanamine at a 

97% yield.  

     Next, 15.3 g of (4-vinylphenyl)methanamine was added to a 1 L round bottom flask 

with magnetic stir bar along with 400 mL of toluene. Then, 17.3 g of phthalic anhydride 

was added next as well as 1.6 mL of triethyl amine (TEA). The mixture was vigorously 

stirred at 110 °C for 24 h. After the reaction, the mixture was concentrated under reduced 

pressure and recrystallized twice from hot hexane to produce the desired monomer (2-(4-

vinylbenzyl)isoindoline-1,3-dione). 25 g was isolated giving an 86% yield. The NMR 
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spectra was matched with previous reports. 1H NMR (700 MHz, CDCl3): 7.84ï7.70 (m, 4 

H), 7.37 (m, 4 H), 6.71-6.63 (dd, 1 H), 5.71 (d, 1 H), 5.22 (d, 1 H), 4.84 (s, 2 H). 13C NMR 

(700 MHz, CDCl3): 168.1, 137.3, 136.4, 135.9, 134.1, 132.2, 128.9, 126.5, 123.4, 114.2, 

41.4. 

     The ene-functionalized ATRP initiator (hex-5-en-1-yl 2-bromo-2-methylpropanoate) 

was synthesized using similar procedure.147 1.2 mL of 5-hexen-1-ol was added to an Ar-

purged oven-dry round bottom flask equipped with a magnetic stir bar.  10 mL of 

anhydrous THF was subsequently added along with 1.28 mL of Ŭ-

bromoisobutyrylbromide. 0.89 mL of anhydrous pyridine was then added dropwise, and 

the mixture was stirred at room temperature for 18 h. After the reaction, the crude mixture 

was filtered, rinsed with DCM, and concentrated under reduced pressure. The oil was then 

diluted with 50 mL DCM and the organic phase was washed 2 x 50 mL with 1 M aqueous 

HCl and 1 x 50 mL brine. Finally, the organics were dried over MgSO4, filtered, and 

concentrated under reduced pressure and dried. 2.45 g of hex-5-en-1-yl 2-bromo-2-

methylpropanoate was isolated resulting in a 99% yield. 1H NMR (700 MHz, CDCl3): 

5.88ï5.78 (m, 1H), 5.07-4.99 (dd, 2H), 4.20 (t, 2 H), 2.13 (q, 2 H), 1.96 (s, 6 H), 1.73 

(quintet, 2 H), 1.52 (quintet, 2 H).  13C NMR (700 MHz, CDCl3): 171.7, 138.2, 115.1, 66.0, 

56.1, 33.2, 30.8, 27.8, 25.1 

 

 

 



 129 

 

Figure A.4. 1H-NMR spectrum of hex-5-en-1-yl 2-bromo-2-methylpropanoate (5-

eneBMP) ATRP initiator  

 

A.2.3 Polymer Synthesis 

     Poly[styrene-co-(2-(4-vinylbenzyl)isoindoline-1,3-dione)] random copolymers were 

synthesized via supplemental activation and reducing agent ï atom transfer radical 

polymerization. The method was adapted from a work focusing on homopolymers of just 

styrene.242 Stoichiometrically, all polymerization were set-up using a 1:9 ratio of (2-(4-

vinylbenzyl)isoindoline-1,3-dione) (NPhth) to styrene. Prior to all polymerizations, styrene 

was purified via filtering through a plug of basic alumina to remove the inhibitor (BHT).  

     A general procedure for all polymerizations is as follows. The phthalimide protected 

amine monomer, Cu(II)Br2, Cu(0), and purified styrene are added to a vial. The ene-



 130 

functionalized initiator, PMDETA, and anhydrous toluene are added to a separate vial. 

Both vials are degassed via sparging with ultra-high purity argon (Airgas) at a flow rate of 

2-3 bubbles/second for 25 minutes. Afterwards, the initiator/solvent mixture is injected into 

the first vial and heated at 90 °C under argon for the required time. After the 

polymerization, the solution is diluted with toluene and precipitated into a 10-fold excess 

of MeOH followed by filtering and drying.  

Table A.2. SARA-ATRP polymerization conditions used to synthesize the various 

MW copolymers 

[Styrene] [NPhth] Sty/tol 

(mL/mL) 

Time 

(h) 

Mn,NMR 

(g/mol) 

Mn,GPC 

(g/mol) 

ņ 

1040 46 1:2 72 50,000 46,000 1.33 

225 25 1:1 20 16,600 16,000 1.15 

90 10 1:2 15 6,300 6,100 1.16 

For all polymerizations: [I]:[Cu(II)Br2]:[Cu(0)]:[PMDETA] = [1]:[0.1]:[0.25]:[0.7] 

     NMR molecular weights were calculated by integrating the two terminal protons of the 

initiator, the two benzyl CH2 protons on the NPhth units, and the whole aromatic proton 

section. From 1H NMR, the ratios of the two monomers in the polymer chain was equal for 

all 3 samples, indicating an equal incorporation of each monomer in the three polymers. 

GPC molecular weights were calculated from and RI detector using narrow polystyrene 

standards. 
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Figure A.5. GPC traces for the poly(styrene-co-NPhth) structures used in this study 

 

 

8 9 10 11 12 13 14
Retention time (min)

 Mn = 6,100 ņ = 1.15

 Mn = 16,000 ņ = 1.16

 Mn = 46,000 ņ = 1.33
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Figure A.6. TGA curve and IR spectrum for the copolymer used in this study 

 

A.3  Catalyst Synthesis and Activation 

     MPTMS (3-mercaptopropyl trimethoxysilane) was grafted to the surfaces of both 

MCM-41 and SBA-15 in various loadings. For the catalysts synthesized in this work, an 

example procedure is described for the grafting to both mesoporous silicas. Before grafting, 

silica samples were dried overnight at 10 mtorr and 110 °C. 
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     Dried SBA-15 OR MCM-41 (2.0 g) is added to an oven dried round bottom flask with 

magnetic stir bar. 50 mL of anhydrous toluene is added, and the suspension is sonicated 

and agitated until there are no larger clumps and a fine suspension remains. Next, 0.44 mL 

of (3-mercaptopropyl) trimethoxysilane is added and the mixture is stirred for 1 h at room 

temperature. Afterwards, the flask is lowered into the oil bath and the temperature is 

ramped from room temperature to 80 °C for 22 h. After the allotted time, the reaction 

mixture is transferred to centrifuge tubes and washed via centrifuging, decanting, and 

redispersion in toluene. To re-disperse the thiol functionalized SBA-15/MCM-41, 

ultrasonication was performed for up-to 5 minutes. This cycle is repeated at a minimum of 

four times. The solid is then dried overnight at 80 °C and 50 mtorr.  

     After drying, the samples are submitted TGA and EA and the loadings of the grafted 

silane are acquired. With TGA, the loadings obtained are 0.44 and 0.35 mmol/g for SBA-

15 and MCM-41 respectively. With EA, the loadings obtained are 0.42 and 0.40 mmol/g 

for SBA-15 and MCM-41 respectively. For all stoichiometric calculations regarding the 

thiol functionalized silicas, the elemental analysis loadings were always used. FT-IR was 

not used to characterize due to the inability to see S-H stretching, even in the case over 1.0 

mmol/g thiol loading.  
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Figure A.7. Bare and thiol functionalized isotherms for both MCM -41 and SBA-15 

 

     The thiol-ene click procedure between the -ene functionalized polymer and the grafted 

thiols are adapted from another report.147 First, 300 mg of the thiol functionalized SBA-

15/MCM-41 is added to a vial with a magnetic stir bar. 5 mol% (relative to the SH content) 

photoinitiator (DMPA) is added along with 10 mL of DCM and the appropriate amount of 
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polymer. The amount of polymer added is determined based on the thiol loading. For all 

thiol-ene experiments, the acid and base content was attempted to be made roughly equal. 

Therefore, the target N loading was made to be at least 0.42 times the thiol loading (see 

thiol oxidation conversion procedure). After all the reagents were added, the vial sonicated 

for 5 minutes then was sealed and sparged with UHP Ar for 25 minutes at a bubble rate of 

2-3 bubbles/second. The vials were then placed inside the UV reactor on a magnetic stir 

plate and irradiated with 365 nm light for 24 h. After the reaction, the samples were 

transferred to centrifuge tubes and washed via centrifuging, decanting, and redispersion in 

DCM. To re-disperse functionalized SBA-15/MCM-41, ultrasonication was performed for 

up-to 5 minutes. This cycle is repeated at a minimum of four times. The solid is then dried 

overnight at 80 °C and 50 mtorr.  
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Figure A.8. N2 physisorption isotherms at 77 K for all SBA-15 polymer samples 
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Figure A.9. N2 physisorption isotherms at 77 K for all MCM-41 polymer samples 
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Table A.3. MW and polymer weight percent for each composite sample 

Entry Sample Support 

Polymer 

Mn
a 

(g/mol) 

Polymer 

wt% 

1 
SBA-15-poly(st-co-NPhth)-

1 
SBA-15 6100 16.4 

2 
SBA-15-poly(st-co-NPhth)-

2 
SBA-15 16000 13.6 

3 
SBA-15-poly(st-co-NPhth)-

3 
SBA-15 45000 13.2 

4 
MCM-41-poly(st-co-

NPhth)-1 
MCM-41 6100 11.9 

5 
MCM-41-poly(st-co-

NPhth)-2 
MCM-41 16000 7.5 

6 
MCM-41-poly(st-co-

NPhth)-3 
MCM-41 45000 6.8 

Table A.4. N2 physisorption data for the functionalized silica samples (normalized per 

g silica and per g material) 

a Determined through N2 physisorption analysis at 77 K. 

 

 

Entry Sample 

BET 

surface 

areaa 

(m2/g) 

Pore 

volumea 

(cm3/g) 

Pore 

sizea 

(Å) 

BET 

surface 

areaa 

(m2/gSiO2) 

Pore 

volumea 

(cm3/gSiO2) 

ä 

(gpore/gtotal) 

1 SBA-15 730 0.93 70 730 0.93  -  

2 SBA-15-SH 610 0.77 67 623 0.84  -  

3 SBA-15-P1 344 0.48 61 424 0.66 0.91 

4 SBA-15-P2 404 0.55 63 481 0.70 0.86 

5 SBA-15-P3 403 0.54 63 479 0.71 0.85 

6 MCM-41 1220 0.82 24 1220 0.82  -  

7 MCM-41-SH 1100 0.64 23 1155 0.68  -  

8 MCM-41-P1 840 0.42 21 1025 0.59 0.83  

9 MCM-41-P2 940 0.55 22 1047 0.65 0.70  

10 MCM-41-P3 950 0.53 22 1050 0.66 0.70  

11 

SBA-15-

SO3H-

PhCH2NH2 

440 0.623 66 483 0.68   
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Figure A.10. Synthesis route for the poly(st-co-NH2)-1-3 copolymer catalysts 

 

 

 

Figure A.11. Kinetic data for the poly(st-co-NH2)-1-3 copolymer catalysts in reaction 

B 

Catalyst Activation Procedures 

     Deprotection of the phthalimide to prepare the Lewis base catalyst is accomplished 

through a similar procedure from another report.150 200 mg of SBA-15/MCM-41-NPhth-
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SH was added to a vial with a magnetic stir bar. 2 mL of EtOH and 5 mL of THF is added 

followed by 0.2 mL of a hydrazine hydrate (N2H4) 50-60% aqueous solution. The mixture 

was allowed to stir for 18 h. Afterwards the reaction mixture is transferred to centrifuge 

tubes and washed via centrifuging, decanting, and redispersion in acetone. To re-disperse 

functionalized SBA-15/MCM-41, ultrasonication was performed for up-to 5 minutes. This 

cycle is repeated at a minimum of four times. The solid is then dried overnight at 80 °C 

and 50 mtorr. 

     The phthalimide deprotection was confirmed by TGA and IR. Disappearance of the 

C=O peak at 1700 cm-1 indicates effective removal of the protection group via hydrazine. 

A reduction in mass loss over the 200-700 °C indicates loss of organic matter, in this case, 

the large phthalimide functional group. 

 

Figure A.12 Phthalimide deprotection via aqueous hydrazine in EtOH and THF 
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Figure A.13. IR spectra of bare SBA-15, poly(styrene-co-NPhth) functionalized SBA-

15, and poly(styrene-co-NH2) functionalized SBA-15 

 

 

 

Figure A.14. TGA curves for SBA-15, SBA-15-SH, SBA-15-NPhth, and SBA-15-NH2 



 142 

 

 

Figure A.15. Thiol oxidation via aqueous hydrogen peroxide in THF 

 

     The sulfonic acid catalysts were produced via oxidation of residual surfaces grafted 

thiols post grafting-to brush formation. A typical thiol oxidation procedure is as follows. 

First, 200 mg of SBA-15/MCM-41-NH2-SH is added to a vial with a magnetic stir bar. 5 

mL of 30 wt% aqueous H2O2 and 5 mL of THF is also added. The mixture is sonicated for 

5 minutes and allowed to stir for 16 h at room temperature. Afterwards the reaction mixture 

is transferred to centrifuge tubes and washed via centrifuging, decanting, and redispersion 

in acetone. To re-disperse functionalized SBA-15/MCM-41, ultrasonication was 

performed for up-to 5 minutes. This cycle is repeated at a minimum of four times. The 

solid is then dried overnight at 80 °C and 50 mtorr. 

     Acid content is determined after drying via back-titration via the following procedure. 

50 mL of saturated solution of sodium chloride is added to 50 mg of the oxidized material 

(SBA-15/MCM-41-B1/2/3) and stirred for 3 hours. Afterwards, the solid is filtered dry and 

the filtrate is collected into an Erlenmeyer flask and a magnetic stir bar is added along with 

several drops of phenolphthalein. This solution is titrated slowly with a 5 mM solution of 

NaOH until the color of the solution changes from clear to deep pink. Using the mass of 
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sample, volume of aq. NaCl solution, and volume of 5 mM aq. NaOH an acid loading is 

calculated. Using the known thiol loading from EA, the oxidation conversion was 

determined from multiple runs to be 35%. This was then used as the method for calculating 

acid content in subsequent samples. 

 

A.4  Control Reactions 

Table A.5. Control experiments for reactions A and B 

Entry Reaction Catalyst 
Time 

(h) 

Conversion 

of 1 or 2 (%) 

1 A none 6 10 

2 B none 6 6 

3 A SBA-15-SO3H 1 99 

4 A SBA-15-SH 1 3 

5 B SBA-15-B1 5 99 

6 B SBA-15-B2 5 77 

7 B SBA-15-B3 5 35 

8 B MCM-41-B1 5 99 

9 B MCM-41-B2 5 9 

10 B MCM-41-B3 5 5 

11 B 
poly(st-co-NH2)-

1 
1 99 

12 B 
poly(st-co-NH2)-

2 
1 91 

13 B 
poly(st-co-NH2)-

3 
1 77 
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Table A.6. Reaction C control experiments as well as cascade conversion data 

Entry Catalyst 
Time 

(h) 

Conversion of 

1 (%) 

Yield of 2 

(%) 

Yield of 

3 (%) 

1 
SBA-15-SH-SO3H-

poly(st-co-NPhth) 
6 99 99 0 

2 
SBA-15-SH-poly(st-

co-NH2) 
6 10 8 2 

3 SBA-15-B1 7 99 1 99 

4 MCM-41-B1 7 99 1 99 

5 
SBA-15-B1 1st 

recycle 
7 98 1 97 

6 
SBA-15-B1 2nd 

recycle 
7 95 5 90 

7 
SBA-15-B1 3rd 

recycle 
7 90 10 80 
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Figure A.16. Synthesis route for SBA-15-SH-poly(st-co-NH2) and SBA-15-SO3H-

poly(st-co-NPhth) 
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Figure A.17. Cascade kinetics profile for reaction C performed with the polymer-free 

SBA-15-SO3H-PhCH2NH2 bifunctional catalyst 

 

 

A.5  Pore Filling Fraction Calculation 

     Calculation of the polymer pore filling fraction for the mesoporous silica composites 

requires N2 physisorption and TGA data for each sample. All values require proper 

normalization per gSiO2 in order to obtain meaningful results.  

ä [unitless]: polymer pore filling fraction 

Pv,SH,SiO2 [cm3/ gSiO2]: Normalized (per gSiO2) pore volume for the thiol functionalized 

support  

Pv,P+SH,SiO2 [cm3/ gSiO2]: Normalized (per gSiO2) pore volume for the thiol + polymer 

óclickedô functionalized support  
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ɟP [g/cm3]:  polymer density (1.05 g/cm3) 

mP,SiO2 [g/ gSiO2]: Normalized (per gSiO2) polymer mass loss from 200-700 °C (from TGA) 

 
  
”ὖὖὺȟὖ ὛὌȟὛὭὕς ὖὺȟὛὌȟὛὭὕς

άὖȟὛὭὕς 
 (A1) 
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APPENDIX B. CHAPTER 3 SUPPORTING INFORMATION  

B.1  Molecular Dynamics Supporting Information 

 

Figure B.1. Binding energy plots obtained from DFT calculations (solid lines) and 

force field calculations (circles) for (a) benzylamine-SiO2, (b) acetone-SiO2 and (c) 

acetonitrile-SiO2 pairs. (d) The pair correlation analysis for silanol-solvent pairs. The 

acetone is highly distributed near the MCM41 pore surface in comparison to MeCN. 
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B.2  Synthesis of Prerequisite Materials 

B.2.1 MCM-41 and MCM-41-SH Synthesis 

     MCM-41 was synthesize in accordance with a previous study.193 Briefly, 1.4 g of CTAB 

(hexadecyltrimethylammonium bromide was added to a round-bottom flask with 610 mL 

of deionized water and stirred until dissolved using a magnetic stir bar. Next, 43 g of 

NH4OH (28% aq.) was added followed by 50 g of TEOS (tetraethylorthosilicate) dropwise. 

After 2 h of vigorous stirring, the mixture was filtered and washed with 2 L DI H2O and 

dried overnight at 80 °C. Next, the material was calcined at 550 °C for 12 h (ramp rate 2 

°C/min up and down).  

 

 

Figure B.2. Scanning and transmission electron microscopy images of the bare MCM-

41 support. 
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     MCM41-SH (0.41 mmol/g) was synthesized via surface grafting using 3-

mercaptopropyltrimethoxysilane. First, 6 g of calcined MCM-41 was dried overnight at 

110 °C. Next, the MCM-41 was added to a round bottom flask with a magnetic stir bar 

followed by 150 mL of anhydrous toluene and 1.33 mL of 3-

mercaptopropyltrimethoxysilane. The mixture was lowered into an oil bath and stirred for 

1 h at room temperature. Next the temperature was adjusted to 80 °C and the flask and its 

contents was allowed to ramp to 80 °C and stir for 18 h. Afterwards, the mixture was cooled 

and filtered and rinsed with 300 mL of toluene followed by 3 x cycles of 

centrifugation/decanting/redispersion in toluene then dried under vacuum at 80 °C. 

B.2.2 Small Molecule Synthesis Data 

     NPhth (2-(4-vinylbenzyl)isoindoline-1,3-dione) was synthesized also the same as a 

previous report.193 The 1H and 13C NMR peaks were matched and are listed: 1H NMR (700 

MHz, CDCl3): 7.84 (m, 2H), 7.71 (m, 2H), 7.37 (m, 4H), 6.67 (dd, 1H), 5.71 (d, 1H), 5.22 

(d, 1H), 4.83 (s, 2H). 13C NMR (700 MHz, CDCl3): 168.1, 137.3, 136.4, 135.8, 134.0, 

132.2, 128.9, 126.5, 123.4, 114.1, 41.5 

     Hex-5-en-1-yl 2-bromo-2-methylpropanoate (5-eneBMP) was also synthesized using 

the previous report.193 This compound is kept flushed with Ar gas and stored in a dark 

freezer due to inherent instability. The 1H and 13C NMR peaks were matched and are listed:  

1H NMR (700 MHz, CDCl3): 5.84 (m, 1H), 5.03 (dd, 2H), 4.21 (t, 2H), 2.13 (q, 2H), 1.96 

(s, 6H), 1.74 (m, 2H), 1.54 (m, 2 H). 13C NMR (700 MHz, CDCl3): 172.0, 138.5, 115.0, 

66.1, 56.3, 33.3, 30.8, 27.8, 25.1 
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B.2.3 Styrene and NPhth Copolymer Synthesis Data 

Copolymerization of styrene and NPhth via conventional ATRP. 

 

Figure B.3. Conventional atom transfer radical polymerization using styrene and 

NPhth monomers with the 5-eneBMP initiator. 

 

 

 

 

Copolymerization of styrene and NPhth via SARA-ATRP. 

 

Figure B.4. Supplemental activator and reducing agent atom transfer radical 

polymerization using styrene and NPhth monomers with the 5-eneBMP initiator. 
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     The poly(st-co-NPhth)-10:90-16000 structure was synthesized via SARA-ATRP in 

accordance with a previous study.193  

[st]:[NPhth]: [5-eneBMP]:[Cu(II)Br2]:[Cu(0)]:[PMDETA] = 225:25:1:0.1:0.25:0.7 

A volume ratio of toluene to styrene of 1:1 was used for this polymerization. 

     The random copolymerization synthesis procedure via SARA-ATRP is as follows. First 

styrene was filtered through three separate plugs of basic alumina to remove the free radical 

inhibitor. Next, NPhth, styrene, CuBr2, Cu powder, toluene, and 5-eneBMP were added to 

a 40 mL vial equipped with a septum (and magnetic stir bar along) along with dodecane as 

an internal standard. The solution was sparged with Ar for 20 mins. PMDETA was next 

injected into the solution and the mixture was allowed to react for 20 h at 90 °C. The 

polymerization was quenched by exposing the solution to air and cooling. Afterwards, most 

of the toluene and styrene were removed by rotary evaporation followed by precipitation 

in a 10-fold excess of MeOH. Filtration and drying at 80 °C were next performed. 
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Figure B.5. ATRP kinetics for the polymerization of NPhth and styrene at 100 °C and 

30:70 monomer molar composition (NPhth:styrene). Frame A: both monomer 

conversion with time. Frame B: GPC traces at timepoints from 1 ï 7 h of 

polymerization. Frame C: first -order kinetics plot. Frame D: Mn (GPC) vs monomer 

conversion (NMR) with ņ on the right-hand axis. 

 

 

Figure B.6. GPC traces for the polymers used in the preparation of the hybrid 

catalysts. Frame A are the 10:90 and frame B are the 30:70 polymers. 
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B.3  Supporting Material Synthesis and Activation Data 

 

Figure B.7. Isotherms for the bare MCM-41 support and all functionalized samples 

used in this work. Obtained from N2 physisorption at 77 K. 
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Table B.1. SiO2 normalized textural properties 

Entry Sample 
BET surface area 

(m2/gSiO2) 

Pore volume 

(cm3/gSiO2) 

Pore 

diameter 

(nm) 

1 MCM-41 1215 0.82 2.8 

2 MCM-41-SH 1097 0.66 2.5 

3 MCM41-SH-NPhth 1008 0.51 2.5 

4 
MCM41-poly(st-co-

NPhth)-10:90-1400 
749 0.38 2.0 

5 
MCM41-poly(st-co-

NPhth)-10:90-6100 
903 0.50 2.2 

6 
MCM41-poly(st-co-

NPhth)-10:90-16000 
1093 0.68 2.6 

7 
MCM41-poly(st-co-

NPhth)-30:70-1600 
831 0.47 2.1 

8 
MCM41-poly(st-co-

NPhth)-30:70-6500 
1043 0.58 2.5 

Determined via physisorption of N2 at 77 K followed by using the residual mass from TGA 

to normalize per gSiO2 

 

 

Catalyst activation 

     The deprotection reaction to activate the hybrid catalysts was accomplished through a 

50-60% aqueous solution of hydrazine hydrate.150 First, 200 mg of the phthalimide 

protected system was added to a vial with 5 mL THF and 2 mL EtOH and magnetic stir 

bar. Next, 0.300 mL of NH2NH2 ï H2O was added and the mixture was allowed to stir for 

18 h. Washing was again accomplished though 3 cycles each of 

centrifugation/decanting/redispersion in acetone and DCM. Finally, the active hybrid 

catalysts were dried under vacuum at 80 °C overnight. 
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Figure B.8. TGA curves showing reduction in mass loss from 300 ï 700 °C for the 

NPhth and NH2 hybrid structures. Frame A: 10:90-1400, B: 10:90-6100, C: 10:90-

16000, D: 30:70-1600, E: 30:70-6500, and F: polymer-free 
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Figure B.9. TGA curves showing increase in mass loss for the HMDS silanol-capped 

material. 
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Figure B.10. Synthesis route to prepare the HMDS passivated material. 
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     The synthesis of the hexamethyldisilazane (HMDS) passivated structure (MCM41-SH-

poly(st-co-NH2)-10:90-6100-HMDS) is as follows. The MCM41-SH-poly(st-co-NH2)-

10:90-6100 hybrid structure (150 mg) was added to a round bottom flask equipped with a 

magnetic stir bar along with 2 mL of anhydrous toluene. Next, 1 mL of HMDS was added 

dropwise under Ar. The flask was added to an oil bath at 80 °C and stirred vigorously for 

18 h. Afterwards, the HMDS-passivated material was washed via 3 cycles each of 

centrifugation/decanting/redispersion in acetone and DCM and then were dried at 80 °C. 

 

 

 

 

 

Table B.2. Physical and chemical data for the HMDS passivated material 

Sample 
[NPhth:st

] 

Polymer M
n
 

(g/mol)
a
 

N 

(mmol/g)
b
 

Mass loss 

(%)
c
 

MCM41-poly(st-co-NPhth)-

10:90-6100-HMDS 
10:90 6100 0.15 15.1 

Sample 
BET surface area 

(m
2
/g) 

Pore volume 

(cm
3
/g) 

Pore diameter 

(nm) 

MCM41-poly(st-co-NPhth)-

10:90-6100-HMDS 
230 - - 

a Determined from gel permeation chromatography using and refractive index detector and 

narrow poly(styrene) for reference. b Determined from combustion elemental analysis. c 

Determined from thermogravimetric analysis from 300 ï 700 °C.  
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Figure B.11. Full absorbance FTIR spectra for the materials analyzed in the full text. 

 

 

 

 

 

Figure B.12. The aldol condensation reaction between 4-nitrobenzaldehyde and 

acetone investigated in this study. 
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Kinetic data, in total 

 

Figure B.13. Kinetic profiles for all studied MCM41 hybrid materials.  Conversion of 

4-NB is determined from 1H NMR using 1,4-dimethoxybenzene as an internal 

standard. 
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Figure B.14. Acid-base aldol condensation mechanism illustrated using MCM41-SH-

NH2 as the catalyst 
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B.4  Supporting Kinetic Data 

Table B.3. Tabulated kinetic data for the hybrid catalysts 

Catalyst Composition 
Molecular Weight 

(g/mol) 

Initial Rate 

(mM/h) 

TOF (10
-4 

s
-1
) 

MCM41-SH - - 0.0 0.0 

MCM41-poly(st-co-

NPhth)-10:90-6100 
10:90 6100 0.0 0.0 

MCM41-poly(st-co-NH
2
)-

10:90-1400 
10:90 1400 22.5 12.5 

MCM41-poly(st-co-NH
2
)-

10:90-6100 
10:90 6100 19.2 10.7 

MCM41-poly(st-co-NH
2
)-

10:90-16000 
10:90 16000 6.0 3.4 

MCM41-poly(st-co-NH
2
)-

30:70-1600 
30:70 1600 22.3 12.4 

MCM41-poly(st-co-NH
2
)-

30:70-6500 
30:70 6500 18.1 10.0 

MCM41-SH-NH
2
 - 0 17.7 9.9 

Arrhenius Analysis 

 

Figure B.15. Natural logarithm of the TOF at 50, 60, and 70 °C for the MCM41-SH-

poly(st-co-NH2)-10:90-1400 hybrid catalyst  
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APPENDIX C. CHAPTER 4 SUPPORTING INFORMATION  

C.1  Synthesis of Prerequisite Materials 

C.1.1 TMPMA Oxidation to TEMPOMA 

     Synthesis of TEMPOMA: 2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl methacrylate 

(TEMPOMA) was synthesized via the following procedure. To a 20 mL vial equipped with 

a stir bar, 450 mg of 2,2,6,6-tetramethyl-4-piperidyl methacrylate (TMPMA) was added 

along with 8 mL of MeOH. Afterwards, 66 mg of sodium tungstate dihydrate and 0.5 mL 

of a 50 wt% H2O2 (aq) solution was added. This solution was stirred for 24 h at 60 °C. 

Next, the solution was filtered to remove the catalyst and concentrated under reduced 

pressure and dried. The resulting dark orange solid was stored under Ar and in the freezer 

when not in use. HRMS in agreement with a previous report.243 Calculated for 

(C13H22NO3+H+) 241.168; found HRMS (ESI) 241.1673. 

 

Figure C.1. TEMPOMA synthesis from commercially available TMPMA using 

Na2WO4-2H2O and hydrogen peroxide (50 wt%) in MeOH . 

 

 



 164 

C.2  Supplemental Characterization Data 

 

Figure C.2. TGA mass loss curves from 100-700 °C for the bare and thiol 

functionalized samples. 

Table C.1. Raw TGA data for the functionalized MCM41 samples 

Entry Samples Mass loss (%) Residual mass (%) 

1 MCM41 8.8 89.7 

2 MCM41-DMeAPS-CTAB 43.5 55.4 

3 
MCM41-DMeAPS-CTAB-

SH 
41.9 57.8 

4 MCM41-DMeAPS-SH 16.4 82.9 

5 
MCM41-DMeAPS-SH-

TEMPO 
17.7 81.3 

6 MCM41-DMeAPS 13.5 85.4 

7 MCM41-APS 17.2 82.4 

8 MCM41-CTAB 42.9 55.4 

9 MCM41-CTAB-SH 40.2 59.6 

10 MCM41-SH 16.5 82.8 

11 MCM41-SH-TEMPO 17.9 80.6 

Mass loss values determined from 150-700 °C, residual mass values determined at 700 

°C 
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Figure C.3. Full FTIR spectral data of the studied materials 

 

 

Figure C.4. Nitrogen physisorption isotherms at 77 K for the bare and thiol 

functionalized materials 
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Table C.2. BET surface areas and pore volumes normalized per gtotal and per gSiO2 

Entry Sample 
BET surface 

area (m
2
/g) 

Pore volume 

(cm
3
/g) 

BET surface area 

(m
2
/g
SiO2
) 

Pore volume 

(cm
3
/g
SiO2
) 

1 MCM41 1025 0.74 1143 0.83 

2 
MCM41-DMeAPS-

CTAB 
19.5 0.04 35 0.08 

3 
MCM41-DMeAPS-

CTAB-SH 
18 0.05 31 0.08 

4 
MCM41-DMeAPS-

SH 
765 0.40 923 0.48 

5 
MCM41-DMeAPS-

SH-TEMPO 
854 0.54 1050 0.66 

6 MCM41-DMeAPS 510 0.44 598 0.52 

7 MCM41-APS 865 0.46 1049 0.55 

8 MCM41-CTAB 14 0.05 25 0.08 

9 MCM41-CTAB-SH 21 0.05 36 0.08 

10 MCM41-SH 479 0.29 579 0.35 

11 
MCM41-SH-

TEMPO 
470 0.28 583 0.35 

Determined via physisorption of N2 at 77 K 
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Table C.3. Raw elemental analysis data in weight percent for all studied materials 

Entry Sample 
C content 

(wt %) 

H content 

(wt %) 

N content 

(wt %) 

S content 

(wt %) 

1 MCM41 4.47 1.52 0.24 - 

2 
MCM41-DMeAPS-

CTAB 
31.85 6.65 2.25 - 

3 
MCM41-DMeAPS-

CTAB-SH 
29.25 6.15 2.07 1.53 

4 
MCM41-DMeAPS-

SH 
9.52 2.75 0.87 2.08 

5 
MCM41-DMeAPS-

SH-TEMPO 
13.71 3.25 1.01 1.79 

6 MCM41-DMeAPS 7.16 3.81 0.91 - 

7 MCM41-APS 4.43 1.67 0.92 - 

8 MCM41-CTAB 31.86 6.64 1.81 - 

9 MCM41-CTAB-SH 28.11 5.68 1.54 3.16 

10 MCM41-SH 9.02 2.42 0.14 4.09 

11 MCM41-SH-TEMPO 11.63 2.70 0.20 3.72 

Determined via combustion elemental analysis 

Table C.4. Elemental analysis data for all studied materials in mmol per gtotal and per 

gSiO2 

Entry Sample 
N content 

(mmol/g) 

S content 

(mmol/g) 

N content 

(mmol/g
SiO2
) 

S content 

(mmol/g
SiO2
) 

1 MCM41 0.17 - 0.19 - 

2 
MCM41-DMeAPS-

CTAB 
1.61 - 2.90 - 

3 
MCM41-DMeAPS-

CTAB-SH 
1.48 0.05 2.56 0.08 

4 
MCM41-DMeAPS-

SH 
0.62 0.06 0.75 0.08 

5 
MCM41-DMeAPS-

SH-TEMPO 
0.72 0.06 0.89 0.07 

6 MCM41-DMeAPS 0.65 - 0.76 - 

7 MCM41-APS 0.66 - 0.80 - 

8 MCM41-CTAB 1.29 - 2.33 - 

9 MCM41-CTAB-SH 1.10 0.10 1.85 0.17 

10 MCM41-SH 0.10 0.13 0.12 0.15 

11 MCM41-SH-TEMPO 0.14 0.12 0.18 0.14 

Determined via combustion elemental analysis 
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Table C.5. Loading for amine and TEMPO sites on all catalysts 

Entry Sample 
Amine 

(mmol/g)a 

TEMPO 

(mmol/g)b 

1 

MCM41-

DMeAPS-SH-

TEMPO 

0.45 0.11 

2 
MCM41-SH-

TEMPO 
- 0.14 

3 
MCM41-

DMeAPS 
0.49 - 

4 MCM41-APS 0.50 - 

a Determined via the difference in normalized N content (mmol) per gSiO2 for MCM41-

DMeAPS and MCM41-APS and the bare MCM41 support. Amine content for MCM41-

DMeAPS-SH-TEMPO was calculated from MCM41-DMeAPS-SH using the residual 

mass.  b TEMPO content for MCM41-SH-TEMPO was determined via N content. TEMPO 

content in MCM41-DMeAPS-SH-TEMPO was determined via the difference in 

normalized N content (mmol) per gSiO2 between MCM41-DMeAPS-SH and MCM41-

DMeAPS-SH-TEMPO 
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Figure C.5. SEM images of MCM41-DMeAPS-CTAB (frame A), MCM41-DMeAPS-

CTAB-SH (frame B), MCM41-DMeAPS-SH (frame C), and MCM41-DMeAPS-SH-

TEMPO (frame D). 
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C.3  Supplemental K inetic Data 

 

Figure C.6. TEMPO catalyzed oxidation kinetics for the TEMPO functionalized and 

bare MCM41 materials 
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Figure C.7. Kinetics for the Knoevenagel condensation - Michael addition sequence 

D using MCM41-APS. Frame A data represents method 1. Frame B corresponds to 

sequential addition of lawsone (method 2) with the dashed line indicating when 

lawsone is added to the reaction (t = 2 h). Timepoints are monitored with 1H-NMR 

spectroscopy using DMSO-d6 and dodecane as an internal standard. 
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Figure C.8. Kinetics for the Knoevenagel condensation - Michael addition sequence 

D using bare MCM41. Frame A data represents method 1. Frame B corresponds to 

sequential addition of lawsone (method 2) with the dashed line indicating when 

lawsone is added to the reaction (t = 2 h). Timepoints are monitored with 1H-NMR 

spectroscopy using DMSO-d6 and dodecane as an internal standard. 
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Figure C.9. Kinetics for the Knoevenagel condensation - Michael addition sequence 

D using MCM41-DMeAPS-SH-TEMPO. Frame A data represents method 1. Frame 

B corresponds to sequential addition of lawsone (method 2) with the dashed line 

indicating when lawsone is added to the reaction (t = 2 h). Timepoints are monitored 

with 1H-NMR spectroscopy using DMSO-d6 and dodecane as an internal standard. 
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Figure C.10. Kinetics for the consumption of benzaldehyde during reaction sequence 

D with method 1 and 2. All-together addition (method 1) where lawsone and 

malononitrile are premixed with the catalyst prior to benzaldehyde addition. 

Sequential addition (method 2) where malononitrile is premixed with the catalyst and 

lawsone is added at t = 2 h. Timepoints are monitored with 1H-NMR spectroscopy 

using DMSO-d6 and dodecane as an internal standard. 

 

 

Table C.6. Turnover frequencies for the amine catalysts using method 1 and 2 

  
MCM41-

DMeAPS 

MCM41-

APS 

MCM41-DMeAPS-SH-

TEMPO 

Method 1 TOF
0
 (10

-4
 s
-1
) 15 7 - 

Method 2 TOF
0
 (10

-4
 s
-1
) 143 87 112.5 

Method 1 Initial Rate (mM/h) 54 26 - 

Method 2 Initial Rate (mM/h) 515 314 405 

TOF0 and initial rate values were calculated 0.25 h after the addition of benzaldehyde 
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Figure C.11. Photograph of the fresh MCM41-DMeAPS-SH-TEMPO (left) and spent 

MCM41-DMeAPS-SH-TEMPO (right) (from sequence D) 

 

 






