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ABSTRACT 

Carboxylic esters are important precursor molecules in many industries such as 

pharmaceuticals, polymers, food additives, and fine chemical synthesis. Tandem catalysis can be 

used to increase yields and selectivity for these important chemicals while also creating a greener 

reaction environment than is currently used to synthesize these molecules. Using mesoporous 

materials, mesoporous silica nanoparticles, specifically, as supports and compartmentalization 

tools in tandem catalysis can increase recyclability and durability, making an even more efficient 

and green catalytic system. MSN makes an ideal support for tandem catalysis because of its high 

surface area, tunable pore sizes, and chemical and thermal stability. Herein, mesoporous silica 

nanoparticles are used as supports in tandem catalytic systems, leading to the first MSN 

supported tandem catalyst to combine enzymes and inorganic catalysts together in the same 

system.  

 With the large pore size of MSN, more than one catalyst can be loaded into the pores and 

onto the support surface, utilizing the unique surface within the pores. A wet impregnation 

method has been used to load palladium and gold nanoparticles onto MSN for the direct 

oxidative esterification of allyl alcohol. The tandem catalyst was then coated with a 

polydopamine polymer coating to prevent leaching of the metal nanoparticles while 

simultaneously increasing recyclability of the catalyst.  A co-condensation method was used to 

functionalize MSN with evenly distributed functional groups while maintaining the ordered pore 

morphology by altering the pre-hydrolysis time as well as the hydrothermal treatment 

temperature. Amine functionalized MSN has shown to be an effective chemical handle for 

attaching biomolecules that retain activity and are able to be recycled multiple times. These two 
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studies were then combined to create the first tandem catalyst supported on MSN that combined 

enzymes and inorganic catalysts in a one-pot system. This catalyst retained activity over multiple 

cycles for the direct oxidative esterification of ally alcohol in mild reaction conditions. Both 

fundamental and applied aspects of tandem catalytic systems using MSN supports were explored 

to gain insight into how they can be applied into small- and large-scale reactions.  
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CHAPTER 1 

TANDEM CATALYTIC SYSTEMS INTEGRATING BIO- AND INORGANIC CATALYSTS 

USING FUNCTIONALIZED POROUS MATERIALS 

Reprinted with permission from Metzger, K. E.; Moyer, M. M.; Trewyn, B. G., Tandem 

Catalytic Systems Integrating Biocatalysts and Inorganic Catalysts Using Functionalized Porous 

Materials. ACS Catal. 2021, 11, 110-122. https://dx.doi.org/10.1021/acscatal.0c04488 Copyright 

2020 American Chemical Society.   

Kara E. Metzgera, Megan M. Moyerb, Brian G. Trewyna  

1.1 Abstract 

Tandem catalysis research has recently come alive with various methods to design 

biosynthetic pathways utilizing enzymes and inorganic catalysts in single pot systems. Clever 

applications of porous supports have brought about ways for the successful integration of 

incompatible enzymes and inorganic catalysts into these one-pot systems to enhance the 

combined catalysts properties. Over the past several years research in this area has shown that 

supports can be used to stabilize catalysts as well as act as active components within the systems. 

In this perspective, we present and discuss current reports that demonstrate successful 

combinations of enzymes and inorganic catalysts supported on porous supports for tandem 

reactions and challenges yet to overcome. 

_____________________________________________________________________________________ 

aDepartment of Chemistry, Colorado School of Mines, Golden, Colorado 80401, United States 
bDepartment of Chemistry, The Citadel, Charleston, South Carolina, 29409, United States 

 

https://dx.doi.org/10.1021/acscatal.0c04488
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1.2 Introduction  

Catalysts have long been a key part of scientistsô toolbox in designing efficient syntheses 

and reactions. Implementing catalysts into simple and complex chemical reactions has had an 

enormous impact, leading to faster, more efficient systems, more selective reactions and has 

remarkably influenced countless commercial industries. But even with shorter reaction times and 

higher yields, post-synthetic workup of each step requires time and energy and, in many cases, 

produces substantial waste. The ability to combine multiple catalysts into a single pot for 

stepwise, sequential transformations was a breakthrough discovery that continues to drive 

chemists and researchers to this day.1-6 While there are several types of one-pot reaction 

mechanisms,7-9 including domino and cascade reactions,10-13 this perspective will focus on 

coupled catalytic reactions of tandem catalysis. Here, tandem catalysis is defined as a catalytic 

process that combines two or more catalysts in a one-pot system that are then used in succession 

to create a target product with minimal workup and byproducts or change in conditions.14 

Tandem processes have been a topic in synthetic chemistry for many years because of their 

ability to limit synthetic waste while maintaining simplicity in the overall workup.14-16 The 

inspiration of this field initially came from nature where multiple enzymes were linked together 

for coupled reactions in cells; recall the citric acid cycle from your biochemistry course.17 

Multienzymatic systems within cells are able to maintain structural organization while remaining 

extremely efficient and highly selective.18,19 These continuous reactions inspired chemists to 

create coupled reactions in an artificial manner to make synthetic chemistry more sustainable and 

gain access to a new set of reactions not previously possible. 

Previous reviews have been written on the topic of one-pot tandem catalysis.19-22 The 

wide range of topics covered in this field speak to how dynamic this research has become. 
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Tandem catalysis remains a powerful approach to address challenging reactions that the 

chemistry community are targeting today. However, one topic that has not garnered much 

attention from review authors, but we have started to see in the primary literature is that of 

combining enzymes and inorganic catalysts into a single tandem system. While research in this 

area has been covered briefly in previously written reviews and perspectives,2,15,23 this 

perspective will take a deeper look into the research leading up to this topic, as well as the 

research done in the field thus far.  

Many advantages have been observed and reported with both inorganic and enzymatic 

tandem systems. Both systems, individually, offer insight into the unique capabilities that tandem 

catalysis can offer. However, each system has drawbacks that cannot be overcome by their own 

components alone. Homogeneous systems have very poor recyclability, difficult separation, and 

often deactivate at high temperatures. Heterogeneous systems are typically more durable than 

homogeneous and allow for easy recyclability and reusability.2,24 These systems can also be 

tailored more easily to function at higher temperatures. Even with the robustness and durability 

reported in heterogeneous inorganic tandem systems, obstacles are still present that need to be 

overcome for the full capability of each system to be realized. These drawbacks include 

properties like low activity and harsh reaction conditions that some of these reactions require for 

full catalyst utilization, leading to processes that are not considered to be environmentally 

friendly. Inorganic tandem systems are frequently designed to be enzymatic mimics but imitating 

the high activity and selectivity that enzymes possess and recreating them with inorganic 

catalysts continues to stimulate the catalysis community. The synthetic challenges and struggles 

of maintaining active species under reaction conditions are just one avenue of active research in 

enzyme mimicking systems. However, enzymatic systems are not always ideal because of the 
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narrow window of reaction conditions (i.e. temperature, pH, and solvent) that they require to 

maintain optimized activity.25-27 In combining inorganic catalysts and enzymes together in a 

single system, the benefits of each catalyst can be capitalized, and the proceeding reactions can 

be controlled with help of a support.28-30 The selectivity and activity of enzymes can be 

combined with the robustness and reusability of the inorganic catalysts for a fine-tuned system 

with many industrial and pharmaceutical applications.  

Within this perspective we will further explore porous materials that have been used in 

multi-step one-pot systems. Briefly, we will investigate the types of supports that have been used 

in tandem catalysis with successful examples of combining enzymes and inorganic catalysts with 

porous supports examined in detail. Incorporating porous materials into tandem catalysis as 

compartmentalization tools and supports for incompatible catalysts could be the key to 

sustainability and stability; this advancement will also be explored in this perspective. Finally, 

we will explore recent advances in this field by looking further into utilizing porous supports as 

active components in tandem catalysis.  

1.3 Porous materials in tandem catalysis  

In early examples of combining two different types of catalysts without a functional 

support, there was no protection or stabilization of the catalysts so after one cycle the catalysts, 

especially the enzymes, would deactivate. Because of this, the initial stages of research in 

tandem catalysis did not demonstrate enzyme recyclability.31,32 Researchers in tandem catalysis 

realized that compartmentalization was one approach to circumvent the challenges faced with 

combining multiple incompatible catalysts into a one-pot system. Compartmentalizing the 

catalysts in these systems involves attaching the catalysts into or onto the support material to 

spatially isolate opposing reactants and catalysts.33 Compartmentalization can decrease side 
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reactions that lead to undesired byproducts, inhomogeneity, and catalyst deactivation that is often 

experienced when incompatible catalysts are in close proximity. Some compartmentalization 

methods can even shield catalysts from harsh or counteracting environmental conditions that 

could manipulate or inhibit the catalysts activity. Incorporating mesoporous silica nanomaterials 

(MSN), metal organic frameworks (MOFs), and other materials as inert supports that do not 

directly participate in catalytic reactions led to catalysts that have better stability and slower rates 

of degradation. Porous supports have thus been studied with tandem catalysis to circumvent this 

challenge of incompatible catalytic conditions.  

While porous materials lend themselves to catalyst compartmentalization, there are many 

challenges to overcome to compose a seamless tandem system with traditionally incompatible 

catalysts.34,35 Designing the catalytic scaffold must be done precisely to ensure that the reactants 

come in contact with the specific active sites in the correct timeframe and conformation. Without 

this precise manipulation, the desired selectivity of the system can be completely lost. As 

challenging of a task as it may seem, scientists have successfully incorporated these incompatible 

catalysts by manipulating and designing specific porous supports.  

Over the last several years the attention of the tandem catalysis community has shifted to 

two porous materials: metal organic frameworks (MOFs) and mesoporous silica nanoparticles 

(MSN). Each of these porous materials contain unique features for one-pot catalysis while 

offering tunable pore sizes and well-defined surface properties for functionalization and 

incorporation into tandem systems.  

1.3.1 Mesoporous silica nanoparticles (MSN)  

Silica has been a desirable support in many applications because of its non-toxic and 

well-defined properties.36,37 The highly ordered pores associated with mesoporous materials and 
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thoroughly researched properties make it uncomplicated to manipulate for many catalytic 

systems. Mesoporous silica has been incorporated in these systems and widely used for several 

applications over the years including drug delivery/controlled release, catalysis, and 

separations.11,38-42 This material has gained a lot of recognition over the past decade for its ability 

to combine incompatible catalysts into one pot systems and still maintain high reaction yields. 

The unique pore structures in MSN allow for multiple different catalysts to be attached with 

limited negative interference. The surface, including pore interior, of the MSN is also easily 

functionalized for control over hydrophobicity and further attachment of catalysts. Reviews and 

articles have been written on the different syntheses of mesoporous silica and the unique 

properties of each, and because of the in-depth coverage of these properties we will only briefly 

cover them here.43-46 Different pore structures are produced based on the synthesis protocols and 

surfactant that is utilized to template the pores, each offering specialized pathways for the 

reactants to interact with the scaffolding and access active sites. One of the most common pore 

structures of MSN are hexagonal pores. Hexagonal pore structures have been demonstrated to 

partially shield and to support catalysts in several studies of tandem catalysis.11,38,40,41 The 

diameters of these highly ordered pore structures can be tuned in situ and via post-synthesis 

thermal conditioning resulting in facile and size selective catalyst loading into the mesopores. 

Because of the ability to expand the pore size in this structure without collapsing the pore 

walls,44 reactants are able to diffuse through the pores and interact with the active sites. There are 

several types of mesoporous silica nanoparticles, some with interconnecting channels and some 

without, which can have an impact on the interactions of reactants with the catalysts. The most 

commonly utilized MSN is MCM-41, a material containing hexagonally-ordered pores first 

developed by researchers at the Mobil Co. (Figure 1.1).47,48 SBA-15 also contains hexagonal 
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pores but because nonionic Pluronic surfactants are used to template pores, micropores form 

interconnecting the mesopores.49,50 These interconnecting pores can be beneficial because they 

can allow small reactants to gain further access to the catalysts that have been immobilized 

inside the larger pores, but in some cases with pore expansion they can also lead to pore collapse 

as the walls become less rigid and thinner. In recent years, mesoporous silica with radial pores 

has gained popularity because of the many ways to incorporate catalysts into and onto these 

supports.12 Inspired by the study done by Zhang et al.,51 Wu and coworkers in 2018 

demonstrated the usefulness of these radial pores by combining the enzyme lipase with 

palladium nanoparticles via MSN for the synthesis of benzyl hexanoate (Figure 1.2).52,53 Using 

MSN with radial pores allowed the metal nanoparticles and enzymes to be loaded into the pores 

and be immobilized onto the surface, respectively. This helped to avoid catalyst deactivation and 

increased selectivity of the multistep reaction. By housing each of the catalysts in different 

locations on the support, the order that the reactants came in contact with the catalysts could be 

controlled, leading to a more selective reaction. They also demonstrated that tuning the 

hydrophobicity of the pore environment through surface alkylation affected the catalytic 

properties and was another benefit of compartmentalization. The desired reaction will have a 

large impact in which silica nanoparticles are chosen to immobilize and encapsulate the catalysts. 

Herein, we will examine examples over recent years of combining multiple catalysts into porous 

materials and the insights gained in the field. 
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Figure 1.1 Formation of MSN with a honeycomb structure. MSN is developed using amphiphilic 

molecules that direct the structural formation that will then be removed to create an ordered, 

porous structure. Adapted from Hoffmann, F.; Cornelius, M.; Morell, J.; Froba, M., Silica-based 

mesoporous organic-inorganic hybrid materials. Angew. Chem. Int. Ed. Engl. 2006, 45 (20), 

3216-51. https://doi.org/10.1002/anie.200503075. Copyright (2006). With permission John 

Wiley & Sons, Inc. by Copyright Clearance Center Inc. 

 

 

Figure 1.2 Radial pore structure in mesoporous silica nanoparticles with small, regular, and 

expanded pores. Adapted from Du, X.; Qiao, S. Z., Dendritic silica particles with center-radial 

pore channels: promising platforms for catalysis and biomedical applications. Small 2015, 11 (4), 

392-413. https://doi.org/10.1002/smll.201401201. Copyright (2015). With permission John 

Wiley & Sons, Inc. by Copyright Clearance Center Inc. 

 

Several studies have demonstrated the capacity of MSN to combine catalysts in a tandem 

system, but the majority of these studies incorporated two inorganic catalysts.34,54,55 In 2016, a 

tandem system was created using MSN, uricase, and platinum nanoparticles (PtNPs) for the 

degradation of uric acid with the simultaneous degradation of H2O2 into H2O and O2 by the 

PtNPs (Figure 1.3).56 The uricase enzyme was adsorbed into the pores of the MSN while the 

PtNPs were grown in situ. A silica layer then surrounded the loaded MSN to act as a protective 

layer around the catalysts. The silica coated catalyst demonstrated higher activity than the 
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uncoated catalyst at various pH, higher temperature, and protease degradation. When observing 

the degradation kinetics of uric acid, the coated catalyst initially displayed lower activity than 

that of the uncoated catalyst. Over time, however, the coated catalyst was able to maintain 

catalyst activity while the other enzymes degraded. This may be the case with many of these 

systems that combine inorganic and biocatalysts in tandem systems. While some activity may be 

sacrificed in the initial cycles in this system than with the individual catalysts, the ability to use 

this catalyst long term may outweigh the negatives and lower activity.  

 

 

Figure 1.3 Fabrication of the artificial metalloenzyme containing platinum nanoparticles (PtNPs) 

and uricase, and the recycling of O2 produced by PtNPs for facilitating uric acid degradation. 

Reprinted from Liu, X.; Zhang, Z.; Zhang, Y.; Guan, Y.; Liu, Z.; Ren, J.; Qu, X., Artificial 

Metalloenzyme-Based Enzyme Replacement Therapy for the Treatment of Hyperuricemia. 

Advanced Functional Materials 2016, 26 (43), 7921-7928. 

https://doi.org/10.1002/adfm.201602932. Copyright (2016). With permission John Wiley & 

Sons, Inc. by Copyright Clearance Center Inc. 

 

1.3.2 Metal organic frameworks (MOFs) 

Metal organic frameworks (MOFs) are a subclass of coordination polymers that consist 

of metal ions coordinated to organic ligands to form two- and three- dimensional structures.57 

MOFs contain tunable pores that maintain the ability to be functionalized after synthesis, making 
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them good supports for compartmentalizing catalysts for competing reactions. These porous 

materials have been used in several applications from drug delivery to gas separations to 

catalysis; each application typically requires a separate design and structure, both tuned by many 

different options available in metal nodes and ligands.58-63 MOF-5 was one of the first MOFs to 

be synthesized with a porous, crystalline structure, and high porosity, alongside MOF-177.64,65 

MOF-74 and HKUST-1 have desirable porous structures and potential catalytic activity because 

of their open-metal sites (Figure 1.4).66-68 Pore size can be manipulated by ligand identity, 

catalytic sites can be incorporated via metal nodes, and multiple active sites can be combined 

into a single system. MOFs also maintain functionalization at the organic ligands, which can 

offer stability for enzymes via covalent chemical bonds that are incorporated into these 

crystalline structures.69 These many advancements in MOFs allow them to be ideal supports for 

tandem catalysis.  

 

 

Figure 1.4 Crystal structure of HKUST-1 metal organic framework. Reprinted with permission 

from Prestipino, C.; Regli, L.; Vitillo, J. G.; Bonino, F.; Damin, A.; Lamberti, C.; Zecchina, A.; 

Solari, P. L.; Kongshaug, K. O.; Bordiga, S. Local Structure of Framework Cu(II) in HKUST-1 

Metallorganic Framework: Spectroscopic Characterization upon Activation and Interaction with 

Adsorbates. Chem. Mater. 2006, 18, 1337ī1346. Copyright 2006 American Chemical Society. 
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There are many examples of MOFs being used for tandem catalysis in the literature, with 

the majority of examples being sequential inorganic catalysts.70-75 However, we will focus our 

attention on the few examples that demonstrate successful inclusion of enzymes and inorganic 

catalysts into MOF systems for tandem catalysis. Preliminary research done by Chen et al. 

demonstrated that MOFs possess the ability to prevent enzyme leaching and deactivation through 

specific interactions between the organic components of the framework and the enzyme (in this 

study ˊ-ˊ interaction), offering insight and motivation into further incorporation of enzymes into 

MOF systems, and further advancements in utilizing the MOFs as active participants in these 

catalytic designs.28 Recent research by Farha and coworkers have made advancements in 

understanding and further manipulating MOFs for the incorporation of enzymes.76 The 

incorporation of enzymes into any catalytic system must be carefully designed because of the 

delicate nature of enzymes, but the support must also allow for access to the enzyme active 

sites.77 The MOF in this study is a zirconium-based MOF with tetracarboxylic acid linkers 

designed with a hierarchical pore structure with ñlarge hexagonal and small triangular channels 

interconnected through open windowsò, which allow for easy access to the enzyme (lactate 

dehydrogenase) active sites (Figure 1.5). In doing this, they were also able to successfully 

achieve a simultaneous cofactor regeneration. Cofactor regeneration, such as NAD+ and metal 

ions, is important when incorporating enzymes into any catalytic system because it allows the 

extended recyclability of the enzyme.78,79 Enzymes are continually active and without the proper 

steps to facilitate their recyclability and stability, they become quickly inactivated, which is why 

the design of the support and its interactions with the enzyme are important for catalyst 

functionality. In some systems this means that a cofactor regeneration is a necessary inclusion to 

maintain the activity of the enzyme.80-82  
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Figure 1.5 Depiction of the top view and side view of the hexagonal and triangular channels that 

compose the zirconium-based MOF structure in which enzymes were incorporated. Reprinted 

from Chem, 4, Li, P.; Chen, Q.; Wang, T. C.; Vermeulen, N. A.; Mehdi, B. L.; Dohnalkova, A.; 

Browning, N. D.; Shen, D.; Anderson, R.; Gómez-Gualdrón, D. A.; Cetin, F. M.; Jagiello, J.; 

Asiri, A. M.; Stoddart, J. F.; Farha, O. K., Hierarchically Engineered Mesoporous Metal-Organic 

Frameworks toward Cell-free Immobilized Enzyme Systems. 1022-1034, Copyright (2018), with 

permission from Elsevier. https://doi.org/10.1016/j.chempr.2018.03.001  

 

Farha and coworkers have continued to expand on this research by further stabilization of 

enzymes into MOFs and incorporating different enzymes into MOFs for reducing CO2 

emissions. In an article published in 2019, this group stabilized the enzyme formate 

dehydrogenase (FDH) in a mesoporous MOF, NU-1006, for CO2 fixation.83 This brief study 

demonstrated the MOFs ability to stabilize the enzyme activity in an acidic environment (pH 4) 

that resulted in higher activity than the free catalyst at optimal enzymatic conditions (pH 7). 

Maintaining activity of the enzyme can be difficult in non-optimal conditions. The 

enzyme@MOF could oxidize NADH but needed help to then reduce NAD+ so that the enzyme 

could remain active. In order to increase the usage of each catalytic tandem system, they then 

tested a rhodium complex attached to fluorine-doped tin oxide (FTO) glass electrode with the 

system for the reduction in the cofactor regeneration (NAD+ to NADH). This modified electrode 

catalyzed cofactor regeneration and was incorporated for higher recyclability of the enzyme, 

which was not observed without the electrode combined with the enzyme@MOF system.  

https://doi.org/10.1016/j.chempr.2018.03.001
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This study continued into a second publication with FDH once again stabilized in NU-

1006 to further demonstrate the capabilities of this system by attaching the Rh-based electron 

mediators to the metal nodes of the NU-1006 MOF inside some of the pores for light-driven CO2 

fixation.84 The Rh complex was pre-installed inside the larger pores of the MOF before 

encapsulating FDH into the medium sized pores. The catalysts were in close proximity of each 

other within the pores which allowed for the efficient conversion of CO2 to formate within the 

same MOF crystal. The Rh complex also contributed to the cofactor regeneration, increasing the 

capacity for FDH activity. By utilizing white light as the driving force for the reaction, a more 

environmentally friendly system was created for CO2 reduction. 

Now that we have demonstrated how porous materials can be manipulated for specific 

functions in tandem systems, these two materials will be our focus as we move forward in this 

perspective examining porous materials as supports and active catalytic components in tandem 

catalysis. We will also offer new insight on what these materials have offered in combining bio- 

and inorganic catalysts in tandem systems, and what future applications may be capable by using 

these materials in this field. 

1.4 Porous materials as supports and active participants in tandem catalysis  

The combination of inorganic catalysts into tandem systems to act as enzymatic mimics 

was an important step forward in exploring these heterogeneous systems.34 Utilizing inorganic 

catalysts to investigate the intricate design and synthesis of tandem systems was key in 

expanding knowledge in this field because of the narrow range of ideal reaction conditions that 

enzymes possess before deactivation. Combining inorganic catalysts into tandem systems is still 

an actively pursued area of tandem catalysis because the durability of the systems that can be 

applied to industrial processes. Inorganic catalysts, specifically nanoparticles, contain a 
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robustness not observed in enzymes.11 Because of this characteristic, these catalysts can be 

manipulated and used with specific design and control for varying applications. Studies over the 

past five years in this area have resulted in many advancements in several reactions including 

oxidative esterification of primary alcohols, successfully combining acid and base active sites 

that take on a zwitterionic form, and a nitrogen-free Knoevenagel condensation.45,85,86 The 

groups in each of these studies were able to combine multiple active sites from inorganic 

materials into a single tandem system by connecting each component to a support. In attaching to 

the support, less aggregation of the metal nanoparticles was observed and there was less 

deactivation of each active site, increasing recyclability rates in each study. 

Compartmentalization is still an important aspect to consider and incorporate in this area as it 

can reduce the aggregation seen over time, which leads to catalyst deactivation. A key 

component to stabilizing catalysts onto supports was to incorporate a support that would not 

interfere with the kinetics of the reaction.12,87  

Kinetics are an important concept to analyze and understand in order to create a highly 

active tandem catalytic system. The kinetic pathway of an enzyme reveals the catalytic 

mechanism involved in the biocatalyst. Understanding this can help explain how its activity can 

be controlled and what possible inhibition may look like in the system. Enzyme kinetics takes 

into account the thermodynamics involved as well as the concentrations of substrate and solvent 

relative to the enzyme.88 Most kinetics assume a free enzyme system; however, the 

immobilization or encapsulation of enzymes onto substrates will greatly affect the enzyme 

kinetics. The effect that this will have depends on the steric hindrances, limitation to accessing 

active sites, and hindering conformational changes that occur in the free enzyme that could 

further lead to inhibition.89 However, enzyme immobilization and encapsulation remain the most 
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frequently used means of stabilizing enzymes for tandem catalysis, once again insinuating that 

the benefits may outweigh any negatives of inhibition; but the importance of the kinetics in these 

systems and the role they play cannot be ignored.  

Proper design and catalyst loading are understood to be of extreme importance when 

creating tandem systems, as well. In a study done by the Yadav group, siliceous foam was used 

to incorporate enzymes and palladium nanoparticles together in a tandem system.90 This system 

was designed to convert acetophenone to 1-phenylethyl acetate through a phenylethanol 

intermediate. However, recyclability was limited with the mesocellular foam and a selectivity of 

only 49.1% was achieved. While a successful study combining the two catalysts into a one-pot 

reaction, the inability to control where the catalysts were positioned in the foam led to an 

inability to influence which catalyst the reactants encountered first, leading to many side 

reactions. Trying to improve activity and recyclability of these systems, the Yang group explored 

the dynamic kinetic resolution (DKR) of 1-phenylethylamine by combining enzymes and metal 

nanoparticles, specifically Pd nanoparticles and the enzyme Candida antarctica lipase B 

(CALB), into a one-pot system for tandem catalysis utilizing mesoporous silica as a support.51 

This dynamic kinetic resolution reaction has been demonstrated previously with various novel 

enzymes and metal nanoparticles, but the yields and recyclability remained low because of side 

reactions and catalyst deactivation due to the lack of separation and stabilization of the reactants, 

respectively.36,91 In this project, a tandem system was created by designing a core-shell structure 

for the DKR of 1-phenylethylamine. The separation of the reactants allowed for an intricately 

designed system that had careful control of the dynamic kinetic resolution of an amine with 

CALB immobilized on the surface of mesoporous silica with a Pd nanoparticle as the core of the 

reactor particle (Figure 1.6). The results from this study supported the hypothesis that by 
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controlling the location of each catalyst and compartmentalizing one from the other that the 

conversion and selectivity of the products could be increased (Table 1.1). The conversion rates 

with the tandem catalyst were much higher than that of the monofunctional and mixture of 

catalysts (Table 1.1, entry 1 compared to entries 2 and 3, respectively). The bifunctional tandem 

catalyst was tested over three consecutive cycles and maintained good stability over each (Table 

1.1, entries 4 and 5). However, yields were only marginally higher in the first cycle with the 

designed tandem catalyst and showed little to no improvement in the second and third cycle. But 

a supported system was still successfully demonstrated with improved yield and conversions. 

This study was one of the first to demonstrate the use of a porous support in carefully isolating 

incompatible catalysts for the controlled progression of a reaction with good results.  

 

Table 1.1 Results from the DKR reaction of 1-phenylethylamine catalyzed by the tandem 

catalysts Pd/NH2-MSN@BTME@enzyme/L-mesosilica and each separate component of the 

tandem system, done for comparison. Republished with permission of Royal Society of 

Chemistry, from Positional immobilization of Pd nanoparticles and enzymes in hierarchical yolk-

shell@shell nanoreactors for tandem catalysis. Zhang, X.; Jing, L.; Chang, F.; Chen, S.; Yang, 

H.; Yang, Q., Chem Commun (Camb), 53, 7780-7783. Copyright 2017; permission conveyed 

through Copyright Clearance Center, Inc. 
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Figure 1.6 Synthesis of a bifunctional core-shell enzyme-inorganic tandem system with 

palladium, mesoporous silica, and a lipase enzyme. Republished with permission of Royal 

Society of Chemistry, from Positional immobilization of Pd nanoparticles and enzymes in 

hierarchical yolk-shell@shell nanoreactors for tandem catalysis. Zhang, X.; Jing, L.; Chang, F.; 

Chen, S.; Yang, H.; Yang, Q., Chem Commun (Camb), 53, 7780-7783. Copyright 2017; 

permission conveyed through Copyright Clearance Center, Inc. 

 

Related to catalyst design and loading, encapsulation of the catalysts can impact catalyst 

activity as well.92 Different levels of stabilization and spacing are possible with different material 

components, size, and crystalline design of the chosen MOF for specific enzyme encapsulation.77 

Several studies have been done to demonstrate the use of encapsulating and immobilizing 

enzymes into or onto MOF structures for tandem catalysis.77,93-97 The Farha group showed that a 

hierarchical structure of MOFs, for example NU-901 or ZIF-8, demonstrates superior 

encapsulation and stabilization of enzymes compared to other MOFs (vide supra). MOFs are 

hierarchical because of their defined frameworks at the molecular level as well as extended, 

larger length scales, from several micrometers and up to macroscopic level.98 In two separate 

studies published in 2016, two water-stable MOFs, NU-1000 and NU-1003, were investigated 

for their capabilities to encapsulate enzymes and catalyze various reactions (Figure 1.7 and 1.8, 

respectively).99,100 Both studies revealed that these hierarchical structures were able to 

encapsulate and stabilize each enzyme in question for an extended number of cycles, 
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demonstrating recyclability and stability of both the MOF components and the enzyme from 

breaking down and denaturing, even in harsh reaction conditions.  

 

 

Figure 1.7 The immobilization of the enzyme cutinase inside the pores of the MOF structure NU-

1000. Reprinted from Chem, 1, Li, P.; Modica, Justin A.; Howarth, Ashlee J.; Vargas L, E.; 

Moghadam, Peyman Z.; Snurr, Randall Q.; Mrksich, M.; Hupp, Joseph T.; Farha, Omar K., 

Toward Design Rules for Enzyme Immobilization in Hierarchical Mesoporous Metal-Organic 

Frameworks, 154-169, Copyright (2016), with permission from Elsevier. 

http://dx.doi.org/10.1016/j.chempr.2016.05.001  

 

 

Figure 1.8 This tandem system hydrolyzed a nerve agent from toxic to non-toxic using a tandem 

system created with the enzyme organophosphorus acid anhydrolase (OPAA) immobilized in the 

pores of the MOF NU-1003. Li, P.; Moon, S. Y.; Guelta, M. A.; Lin, L.; Gomez-Gualdron, D. 

A.; Snurr, R. Q.; Harvey, S. P.; Hupp, J. T.; Farha, O. K., Nanosizing a Metal-Organic 

Framework Enzyme Carrier for Accelerating Nerve Agent Hydrolysis. ACS Nano 2016, 10 (10), 

9174-9182. https://doi.org/10.1021/acsnano.6b04996, Copyright (2016) with permission from 

American Chemical Society. Further permissions related to this material excerpted should be 

directed to the ACS. 

 

Liang et al. looked into zeolitic imidazolate frameworks (ZIFs) to determine the best 

loading method of enzymes into MOFs, specifically biomimetic mineralization and co-

http://dx.doi.org/10.1016/j.chempr.2016.05.001
https://doi.org/10.1021/acsnano.6b04996
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precipitation (Figure 1.9).95 This group chose ZIF-8 and explored each loading method, then 

quantified each as well as tested the catalytic ability and stability of the enzymes inside the 

MOF. Compared to the free enzyme, ZIF-8 improved the urease activity at increased 

temperatures (20°-80°C) with both methods. Biomimetic mineralization, however, showed 

superior activity to both the free enzyme and the co-precipitation method, demonstrating enzyme 

activity at temperatures as high as 80°C. A rapid decrease in activity was noticed after 40°C with 

the co-precipitation method. From this, the co-precipitation method was assumed to give the 

urease enzyme less stabilization than the biomimetic mineralization loading method, leading to 

the loss in enzyme activity. The biomimetic mineralization method demonstrated a gradual 

decline in enzyme activity as the temperature was increased, demonstrating more stabilization 

and less exposure than co-precipitation or the free enzyme. 

 

 

Figure 1.9 Schematic showing the loading of urease ZIF-8 via co-precipitation and biomimetic 

mineralization methods. Republished with permission of Royal Society of Chemistry, from 

Liang, K.; Coghlan, C. J.; Bell, S. G.; Doonan, C.; Falcaro, P., Enzyme encapsulation in zeolitic 

imidazolate frameworks: a comparison between controlled co-precipitation and biomimetic 

mineralisation. Chem Commun (Camb) 2016, 52 (3), 473-6. Permission conveyed through 

Copyright Clearance Center, Inc. 
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 Without these porous supports and encapsulation techniques provided by each, control of 

the reaction scheme would be near impossible with the current state of the art. While 

encapsulating and immobilizing enzymes offers many advantages in the durability and extended 

lifetime of enzymes in tandem catalysis, a different approach to these systems has been 

communicated by utilizing these supports a step further and incorporating them as catalytic 

components, utilizing them within the chemistry of the reactions. As we continue in this 

perspective, we will explore the research that has been done to incorporate materials as both 

supports and catalytic components into tandem systems involving enzymes and inorganic 

catalysts.  

1.4.1 Porous supports as active components 

Utilizing materials with a dual purpose is an attractive option in tandem catalysis because 

it reduces synthesis time of creating a multi-step one pot system. A more seamless system is also 

possible with this method because fewer components to incorporate allow for better activity 

maintenance.35,101 MOFs are often used as both active components and supports, thus we will 

focus on these materials. MOFs have been shown to act as good supports for enzyme 

immobilization while maintaining stability and activity of the enzyme.102-105 This, combined with 

studies demonstrating how MOFs are capable of mimicking enzymes, continues the progress of 

combining enzymes and MOFs in multi-step tandem catalysis as active components.106-109 

Throughout this section we will look into tandem systems that utilized supports that behave as 

active components in the systems; namely, arrangements that were able to combine inorganic 

components to act as enzyme mimics with natural enzymes.  

While still a new area of research, a few examples have been reported demonstrating 

systems where MOFs participate as active components in tandem catalysis systems containing 
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enzymes.20,86,99,105,110 Wang et al. created a MOF material to demonstrate peroxidase-like activity 

for glucose detection (Scheme 1.1).111 In this elegant system, the metal nodes in the MOFs 

participated in the reaction to catalyze the conversion of glucose to gluconic acid for glucose 

detection in biosensor applications. The enzyme glucose oxidase was encapsulated inside a 

bimetallic FeNi-MOF to demonstrate an enzyme-mimetic system with a natural enzyme. By 

immobilizing the enzyme in the FeNi-MOF, the full recovery of the enzyme became possible, 

making this system recyclable. The MOF was designed as both a peroxidase-mimic as well as a 

protective coating for the enzyme to maintain functionality and optimize conversion. This 

protective coating was tested by incubating the tandem system and free enzyme glucose oxidase 

(GOx) in a sodium acetate buffer for a 7-day period and testing periodically for sustainability in 

the original activity of the enzyme. The tandem MOF system demonstrated a retention of 95% of 

the original activity compared to the free enzyme which only maintained 30% of the original 

activity over a 7-day period. Concerns have been voiced on whether MOFs can add continued 

structural support and protection over multiple cycles; this study indicates that recyclability is 

possible with MOFs through a series of five cycles while still maintaining good catalytic activity. 

MOFs continue to show improvement in preventing aggregation and deactivation by protecting 

catalysts from harsh environments and making the tandem system more durable, especially 

regarding enzyme immobilization.108 The specific interactions between enzymes and MOF 

components help to stabilize the enzyme while still allowing reactants to reach active sites. This 

system was able to encapsulate an enzyme, maintain the catalysts activity, and participate in the 

catalytic activity itself by utilizing the active sites on the metal nodes of the MOF.112 As 

demonstrated here by Wang et al. the usage of MOFs to encapsulate enzymes for tandem 

catalysis creates a system where the support can also act as a catalyst in the reaction. It also takes 
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little imagination to see how sensors and other analytical tools utilizing tandem systems could be 

incorporated into synthetic procedures. While the enzyme will be highly selective for the 

oxidation of glucose to gluconic acid, an inorganic catalyst could be incorporated to catalyze a 

second oxidation to glucaric acid, which is a diacid that has a number of downstream commercial 

applications.113,114 

 

 

Scheme 1.1 Schematic of glucose colorimetry based on the synthetic tandem system of 

GOx/FeNi-MOF, a glucose oxidase enzyme loaded onto a MOF containing iron and nickel. 

Reprinted from Analytica Chimica Acta, 1098, Wang, J.; Bao, M.; Wei, T.; Wang, Z.; Dai, Z., 

Bimetallic metal-organic framework for enzyme immobilization by biomimetic mineralization: 

Constructing a mimic enzyme and simultaneously immobilizing natural enzymes. 148-154, 

Copyright (2020). With permission from Elsevier. https://doi.org/10.1016/j.aca.2019.11.039  

 

 

 

 

https://doi.org/10.1016/j.aca.2019.11.039
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Scheme 1.2 Schematic illustration of the oxidation to produce nitric oxide through the tandem 

catalyst GOD@Co-FeMOF, a MOF composite containing cobalt, iron, and an immobilized 

glucose oxidase enzyme. Schematic illustration of catalyst creation and reaction. Republished 

with permission of Royal Society of Chemistry, from [Enzyme-immobilized metal-organic 

framework nanosheets as tandem catalysts for the generation of nitric oxide. Ling, P.; Qian, C.; 

Gao, F.; Lei, J., Chem Commun (Camb), 54, 79, Copyright 2018; Permission conveyed through 

Copyright Clearance Center, Inc. 

 

Ling et al. designed a tandem catalytic system with an enzyme immobilized MOF for the 

production of nitric oxide (NO) (Scheme 1.2).115 This multi-step tandem system incorporated 

glucose oxidase and iron porphyrin species (FeTCPP), with the iron polymeric linker 

incorporated into the MOF framework as the organic linkers to make a 2D MOF nanosheet with 

cobalt as the metal nodes. The first step of this system catalyzed glucose to gluconic acid and 

hydrogen peroxide (H2O2) which could then be used for the second step that oxidized L-arginine 

to produce nitric oxide. The FeTCPP linker has been shown to convert L-arginine to nitric oxide, 

while the cobalt node assisted the glucose oxidase enzyme to produce enough hydrogen peroxide 

for the second step of the reaction to proceed.116 As indicated here, all components of a MOF 

have been utilized as catalytic components in tandem catalysis, necessitating stability tests to 

ensure longevity of the system. The stability and activity of the system was measured over five 

cycles, and results indicated that the entire system remained intact with reasonable activity even 

after five cycles. However, enzyme leaching, and the extended shelf-life of the system were not 

examined. While the results of this study prove promising for tandem catalysis, further research 
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is needed to investigate enzyme leaching and catalyst stability to take a system like this into 

industrial applications. As it is, a strong proof-of-concept study has been demonstrated here for 

utilizing active components of supports in tandem catalysis with natural enzymes.  

In an example of a combined enzyme-MOF system demonstrated by Zhong, et al., an 

enzyme-MOF tandem system, denoted GOx@MOF545(Fe), demonstrated the ability to act as a 

colorimetric biosensor.117 This MOF system utilized the natural enzyme glucose oxidase (GOx) 

with the active metal nodes, Fe, for glucose detection. MOF545(Fe) was able to act as a support 

while also cooperating with the natural enzyme GOx in the reaction without sacrificing any 

crystal structure and stability. This system was communicated to be able to detect much lower 

limits as a glucose detection meter than had been reported. While demonstrating stabilization of 

the enzyme with the MOF and showing good activity, the enzyme was stabilized on the outside 

of the MOF structure instead of inside the pores, raising the question of the extended stability of 

the system. Like most studies have depicted, some activity might need to be sacrificed initially to 

be able to obtain longevity of these systems. While this group compared the MOF-enzyme 

system versus the free enzyme in several parameters such as temperature and pH, additional 

studies may be needed on the comparison of the tandem system versus both components of the 

system together (i.e., the enzyme and MOF/metal components in close proximity with the 

reactants).  

1.5 Conclusions and Further Research 

Tandem catalysis that combines enzymes and inorganic catalysts remains an important 

field of research due to the many benefits that can come from the combination of these catalysts, 

but research has remained relatively limited because of the potential incompatibility in these 

reactions as well as the complex nature of these systems. We believe this field will continue to 
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grow and see success in synthetic approaches for fine chemical and pharmaceutical research and 

production. However, for this area of research to move forward, focusing and addressing 

challenges surrounding reaction condition compatibility, kinetics, experimental controls, and 

communication is needed. The challenges in matching reaction conditions and kinetics will be 

addressed because of the significant cost savings and positive attributes combined catalytic 

systems will have on production. While many of the existing examples are designed as sensors 

and have more analytical characteristics, the chemical transformations demonstrated in these 

systems will be used to improve synthetic approaches. Another important aspect of this research 

that was originally raised by Ye et al. and is worthy of repeating here.118 Finding a common 

terminology and avoiding area-specific jargon is needed to combine the fields of biochemistry 

and traditional catalysis. For example, substrate may mean one thing to a biochemist (reactant) 

and to a material chemist it may mean support or scaffolding. Also, biochemists report rate 

properties of enzymes in Michaelis-Menten kinetic terms while traditional inorganic or organic 

catalysts are typically reported in turn-over number or frequency.  

Encapsulating and attaching enzymes to supports offers new insight into how to 

incorporate them into heterogeneous systems with inorganic catalysts. By stabilizing the 

enzymes onto a surface, protection of the enzymes can potentially be obtained through bonds and 

compartmentalization. Despite the expertise gained, numerous obstacles still hinder widespread 

application of these systems, such as sacrifices in initial activity, complexity of synthetic 

methods and conditions, and retaining the functionality of a free enzyme. While sacrificing some 

initial activity may be vital for long-term reactions, the enzyme kinetics remain an important 

factor in understanding and manipulating these systems for proper control of the tandem 

reaction. Understanding the progression of the tandem reaction and the rate at which each step 
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occurs will be important for targeted, efficient conversions. We believe a general understanding 

of this process is possible and could lead to elucidating reaction intermediates and limiting side 

reactions.  

Supports and other catalytic components have been explored to analyze the interactions 

and how the durability of the system is affected over time. Porous supports, such as MOFs and 

MSN, stabilize encapsulated enzymes through specific interactions but can impact the range of 

motion of enzymes, potentially limiting the activity and accessibility to active sites while 

subsequently impacting the stability. Especially with MOFs that contain active components in 

the catalysis, stability may be sacrificed over time because the reactants require access to the 

active sites which also support the enzymes. We believe it will be prudent to investigate the 

impact that MOF defects may have on biocatalysts and the catalytic reaction in these tandem 

systems, specifically how defects and active sites change during the catalytic process. These 

supports immobilize, shield, and compartmentalize the catalysts in the system; when utilizing 

active sites on the supports as catalytic components in a tandem system, there is a potential to 

sacrifice some of the supporting features of the material as the active sites are deactivated over 

multiple uses or some of the stability is sacrificed via the active sites. Long-term effects 

(specifically recyclability and shelf life) of these sites will be crucial to understanding these 

systems and how to advance them, especially gaining evidence of how catalyst deactivation 

occurs and how to hinder deactivation in these systems. While few studies have been conducted 

that communicate the ability of the material to do such yet, we believe MSN can also participate 

as an active component in tandem systems. Silica offers a blank platform for manipulating the 

surface to expand the reaction environment that tandem systems can react in as well as offering 

more control and stability in attaching the catalysts. Further research into the surface 
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functionalization and placement of active sites into and onto the MSN framework could offer 

more insight and improvement of tandem catalysis and could also offer the ability to enhance the 

number of catalytic steps in these systems.119,120 There is also a need for studies in surface 

interactions with catalysts in tandem systems versus interactions in the pores of the supports and 

substrates. The access to the active sites when encapsulated may be limited, but catalysts 

attached to the surface of the substrates are more exposed to reaction conditions. Both scenarios 

can lead to limited availability and therefore limited activity may be witnessed over time. 

Investigating this will be necessary to determine the optimal methods to incorporate catalysts in 

these systems. It may be that enzymes perform better when encapsulated into the pores, but 

metal components can remain exposed on the surface. This will vary from system to system as 

well, particularly when reaction conditions need to be adjusted.  

More research is necessary on the long-term stability of these systems before they can be 

considered viable for industrial processes, but the promise of these systems remains; initial 

research demonstrates that porous supports can act as strong, active components in tandem 

reactions. Specifically, in drug development,121,122 fine chemical synthesis, C-H bond activation 

and asymmetric catalysis, the advancements made in tandem catalysis can add to the lifetimes of 

catalytic systems as well as increased activity and conversions that can expand these important 

reactions into industrial processes. While more advancements are currently being made with 

MOF supports, as this is the current focus of this field, we believe that both these and MSNs 

offer unique platforms that can support and encapsulate multiple catalytic components to further 

develop these systems to mimic biosynthetic pathways.  

Another important challenge that needs careful investigations and consideration is 

techniques to match the kinetics of enzymes with inorganic catalytic reactions. It is frequently 
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observed that enzymatic reactions are reversible and when the concentration of products of the 

reaction build up, the reverse reaction will be facilitated, potentially eliminating the reactants for 

the subsequent reaction.123 Matching and fine tuning the intrinsic kinetics and activity of the 

catalysts in these systems will be important to produce a system with optimal conversion and 

yields. This will also involve identifying possible inhibition in these systems and discovering 

ways to counteract it. Identifying how diffusion of substrates can be tuned (both hindering and 

facilitating) through a porous scaffolding or synthetic, biochemical, or environmental methods to 

modulate the enzymatic activity will be another important step in advancing this technology. An 

example showed how the activity was modulated in a bi-functional catalyst consisting of zeolite 

acid sites as a core and a lipase shell.124 The catalytic activity of the shell (enzyme) and core 

(inorganic) were independently modulated to slow the acid catalyzed racemization rate and 

enhancing the kinetic resolution rate of the lipase. To accomplish this kinetic control, the number 

of acid sites, thickness of a polymer interlayer between the core and shell, and the amount of 

lipase were all modulated. Through careful synthetic control, matching the kinetics of tandem 

reactions can be accomplished. Frequently, enzymes that are mammalian in origin have an 

optimal temperature at 37 ºC where activity is maximized; however, tuning the reaction 

temperature up and down could drastically modify the activity. Tuning the pH can have similar 

effects on the enzymatic reaction. There are a multitude of approaches creative researchers will 

discover in the next few years to tune and match activities as necessary. 

1.6 References  

1. Denard, C. A.; Bartlett, M. J.; Wang, Y.; Lu, L.; Hartwig, J. F.; Zhao, H., Development 

of a One-Pot Tandem Reaction Combining Ruthenium-Catalyzed Alkene Metathesis and 

Enantioselective Enzymatic Oxidation To Produce Aryl Epoxides. ACS Catal. 2015, 5, 3817-

3822. 

 



29 
 

2. Denard, C. A.; Hartwig, J. F.; Zhao, H., Multistep One-Pot Reactions Combining 

Biocatalysts and Chemical Catalysts for Asymmetric Synthesis. ACS Catal. 2013, 3, 2856-2864. 

 

3. Hack, D.; Chauhan, P.; Deckers, K.; Hermann, G. N.; Mertens, L.; Raabe, G.; Enders, D., 

Combining silver catalysis and organocatalysis: a sequential Michael addition/hydroalkoxylation 

one-pot approach to annulated coumarins. Org. Lett. 2014, 16, 5188-91. 

 

4. Jabbour, K.; Massiani, P.; Davidson, A.; Casale, S.; El Hassan, N., Ordered mesoporous 

ñone-potò synthesized Ni-Mg(Ca)-Al2O3 as effective and remarkably stable catalysts for 

combined steam and dry reforming of methane (CSDRM). Appl. Catal. B 2017, 201, 527-542. 

 

5. Merino, E.; Verde-Sesto, E.; Maya, E. M.; Corma, A.; Iglesias, M.; Sánchez, F., Mono-

functionalization of porous aromatic frameworks to use as compatible heterogeneous catalysts in 

one-pot cascade reactions. Appl. Catal. A 2014, 469, 206-212. 

 

6. Tao, M.; Dan, Z.; Guan, H.; Huang, G.; Wang, X., Designation of highly efficient 

catalysts for one pot conversion of glycerol to lactic acid. Sci. Rep. 2016, 6, 29840. 

 

7. Phan, N. T.; Gill, C. S.; Nguyen, J. V.; Zhang, Z. J.; Jones, C. W., Expanding the utility 

of one-pot multistep reaction networks through compartmentation and recovery of the catalyst. 

Angew. Chem. Int. Ed. Engl. 2006, 45, 2209-12. 

 

8. Gruber, M., Palladium on activated carbon: a valuable heterogeneous catalyst for one-pot 

multi-step synthesis. Appl. Catal. A: Gen. 2004, 265, 161-169. 

 

9. Broadwater, S. J.; Roth, S. L.; Price, K. E.; Kobaslija, M.; McQuade, D. T., One-pot 

multi-step synthesis: a challenge spawning innovation. Org. Biomol. Chem. 2005, 3, 2899-906. 

 

10. France, S. P.; Hepworth, L. J.; Turner, N. J.; Flitsch, S. L., Constructing Biocatalytic 

Cascades: In Vitro and in Vivo Approaches to de Novo Multi-Enzyme Pathways. ACS Catal. 

2016, 7, 710-724. 

 

11. Lin, Y.; Li, Z.; Chen, Z.; Ren, J.; Qu, X., Mesoporous silica-encapsulated gold 

nanoparticles as artificial enzymes for self-activated cascade catalysis. Biomaterials 2013, 34, 

2600-10. 

 

12. Meng, J.; Chang, F.; Su, Y.; Liu, R.; Cheng, T.; Liu, G., Switchable Catalysts Used To 

Control Suzuki Cross-Coupling and AzaïMichael Addition/Asymmetric Transfer Hydrogenation 

Cascade Reactions. ACS Catal. 2019, 9, 8693-8701. 

 

13. Muschiol, J.; Peters, C.; Oberleitner, N.; Mihovilovic, M. D.; Bornscheuer, U. T.; 

Rudroff, F., Cascade catalysis--strategies and challenges en route to preparative synthetic 

biology. Chem. Commun. (Camb.) 2015, 51, 5798-811. 

 

14. Lohr, T. L.; Marks, T. J., Orthogonal tandem catalysis. Nat. Chem. 2015, 7, 477-82. 

 



30 
 

15. Climent, M. J.; Corma, A.; Iborra, S.; Sabater, M. J., Heterogeneous Catalysis for 

Tandem Reactions. ACS Catal. 2014, 4, 870-891. 

 

16. José Climent, M.; Corma, A.; Iborra, S., Homogeneous and heterogeneous catalysts for 

multicomponent reactions. RSC Adv. 2012, 2, 16-58. 

 

17. Oroz-Guinea, I.; Garcia-Junceda, E., Enzyme catalysed tandem reactions. Curr. Opin. 

Chem. Biol. 2013, 17, 236-49. 

 

18. Bruggink, A.; Schoevaart, R.; Kieboom, T., Concepts of Nature in Organic Synthesis: 

Cascade Catalysis and Multistep Conversions in Concert. Org. Process Res. & Dev. 2003, 7, 

622-640. 

 

19. Zhou, J., Recent advances in multicatalyst promoted asymmetric tandem reactions. 

Chem. Asian J. 2010, 5, 422-34. 

20. Huang, Y. B.; Liang, J.; Wang, X. S.; Cao, R., Multifunctional metal-organic framework 

catalysts: synergistic catalysis and tandem reactions. Chem. Soc. Rev. 2017, 46, 126-157. 

 

21. Jagadeesan, D., Multifunctional nanocatalysts for tandem reactions: A leap toward 

sustainability. Appl. Catal. A 2016, 511, 59-77. 

 

22. Schmidt, S.; Castiglione, K.; Kourist, R., Overcoming the Incompatibility Challenge in 

Chemoenzymatic and Multi-Catalytic Cascade Reactions. Chem. Eur. J. 2018, 24, 1755-1768. 

 

23. Zhang, H.; Li, H.; Xu, C. C.; Yang, S., Heterogeneously Chemo/Enzyme-Functionalized 

Porous Polymeric Catalysts of High-Performance for Efficient Biodiesel Production. ACS Catal. 

2019, 9, 10990-11029. 

 

24. Rudroff, F.; Mihovilovic, M. D.; Gröger, H.; Snajdrova, R.; Iding, H.; Bornscheuer, U. 

T., Opportunities and challenges for combining chemo- and biocatalysis. Nat. Catal. 2018, 1, 12-

22. 

 

25. Cortes-Clerget, M.; Akporji, N.; Zhou, J.; Gao, F.; Guo, P.; Parmentier, M.; Gallou, F.; 

Berthon, J. Y.; Lipshutz, B. H., Bridging the gap between transition metal- and bio-catalysis via 

aqueous micellar catalysis. Nat. Commun. 2019, 10, 2169. 

 

26. Thompson, M. P.; Peñafiel, I.; Cosgrove, S. C.; Turner, N. J., Biocatalysis Using 

Immobilized Enzymes in Continuous Flow for the Synthesis of Fine Chemicals. Org. Process 

Res. Dev. 2018, 23, 9-18. 

 

27. Finnigan, W.; Thomas, A.; Cromar, H.; Gough, B.; Snajdrova, R.; Adams, J. P.; 

Littlechild, J. A.; Harmer, N. J., Characterization of Carboxylic Acid Reductases as Enzymes in 

the Toolbox for Synthetic Chemistry. ChemCatChem 2017, 9, 1005-1017. 

 



31 
 

28. Chen, Y.; Han, S.; Li, X.; Zhang, Z.; Ma, S., Why does enzyme not leach from metal-

organic frameworks (MOFs)? Unveiling the interactions between an enzyme molecule and a 

MOF. Inorg. Chem. 2014, 53, 10006-8. 

 

29. Fernandes, A. E.; Jonas, A. M., Design and engineering of multifunctional silica-

supported cooperative catalysts. Catal. Today 2019, 334, 173-186. 

 

30. Sakimoto, K. K.; Zhang, S. J.; Yang, P., Cysteine-Cystine Photoregeneration for 

Oxygenic Photosynthesis of Acetic Acid from CO2 by a Tandem Inorganic-Biological Hybrid 

System. Nano Lett. 2016, 16, 5883-7. 

 

31. Escuer, A.; Vicente, R.; Mautner, F. A.; Goher, M. A.; Abu-Youssef, M. A., 

[M(N3)2(L)]n: building 3-D MII -azido networks with new topologies. Chem. Commun. (Camb.) 

2002, 64-5. 

 

32. Voss, C. V.; Gruber, C. C.; Kroutil, W., Deracemization of secondary alcohols through a 

concurrent tandem biocatalytic oxidation and reduction. Angew. Chem. Int. Ed. Engl. 2008, 47, 

741-5. 

 

33. Lu, J.; Dimroth, J.; Weck, M., Compartmentalization of Incompatible Catalytic 

Transformations for Tandem Catalysis. J. Am. Chem. Soc. 2015, 137, 12984-9. 

 

34. Su, J.; Xie, C.; Chen, C.; Yu, Y.; Kennedy, G.; Somorjai, G. A.; Yang, P., Insights into 

the Mechanism of Tandem Alkene Hydroformylation over a Nanostructured Catalyst with 

Multiple Interfaces. J. Am. Chem. Soc. 2016, 138, 11568-74. 

 

35. Cho, H. J.; Kim, D.; Li, S.; Su, D.; Ma, D.; Xu, B., Molecular-Level Proximity of Metal 

and Acid Sites in Zeolite-Encapsulated Pt Nanoparticles for Selective Multistep Tandem 

Catalysis. ACS Catal. 2020, 3340-3348. 

 

36. Engstrom, K.; Johnston, E. V.; Verho, O.; Gustafson, K. P.; Shakeri, M.; Tai, C. W.; 

Backvall, J. E., Co-immobilization of an enzyme and a metal into the compartments of 

mesoporous silica for cooperative tandem catalysis: an artificial metalloenzyme. Angew. Chem. 

Int. Ed. Engl. 2013, 52, 14006-10. 

 

37. Jadhav, K., Mesoporous Silica Nanoparticles (MSN): A Nanonetwork and Hierarchical 

Structure in Drug Delivery. J. Nanomed. Res. 2015, 2, 00043. 

 

38. Alamillo, R.; Crisci, A. J.; Gallo, J. M.; Scott, S. L.; Dumesic, J. A., A tailored 

microenvironment for catalytic biomass conversion in inorganic-organic nanoreactors. Angew. 

Chem. Int. Ed. Engl. 2013, 52, 10349-51. 

 

39. Chang, F. P.; Chen, Y. P.; Mou, C. Y., Intracellular implantation of enzymes in hollow 

silica nanospheres for protein therapy: cascade system of superoxide dismutase and catalase. 

Small 2014, 10, 4785-95. 

 



32 
 

40. Huang, H.; Denard, C. A.; Alamillo, R.; Crisci, A. J.; Miao, Y.; Dumesic, J. A.; Scott, S. 

L.; Zhao, H., Tandem Catalytic Conversion of Glucose to 5-Hydroxymethylfurfural with an 

Immobilized Enzyme and a Solid Acid. ACS Catal. 2014, 4, 2165-2168. 

 

41. Xu, L.; Wei, W.; Li, H.; Li, H., Combination of Enzyme and RuïB Amorphous Alloy 

Encapsulated in Yolk-Shell Silica for One-Pot Dextrin Conversion to Sorbitol. ACS Catal. 2013, 

4, 251-258. 

 

42. Tang, F.; Li, L.; Chen, D., Mesoporous silica nanoparticles: synthesis, biocompatibility 

and drug delivery. Adv. Mater. 2012, 24, 1504-34. 

 

43. Nandiyanto, A. B. D.; Kim, S.-G.; Iskandar, F.; Okuyama, K., Synthesis of spherical 

mesoporous silica nanoparticles with nanometer-size controllable pores and outer diameters. 

Micropor. Mesopor. Mat. 2009, 120, 447-453. 

 

44. Slowing, I. I.; Vivero-Escoto, J. L.; Trewyn, B. G.; Lin, V. S. Y., Mesoporous silica 

nanoparticles: structural design and applications. J. Mater. Chem. 2010, 20. 

 

45. Tsai, C.-H.; Xu, M.; Kunal, P.; Trewyn, B. G., Aerobic oxidative esterification of 

primary alcohols over Pd-Au bimetallic catalysts supported on mesoporous silica nanoparticles. 

Catal. Today 2018, 306, 81-88. 

 

46. Wu, S. H.; Mou, C. Y.; Lin, H. P., Synthesis of mesoporous silica nanoparticles. Chem. 

Soc. Rev. 2013, 42, 3862-75. 

 

47. Chen, C. L., H. Davis, M. , Studies on mesoporous materials I. Synthesis and 

characterization of MCM-41. Micropor. Mat. 1993, 2, 17-26. 

 

48. Hoffmann, F.; Cornelius, M.; Morell, J.; Froba, M., Silica-based mesoporous organic-

inorganic hybrid materials. Angew. Chem. Int. Ed. Engl. 2006, 45, 3216-51. 

 

49. Kruk, M. J., M. , Characterization of the Porous Structure of SBA-15. Chem. Mater. 

2000, 12, 1961-1968. 

 

50. Zhao, D. S., J. Li, Q. Stucky, G. , Morphological Control of Highly Ordered Mesoporous 

Silica SBA-15. Chem. Mater. 2000, 12, 275-279. 

 

51. Zhang, X.; Jing, L.; Chang, F.; Chen, S.; Yang, H.; Yang, Q., Positional immobilization 

of Pd nanoparticles and enzymes in hierarchical yolk-shell@shell nanoreactors for tandem 

catalysis. Chem. Commun. (Camb.) 2017, 53, 7780-7783. 

 

52. Zhang, N.; Hübner, R.; Wang, Y.; Zhang, E.; Zhou, Y.; Dong, S.; Wu, C., Surface-

Functionalized Mesoporous Nanoparticles as Heterogeneous Supports To Transfer Bifunctional 

Catalysts into Organic Solvents for Tandem Catalysis. ACS Appl. Nano Mater. 2018, 1, 6378-

6386. 

 



33 
 

53. Du, X.; Qiao, S. Z., Dendritic silica particles with center-radial pore channels: promising 

platforms for catalysis and biomedical applications. Small 2015, 11, 392-413. 

 

54. Wei, W.; Wu, S.; Shen, X.; Zhu, M.; Li, S., Nanoreactor with CoreïShell Architectures 

Used as Spatiotemporal Compartments for ñUndisturbedò Tandem Catalysis. J. Inorg. 

Organomet. Polym. Mater. 2019, 29, 1235-1242. 

 

55. Xie, C.; Chen, C.; Yu, Y.; Su, J.; Li, Y.; Somorjai, G. A.; Yang, P., Tandem Catalysis for 

CO2 Hydrogenation to C2-C4 Hydrocarbons. Nano Lett. 2017, 17, 3798-3802. 

 

56. Liu, X.; Zhang, Z.; Zhang, Y.; Guan, Y.; Liu, Z.; Ren, J.; Qu, X., Artificial 

Metalloenzyme-Based Enzyme Replacement Therapy for the Treatment of Hyperuricemia. Adv. 

Funct. Mater. 2016, 26, 7921-7928. 

 

57. Tranchemontagne, D. J.; Hunt, J. R.; Yaghi, O. M., Room temperature synthesis of 

metal-organic frameworks: MOF-5, MOF-74, MOF-177, MOF-199, and IRMOF-0. Tetrahedron 

2008, 64, 8553-8557. 

 

58. Deria, P.; Gomez-Gualdron, D. A.; Hod, I.; Snurr, R. Q.; Hupp, J. T.; Farha, O. K., 

Framework-Topology-Dependent Catalytic Activity of Zirconium-Based (Porphinato)zinc(II) 

MOFs. J. Am. Chem. Soc. 2016, 138, 14449-14457. 

 

59. Lin, R.-B.; Xiang, S.; Xing, H.; Zhou, W.; Chen, B., Exploration of porous metalïorganic 

frameworks for gas separation and purification. Coord. Chem. Rev. 2019, 378, 87-103. 

 

60. Teplensky, M. H.; Fantham, M.; Li, P.; Wang, T. C.; Mehta, J. P.; Young, L. J.; 

Moghadam, P. Z.; Hupp, J. T.; Farha, O. K.; Kaminski, C. F.; Fairen-Jimenez, D., Temperature 

Treatment of Highly Porous Zirconium-Containing Metal-Organic Frameworks Extends Drug 

Delivery Release. J. Am. Chem. Soc. 2017, 139, 7522-7532. 

 

61. Weber, M.; Bechelany, M., Combining nanoparticles grown by ALD and MOFs for gas 

separation and catalysis applications. Pure Appl. Chem. 2020, 92, 213-222. 

 

62. Wu, Y. P.; Xu, G. W.; Dong, W. W.; Zhao, J.; Li, D. S.; Zhang, J.; Bu, X., Anionic 

Lanthanide MOFs as a Platform for Iron-Selective Sensing, Systematic Color Tuning, and 

Efficient Nanoparticle Catalysis. Inorg. Chem. 2017, 56, 1402-1411. 

 

63. Zhang, Z.; Zhao, Y.; Gong, Q.; Li, Z.; Li, J., MOFs for CO2 capture and separation from 

flue gas mixtures: the effect of multifunctional sites on their adsorption capacity and selectivity. 

Chem. Commun. (Camb.) 2013, 49, 653-61. 

 

64. Li, H. E., M. O'Keeffe, M. Yaghi, O. M., Design and synthesis of an exceptionally stable 

and highly porous metal-organic framework. Nature 1999, 402, 276-279. 

 

65. Ojha, R. P.; Lemieux, P. A.; Dixon, P. K.; Liu, A. J.; Durian, D. J., Statistical mechanics 

of a gas-fluidized particle. Nature 2004, 427, 521-3. 



34 
 

 

66. Chui, S. L., S. Charmant, J. Orpen, A. G. Williams, I. D. , A Chemically Functionalizable 

Nanoporous Material [Cu3(TMA)2(H2O)3]n. Science 1999, 283, 1148-1150. 

 

67. Wu, H. Q.; Huang, L.; Li, J. Q.; Zheng, A. M.; Tao, Y.; Yang, L. X.; Yin, W. H.; Luo, F., 

Pd@Zn-MOF-74: Restricting a Guest Molecule by the Open-Metal Site in a Metal-Organic 

Framework for Selective Semihydrogenation. Inorg. Chem. 2018, 57, 12444-12447. 

 

68. Prestipino, C.; Regli, L.; Vitillo, J. G.; Bonino, F.; Damin, A.; Lamberti, C.; Zecchina, 

A.; Solari, P. L.; Kongshaug, K. O.; Bordiga, S., Local Structure of Framework Cu(II) in 

HKUST-1 Metallorganic Framework: Spectroscopic Characterization upon Activation and 

Interaction with Adsorbates. Chem. Mater. 2006, 18, 1337-1346. 

 

69. Mehta, J.; Bhardwaj, N.; Bhardwaj, S. K.; Kim, K.-H.; Deep, A., Recent advances in 

enzyme immobilization techniques: Metal-organic frameworks as novel substrates. Coord. 

Chem. Rev. 2016, 322, 30-40. 

 

70. Beyzavi, M. H.; Vermeulen, N. A.; Howarth, A. J.; Tussupbayev, S.; League, A. B.; 

Schweitzer, N. M.; Gallagher, J. R.; Platero-Prats, A. E.; Hafezi, N.; Sarjeant, A. A.; Miller, J. 

T.; Chapman, K. W.; Stoddart, J. F.; Cramer, C. J.; Hupp, J. T.; Farha, O. K., A Hafnium-Based 

Metal-Organic Framework as a Nature-Inspired Tandem Reaction Catalyst. J. Am. Chem. Soc. 

2015, 137, 13624-31. 

 

71. Chen, G. J.; Ma, H. C.; Xin, W. L.; Li, X. B.; Jin, F. Z.; Wang, J. S.; Liu, M. Y.; Dong, 

Y. B., Dual Heterogeneous Catalyst Pd-Au@Mn(II)-MOF for One-Pot Tandem Synthesis of 

Imines from Alcohols and Amines. Inorg. Chem. 2017, 56, 654-660. 

 

72. Li, B.; Zeng, H. C., Synthetic Chemistry and Multifunctionality of an Amorphous Ni-

MOF-74 Shell on a Ni/SiO2 Hollow Catalyst for Efficient Tandem Reactions. Chem. Mater. 

2019, 31, 5320-5330. 

 

73. Manna, K.; Zhang, T.; Greene, F. X.; Lin, W., Bipyridine- and phenanthroline-based 

metal-organic frameworks for highly efficient and tandem catalytic organic transformations via 

directed C-H activation. J. Am. Chem. Soc. 2015, 137, 2665-73. 

 

74. Mistry, S.; Sarkar, A.; Natarajan, S., New Bifunctional MetalïOrganic Frameworks and 

Their Utilization in One-Pot Tandem Catalytic Reactions. Cryst. Growth Des. 2018, 19, 747-755. 

 

75. Qi, L.; Chen, J.; Zhang, B.; Nie, R.; Qi, Z.; Kobayashi, T.; Bao, Z.; Yang, Q.; Ren, Q.; 

Sun, Q.; Zhang, Z.; Huang, W., Deciphering a Reaction Network for the Switchable Production 

of Tetrahydroquinoline or Quinoline with MOF-Supported Pd Tandem Catalysts. ACS Catal. 

2020, 10, 5707-5714. 

 

76. Li, P.; Chen, Q.; Wang, T. C.; Vermeulen, N. A.; Mehdi, B. L.; Dohnalkova, A.; 

Browning, N. D.; Shen, D.; Anderson, R.; Gómez-Gualdrón, D. A.; Cetin, F. M.; Jagiello, J.; 



35 
 

Asiri, A. M.; Stoddart, J. F.; Farha, O. K., Hierarchically Engineered Mesoporous Metal-Organic 

Frameworks toward Cell-free Immobilized Enzyme Systems. Chem. 2018, 4, 1022-1034. 

 

77. Majewski, M. B.; Howarth, A. J.; Li, P.; Wasielewski, M. R.; Hupp, J. T.; Farha, O. K., 

Enzyme encapsulation in metalïorganic frameworks for applications in catalysis. 

CrystEngComm 2017, 19, 4082-4091. 

 

78. Quinto, T.; Köhler, V.; Ward, T. R., Recent Trends in Biomimetic NADH Regeneration. 

Top. Catal. 2013, 57, 321-331. 

 

79. Zhao, H.; van der Donk, W. A., Regeneration of cofactors for use in biocatalysis. Curr. 

Opin. Biotechnol. 2003, 14, 583-9. 

 

80. Chenault, H. K.; Simon, E. S.; Whitesides, G. M., Cofactor regeneration for enzyme-

catalysed synthesis. Biotechnol. Genet. Eng. Rev. 1988, 6, 221-70. 

 

81. Kragl, U. K., W. Hummel, W. Wandrey, C. , Enzyme Engineering Aspects of 

Biocatalysis: Cofactor Regeneration as Example. Biotechnol. Bioeng. 1996, 52, 309-319. 

 

82. Liu, W.; Wang, P., Cofactor regeneration for sustainable enzymatic biosynthesis. 

Biotechnol. Adv. 2007, 25, 369-84. 

 

83. Chen, Y.; Li, P.; Noh, H.; Kung, C. W.; Buru, C. T.; Wang, X.; Zhang, X.; Farha, O. K., 

Stabilization of Formate Dehydrogenase in a Metal-Organic Framework for Bioelectrocatalytic 

Reduction of CO2. Angew. Chem. Int. Ed. Engl. 2019, 58, 7682-7686. 

 

84. Chen, Y.; Li, P.; Zhou, J.; Buru, C. T.; Dordevic, L.; Li, P.; Zhang, X.; Cetin, M. M.; 

Stoddart, J. F.; Stupp, S. I.; Wasielewski, M. R.; Farha, O. K., Integration of Enzymes and 

Photosensitizers in a Hierarchical Mesoporous Metal-Organic Framework for Light-Driven CO2 

Reduction. J. Am. Chem. Soc. 2020, 142, 1768-1773. 

 

85. Li, X.; Zhang, B.; Fang, Y.; Sun, W.; Qi, Z.; Pei, Y.; Qi, S.; Yuan, P.; Luan, X.; Goh, T. 

W.; Huang, W., Metal-Organic-Framework-Derived Carbons: Applications as Solid-Base 

Catalyst and Support for Pd Nanoparticles in Tandem Catalysis. Chem. 2017, 23, 4266-4270. 

 

86. Liu, H.; Xi, F. G.; Sun, W.; Yang, N. N.; Gao, E. Q., Amino- and Sulfo-Bifunctionalized 

Metal-Organic Frameworks: One-Pot Tandem Catalysis and the Catalytic Sites. Inorg. Chem. 

2016, 55, 5753-5. 

 

87. Davidson, M.; Ji, Y.; Leong, G. J.; Kovach, N. C.; Trewyn, B. G.; Richards, R. M., 

Hybrid Mesoporous Silica/Noble-Metal Nanoparticle MaterialsðSynthesis and Catalytic 

Applications. ACS Appl. Nano Mater. 2018, 1, 4386-4400. 

 

88. Pleiss, J., Thermodynamic Activity-Based Interpretation of Enzyme Kinetics. Trends 

Biotechnol. 2017, 35, 379-382. 

 



36 
 

89. Miloģiļ, N.; Lubej, M.; Lakner, M.; Ģnidarġiļ-Plazl, P.; Plazl, I., Theoretical and 

experimental study of enzyme kinetics in a microreactor system with surface-immobilized 

biocatalyst. Chem. Eng. J. 2017, 313, 374-381. 

 

90. Magadum, D. B.; Yadav, G. D., Design of tandem catalyst by co-immobilization of metal 

and enzyme on mesoporous foam for cascaded synthesis of (R)-phenyl ethyl acetate. Biochem. 

Eng. J. 2018, 129, 96-105. 

 

91. Filice, M.; Marciello, M.; Morales Mdel, P.; Palomo, J. M., Synthesis of heterogeneous 

enzyme-metal nanoparticle biohybrids in aqueous media and their applications in C-C bond 

formation and tandem catalysis. Chem. Commun. (Camb.) 2013, 49 (61), 6876-8. 

 

92. Lian, X.; Fang, Y.; Joseph, E.; Wang, Q.; Li, J.; Banerjee, S.; Lollar, C.; Wang, X.; Zhou, 

H. C., Enzyme-MOF (metal-organic framework) composites. Chem. Soc. Rev. 2017, 46, 3386-

3401. 

 

93. Hu, J. J.; Xiao, D.; Zhang, X. Z., Advances in Peptide Functionalization on Mesoporous 

Silica Nanoparticles for Controlled Drug Release. Small 2016, 12, 3344-59. 

 

94. Lian, X.; Chen, Y. P.; Liu, T. F.; Zhou, H. C., Coupling two enzymes into a tandem 

nanoreactor utilizing a hierarchically structured MOF. Chem. Sci. 2016, 7, 6969-6973. 

 

95. Liang, K.; Coghlan, C. J.; Bell, S. G.; Doonan, C.; Falcaro, P., Enzyme encapsulation in 

zeolitic imidazolate frameworks: a comparison between controlled co-precipitation and 

biomimetic mineralisation. Chem. Commun. (Camb.) 2016, 52, 473-6. 

 

96. Lu, X.; Wang, X.; Wu, L.; Wu, L.; Dhanjai; Fu, L.; Gao, Y.; Chen, J., Response 

Characteristics of Bisphenols on a Metal-Organic Framework-Based Tyrosinase Nanosensor. 

ACS Appl. Mater. Interfaces 2016, 8, 16533-9. 

 

97. Wang, Y.; Hou, C.; Zhang, Y.; He, F.; Liu, M.; Li, X., Preparation of graphene nano-

sheet bonded PDA/MOF microcapsules with immobilized glucose oxidase as a mimetic multi-

enzyme system for electrochemical sensing of glucose. J. Mater. Chem. B 2016, 4, 3695-3702. 

 

98. Luo, Y.; Ahmad, M.; Schug, A.; Tsotsalas, M., Rising Up: Hierarchical Metal-Organic 

Frameworks in Experiments and Simulations. Adv. Mater. 2019, 31, e1901744. 

 

99. Li, P.; Modica, Justin A.; Howarth, Ashlee J.; Vargas L, E.; Moghadam, Peyman Z.; 

Snurr, Randall Q.; Mrksich, M.; Hupp, Joseph T.; Farha, Omar K., Toward Design Rules for 

Enzyme Immobilization in Hierarchical Mesoporous Metal-Organic Frameworks. Chem. 2016, 

1, 154-169. 

 

100. Li, P.; Moon, S. Y.; Guelta, M. A.; Lin, L.; Gomez-Gualdron, D. A.; Snurr, R. Q.; 

Harvey, S. P.; Hupp, J. T.; Farha, O. K., Nanosizing a Metal-Organic Framework Enzyme 

Carrier for Accelerating Nerve Agent Hydrolysis. ACS Nano. 2016, 10, 9174-9182. 

 



37 
 

101. He, H.; Sun, F.; Aguila, B.; Perman, J. A.; Ma, S.; Zhu, G., A bifunctional metalïorganic 

framework featuring the combination of open metal sites and Lewis basic sites for selective gas 

adsorption and heterogeneous cascade catalysis. J. Mater. Chem. A 2016, 4, 15240-15246. 

 

102. Cheng, H.; Zhang, L.; He, J.; Guo, W.; Zhou, Z.; Zhang, X.; Nie, S.; Wei, H., Integrated 

Nanozymes with Nanoscale Proximity for in Vivo Neurochemical Monitoring in Living Brains. 

Anal. Chem. 2016, 88, 5489-97. 

 

103. Liu, X.; Qi, W.; Wang, Y.; Su, R.; He, Z., A facile strategy for enzyme immobilization 

with highly stable hierarchically porous metal-organic frameworks. Nanoscale 2017, 9, 17561-

17570. 

 

104. Wang, Q.; Zhang, X.; Huang, L.; Zhang, Z.; Dong, S., GOx@ZIF-8(NiPd) Nanoflower: 

An Artificial Enzyme System for Tandem Catalysis. Angew. Chem. Int. Ed. Engl. 2017, 56, 

16082-16085. 

 

105. Wu, X.; Ge, J.; Yang, C.; Hou, M.; Liu, Z., Facile synthesis of multiple enzyme-

containing metal-organic frameworks in a biomolecule-friendly environment. Chem. Commun. 

(Camb.) 2015, 51, 13408-11. 

 

106. Chen, K.; Wu, C.-D., Designed fabrication of biomimetic metalïorganic frameworks for 

catalytic applications. Coord. Chem. Rev. 2019, 378, 445-465. 

 

107. Chen, Y.; Ma, S., Biomimetic catalysis of metal-organic frameworks. Dalton Trans. 

2016, 45, 9744-53. 

 

108. Liang, K.; Ricco, R.; Doherty, C. M.; Styles, M. J.; Bell, S.; Kirby, N.; Mudie, S.; 

Haylock, D.; Hill, A. J.; Doonan, C. J.; Falcaro, P., Biomimetic mineralization of metal-organic 

frameworks as protective coatings for biomacromolecules. Nat. Commun. 2015, 6, 7240. 

 

109. Liu, X.; Qi, W.; Wang, Y.; Lin, D.; Yang, X.; Su, R.; He, Z., Rational Design of Mimic 

Multienzyme Systems in Hierarchically Porous Biomimetic Metal-Organic Frameworks. ACS 

Appl. Mater. Interfaces 2018, 10, 33407-33415. 

 

110. Shen, H.; Song, J.; Zhou, Z.; Li, M.; Zhang, R.; Su, P.; Yang, Y., DNA-Directed 

Immobilized Enzymes on Recoverable Magnetic Nanoparticles Shielded in Nucleotide 

Coordinated Polymers. Ind. Eng. Chem. Res. 2019. 

 

111. Wang, J.; Bao, M.; Wei, T.; Wang, Z.; Dai, Z., Bimetallic metal-organic framework for 

enzyme immobilization by biomimetic mineralization: Constructing a mimic enzyme and 

simultaneously immobilizing natural enzymes. Anal. Chim. Acta. 2020, 1098, 148-154. 

 

112. Valvekens, P.; Vermoortele, F.; De Vos, D., Metalïorganic frameworks as catalysts: the 

role of metal active sites. Catal. Sci. Technol. 2013, 3. 

 



38 
 

113. Arias, P. L.; Cecilia, J. A.; Gandarias, I.; Iglesias, J.; López Granados, M.; Mariscal, R.; 

Morales, G.; Moreno-Tost, R.; Maireles-Torres, P., Oxidation of lignocellulosic platform 

molecules to value-added chemicals using heterogeneous catalytic technologies. Catalysis 

Science & Technology 2020, 10 (9), 2721-2757. 

 

114. Zhang, Q.; Xiang, X.; Ge, Y.; Yang, C.; Zhang, B.; Deng, K., Selectivity enhancement in 

the g-C3N4-catalyzed conversion of glucose to gluconic acid and glucaric acid by modification 

of cobalt thioporphyrazine. J. Catal. 2020, 388, 11-19. 

 

115. Ling, P.; Qian, C.; Gao, F.; Lei, J., Enzyme-immobilized metal-organic framework 

nanosheets as tandem catalysts for the generation of nitric oxide. Chem. Commun. (Camb.) 2018, 

54, 11176-11179. 

 

116. Mukherjee, M. R., A. R., Nitric oxide synthase-like activity of ion exchange resins 

modified with iron (III) porphyrins in the oxidation of l-arginine by H2O2: Mechanistic insights. 

Catal. Commun. 2007, 8, 1431-1437. 

 

117. Zhong, X.; Xia, H.; Huang, W.; Li, Z.; Jiang, Y., Biomimetic metal-organic frameworks 

mediated hybrid multi-enzyme mimic for tandem catalysis. Chem. Eng. J. 2020, 381. 

 

118. Ye, R.; Zhao, J.; Wickemeyer, B. B.; Toste, F. D.; Somorjai, G. A., Foundations and 

strategies of the construction of hybrid catalysts for optimized performances. Nat. Catal. 2018, 1, 

318-325. 

 

119. Ghaleno, M. R.; Ghaffari-Moghaddam, M.; Khajeh, M.; Reza Oveisi, A.; Bohlooli, M., 

Iron species supported on a mesoporous zirconium metal-organic framework for visible light 

driven synthesis of quinazolin-4(3H)-ones through one-pot three-step tandem reaction. J. Colloid 

Inter. Sci. 2019, 535, 214-226. 

 

120. Wu, J.; Chang, G. G.; Peng, Y. Q.; Ma, X. C.; Ke, S. C.; Wu, S. M.; Xiao, Y. X.; Tian, 

G.; Xia, T.; Yang, X. Y., Spatial acid-base-Pd triple-sites of a hierarchical core-shell structure for 

three-step tandem reaction. Chem. Commun. (Camb.) 2020, 56, 6297-6300. 

 

121. Sulman, E. M.; Matveeva, V. G.; Bronstein, L. M., Design of biocatalysts for efficient 

catalytic processes. Curr. Opin. Chem. Eng. 2019, 26, 1-8. 

 

122. Devine, P. N.; Howard, R. M.; Kumar, R.; Thompson, M. P.; Truppo, M. D.; Turner, N. 

J., Extending the application of biocatalysis to meet the challenges of drug development. Nat. 

Rev. Chem. 2018, 2, 409-421. 

 

123. Berg, J. M. T., J. L.; Gatto, G. J.; Stryer, L., Biochemistry. 8 ed.; W.H. Freeman & 

Company: 2015. 

 

 



39 
 

124. Li, X.; Yan, Y.; Wang, W.; Zhang, Y.; Tang, Y., Activity modulation of core and shell in 

nanozeolite@enzyme bi-functional catalyst for dynamic kinetic resolution. J. Colloid Inter. Sci. 

2015, 438, 22-28. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

 

CHAPTER 2 

A SUPPORTED PALLADIUM/GOLD TANDEM CATALYST FOR THE DIRECT 

OXIDATIVE ESTERIFICATION OF ALLYL ALCOHOL 

In preparation to be submitted for publication. 

Kara Metzger,a Megan Moyer,a,$ Noemi Leick,b Malcolm Davidson,c and Brian Trewyna,b,c* 

2.1 Abstract  

The direct oxidative esterification of alcohols has been the focus of research due to its 

importance in the production of monomers that have applications in many different syntheses 

with industrial relevance. In particular, the esterification of allyl alcohol to form ally acrylate and 

allyl methacrylate is frequently targeted since these monomers possess significant commercial 

value. Polymers containing allyl acrylate are used in dyes, adhesives, paints, textiles, polyolefins, 

and quaternary ammonium salts, and their demand continues to increase. The typical synthetic 

environments for forming this ester from allyl alcohol are harsh: strong base activation at high 

temperatures for extended time, followed by strong acid catalyst treatments. These routes require 

stoichiometric or excess amounts of toxic and high-cost reagents; often necessitating separate 

reactions to form intermediate species. More recently, gold nanoparticles on various supports 

have emerged as promising green catalytic alternatives for direct oxidative esterification of 

alcohols. These heterogeneous catalysts allow for molecular oxygen to be used as an oxidant, 
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lower reaction temperatures, and milder base addition. Though gold displays high selectivity for 

the formation of the ester, activity tends to remain below desired levels unless temperature or 

oxygen pressure are increased. Palladium has also been explored as a catalyst for these reactions 

as it is highly active for alcohol oxidation, even at low temperatures. Despite this improvement, 

palladium catalysts suffer from low selectivity, which is compensated for by increasing reaction 

time. In this work, palladium and gold are supported on mesoporous silica nanoparticles (MSNs) 

for use as a tandem catalyst for the direct oxidative esterification of allyl alcohol. Tandem 

heterogeneous catalysts, or two distinct catalytic sites present on a single catalyst, have been at 

the forefront of recent research; they reduce waste, limit reaction steps, and efficiently perform 

multi-step reactions within a single system. While Au@MSN and Pd@MSN are able to convert 

only 22 and 72% of allyl alcohol, respectively, the tandem Pd/Au@MSN catalyst demonstrates 

complete conversion. Additionally, the tandem catalyst yields 40% more allyl acrylate than the 

Pd catalyst, exemplifying the benefits of incorporating both catalysts in a single system.  

2.2 Introduction  

Synthesizing esters directly from alcohols has been a challenge for organic chemistry since 

the early 1940s.1,2 In particular, allyl acrylate ester has been targeted due to its importance as a 

precursor molecule for many industrial applications such as coatings, paints, and flame-retardant 

textiles.3 Additionally, allyl acrylate and methacrylate have been used in the polymerization of 

quaternary ammonium salts employed in waste-water treatment, in the polymerization of thiol-

acrylate systems where they are active enough as a monomer so as to not require the addition of 

a photoinitiator to the polymer, and as a coating for stents to function in drug delivery.4,5 Most 

synthetic methods, however, are performed in methanol, thus yielding the methacrylate product.6 

Typical preparations of these methyl esters employ harsh conditions; strong acids such as 
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sulfuric, sulfonic, and phosphoric acid are required, and the production of these esters from their 

corresponding alcohol is a two-step process. In traditional methods, the carboxylic acid is reacted 

with methanol while utilizing an alkoxide to yield the methyl ester.6 The direct oxidation of allyl 

alcohol to form allyl acrylate without the use of harsh acids or alkoxides is therefore highly 

desirable, and more recently has been a focus of green chemical syntheses.6-8 One promising 

innovation is the use of supported gold nanoparticle catalysts for the direct oxidative 

esterification of alcohols.6,9 Corma and coworkers investigated gold supported on cerium oxide 

for alcohol oxidation to form aldehydes and ketones. They found that they could achieve very 

high turnover frequencies (TOF) of 12,500 h-1 for the conversion of 1-phenylethanol into 

acetophenone at 160 °C under atmospheric pressure of oxygen.10 Preparation of esters from 

alcohols reacted with methanol has been investigated for a variety of metal catalysts. Maki et al. 

employed N-heterocyclic carbenes and manganese (IV) oxide catalysts in a one pot system to 

synthesize esters from alcohols. Their strategy of combining both catalysts into one reaction 

system allowed for efficient synthesis at ambient temperatures.11 A copper catalyst, 

Cu(ClO4)2Å6H2O, was shown to oxidize aromatic and aliphatic aldehydes to esters with simple 

alcohols. Despite the benefits of using a non-precious metal catalyst, the reactions required 

elevated temperatures and tert-hydroperoxide as the oxidant.12 

More recently, benzylic and allylic alcohols were reacted with methanol in the presence of 

gold salt (NaAuCl4) using oxygen or air as the oxidant to form the corresponding esters. They 

found that the gold salt formed a supported complex in situ with the added K2CO3 base, making 

a heterogeneous catalyst.13 The advantages of heterogeneous catalysts are that they are easily 

recycled, the supports often have high specific surface area allowing excellent access to the 

nanoparticle active sites, and often the amount of metal required for the reaction is decreased.14-16 



43 
 

There is always a drive to reduce the amount of catalyst used as they tend to be cost prohibitive, 

particularly precious-metal catalysts. In addition to catalyst considerations, an ideal system for 

the oxidative esterification of alcohol would be at ambient, or near ambient, pressures and 

temperatures and in a single reaction vessel to limit waste created by subsequent reactions and 

separations. To that end, supported gold nanoparticles have emerged as the most promising 

catalysts for these reactions. However, methanol is often incorporated with the allyl alcohol, 

resulting in allyl methacrylate formation. A more unique product is allyl acrylate, which requires 

the oxidative intermediate, acrolein, to react with allyl alcohol. Another challenge for this 

reaction is that gold is an efficient catalyst for the conversion of acrolein and allyl alcohol to 

form allyl acrylate but maintains slow kinetics for the first oxidation reaction from alcohol to 

aldehyde.6 In order to overcome this rate-limiting step, high temperatures, harsh oxidants, and 

strong bases are often added to the reaction.17  

One innovation that has gathered attention recently is the synthesis and use of tandem 

catalysts.18,19 These catalysts contain at least two active sites or two different metals for use in a 

single reaction system. By incorporating a second catalyst alongside the gold nanoparticles, the 

limitations of the first oxidation step can be overcome. Copper and palladium have been 

identified as metals that efficiently catalyze the conversion of alcohols to aldehydes, though 

typically as single-site catalysts.20,21 Recently, this strategy of incorporating a second catalyst 

was shown to be effective for oxidative esterification of benzyl alcohol with a tandem Pd-Au 

catalyst supported on mesoporous silica nanoparticles (MSN).22 The tandem system greatly 

outperformed either Pd or Au catalysts by themselves due to each specializing in one step of the 

reaction. In this paper, we report a tandem Pd/Au@MSN catalyst for the oxidative esterification 

of allyl alcohol without the addition of solvent or methanol, at low temperatures, with low 
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catalyst loadings, and using molecular oxygen as an environmental oxidant. The mechanism of 

oxidative esterification is generally well understood. The reactant alcohol is catalyzed to form 

the aldehyde intermediate, which then interacts with excess alcohol to form the hemiacetal. The 

hemiacetal is then catalyzed to give the final ester product.6-8 Palladium effectively performs the 

first step of this tandem reaction, the initial dehydrogenation of the alcohol, while the Au catalyst 

performs the second step of this reaction, converting the hemi-acetal to the final ester product. 

This two-metal catalyst system enables direct oxidative esterification of a historically 

synthetically difficult product.  

2.3 Experimental 

2.3.1 Materials 

All materials were used without further purification. Allyl alcohol, tetramethylorthosilicate 

(TMOS), palladium acetate (Pd(OAc)2), ethylenediamine (en), gold chloride trihydrate 

(HAuCl4Ț3H2O), potassium carbonate, toluene, sucrose, polydopamine-HCl, and TRIS-HCl were 

purchased from Sigma Aldrich. Common solvents (ethanol, methanol) were ACS grade. P104 

surfactant was obtained from BASF. Millipore nanopure water was filtered at 18.2 MOhms.  

2.3.2 MSN-10 Synthesis  

MSN-10 was prepared as previously reported;23 3.5 g P104 was dissolved in 112.2 mL 1.6 M 

HCl in a 250 mL Erlenmeyer flask for 1 hour at 56 °C while stirring. Then, 5.2 mL TMOS was 

added dropwise over 5 minutes. The flask was lightly covered with aluminum foil and allowed to 

stir at 56 °C for 24 hours. The mixture was then transferred to a Teflon-lined Parr reactor and 

placed in an oven at 150 °C for 24 hours. The gel product was filtered, washed with nanopure 

water and copious amounts of methanol, and air dried at room temperature overnight. To remove 
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the surfactant, the dried product was placed in a muffle furnace and heated in air to 550 °C at 

10 °C/min for 6 hours.  

2.3.3 Au(en)2Cl3 synthesis  

Ethylenediamine substituted gold chloride was synthesized as reported elsewhere;24 1 g of 

HAuCl4Å3H2O was dissolved in 10 mL nanopure water in a small Erlenmeyer flask. After 

dissolving, 0.45 mL ethylenediamine was added. The mixture was stirred for 30 minutes at room 

temperature, then subsequently 70 mL of ethanol was added, and the mixture immediately 

became cloudy. The solid was filtered, washing with ethanol. The resulting white powder was 

dried under vacuum overnight. 

2.3.4 Au@MSN synthesis 

Gold was immobilized on MSN as reported elsewhere;22,24 In a beaker, 75 mg of Au(en)2Cl3 

was added with 120 mL of nanopure water. The pH of this solution was adjusted to 10 with 2 M 

NaOH, followed by the addition of 1 g of MSN-10, which acidified the solution. The pH was 

again adjusted with 2 M NaOH until it reached 9.5. The solution was stirred for 2 hours at room 

temperature and the solid was filtered and washed 3 times with nanopure water and 1 time with 

methanol. The powder was vacuum dried for 24 hours. To reduce the gold, the catalyst was 

placed in a quartz boat in a tube furnace. The tube was degassed with nitrogen for 15 minutes 

followed by the addition of a 10% hydrogen flow. The catalyst was reduced under 10% hydrogen 

(balance nitrogen) for 3 hours at 250 °C (10 °C/min ramp rate). The resulting purple/red powder 

was stored for catalytic use and Pd addition. 

2.3.5 Pd@MSN synthesis 

Palladium was immobilized on MSN as reported elsewhere;22 The MSN was first dried for 6 

hours at 90 °C in an oven. Then, 500 mg of the dried MSN was placed in a round bottom flask 
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with 17.7 mg Pd(OAc)2 and 25 mL of toluene. The round bottom was capped with a rubber 

septum and the mixture was heated at 35 °C for 3 hours with stirring. The solid was then filtered, 

washing 2 times with toluene and 2 times with methanol. The powder was dried overnight under 

vacuum. The catalyst was reduced by the same method as above: 3 hours at 250 °C in a tube 

furnace under hydrogen. This grey powder was stored for future use. 

2.3.6 Pd/Au@MSN synthesis  

The previously synthesized Au-MSN was first dried for 6 hours at 90 °C in an oven to 

remove physisorbed water. After, the dried catalyst was placed in a round bottom flask with 17.7 

mg Pd(OAc)2 and 25 mL of toluene. This mixture was capped with a rubber septum, heated to 

35 °C, and stirred for 3 hours. The catalyst was then filtered, washing 2 times with toluene and 2 

times with methanol. The powder was dried under vacuum for 24 hours. To produce the final 

catalyst, the solid was placed in a quartz boat and reduced using the same method as above: 3 

hours at 250 °C under hydrogen. The final powder was brown/grey.  

2.3.7 Carbon-coated MSN synthesis (CC-Pd/Au@MSN)  

To carbon coat the catalytic material, the catalyst was coated as reported elsewhere;25 100 mg 

of the catalyst was placed in a 50 mL beaker with a stir bar with 10 mg sucrose and 5 mL of 

nanopure water. This liquid mixture was left to stir overnight open to the air until the water 

evaporated. The solid was then transferred to a quartz boat and placed in a tube furnace. 

Carbonization took place under nitrogen gas and heating at 400 °C for 2 hours (5 °C/min ramp). 

2.3.8 PDA-coated MSN synthesis (PDA-Pd/Au@MSN) 

As an alternative method of carbon coating the catalyst, a polydopamine polymer coating 

was used as reported elsewhere;26 100 mg of Pd/Au@MSN and 25 mg dopamine hydrochloride 

were placed in a plastic centrifuge tube with a stir bar and 25 mL 10 mM Tris buffer, pH 8.5. 
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This mixture was stirred overnight at room temperature while covered to reduce exposure to 

light. To separate out the coated catalyst from polydopamine that did not form a coating, the 

black mixture was centrifuged at 5000 g for 5 minutes and the supernatant was decanted. The 

particles were washed with 3 x 25 mL nanopure water. The coated catalyst was dried under 

vacuum overnight.26 

2.3.9 Neat oxidative esterification of allyl alcohol  

In a 2-neck round bottom flask, 22 mg catalyst, 138 mg K2CO3, and 5 mL allyl alcohol were 

combined and sonicated together for 1 minute. The flask was connected to a condenser with a 

balloon fitted over the top and the mixture was purged with O2 gas 3 times and then the balloon 

was filled with O2 gas. The reaction was stirred at 60 °C for the allotted time (3, 6, 12, or 24 

hours). The final mixture was filtered over a frit filter, washing 3 x 2 mL allyl alcohol. The 

filtrate was collected for GC analysis.  

2.3.10 Neat oxidative esterification of allyl alcohol recyclability tests 

In a 2-neck round bottom flask, 20 mg catalyst, 20 mg K2CO3, and 5 mL allyl alcohol were 

combined and sonicated together for 1 minute. The flask was connected to a condenser with a 

balloon fitted over the top and the mixture was purged with O2 gas 3 times and then the balloon 

was filled with O2 gas. The reaction was stirred at 60 °C for 24 hours. The final mixture was 

filtered over a frit filter, washing 3 x 2 mL allyl alcohol. The filtrate was collected for GC 

analysis. 

2.3.11 Oxidative esterification of allyl alcohol in hexadecane  

In a 2-neck round bottom flask, 10 mg catalyst, 69 mg K2CO3, 0.25 mL allyl alcohol, and 

2.25 mL hexadecane were combined and sonicated for 1 minute. As with the neat reaction, the 

flask was placed under a condenser sealed with a balloon, purged with O2 3 times and the 
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balloon filled with O2 gas. The reaction was stirred at 60 °C for 6 hours after which the solid was 

filtered over a frit filter, washed 3 x 1 mL hexadecane, and the filtrate collected for GC analysis. 

2.3.12 Instrumentation and characterization 

Nitrogen sorption analysis was performed at 77 K with a Micromeritics Tristar 3020 surface 

area and porosity analyzer. The surface area was determined with Brunauer-Emmett-Teller 

(BET) and average pore size with Barrett-Joyner-Halenda (BJH) method. The powder X-ray 

diffraction of the catalysts was measured on an Empyrean X-ray diffractometer using Galipex w/ 

FASS and BBHD with 1/32 entrance slit (divergence) and 1/8 anti-scatter slit with a 10 mm mas 

and 0.4 soller slit on the FASS at 16.8, rotating at 2 RPM scan using powder on 0 bg holder ~200 

s dwell. The powder samples were imaged using the FEI Tecnai ST 30 transmission electron 

microscope (TEM) operated at 300 kV. Scanning electron microscopy (SEM) was performed on 

a Quanta 250 FEG Scanning Electron Microscope made by the FEI Company. Metal content of 

the various catalysts was measured by ICP-AES PerkinElmer Optima 8300 after dissolving the 

solid in HF and aqua regia and diluting with 5% HCl. 

2.4 Results and Discussion 

2.4.1 Material Characterization  

The physical properties of the catalysts were determined by TEM, nitrogen sorption, ICP, 

and XRD. TEM analysis (Figure 2.2) of the MSN-10 support revealed hexagonal disc-like 

particle morphology with hexagonally ordered pores (11.5 ± 1.5 nm), which was in alignment 

with the pore size range calculated from BJH desorption and adsorption (10-13 nm). This general 

structure was maintained for each catalyst as evidenced by TEM and nitrogen sorption. With the 

addition of gold, nanoparticles were observed well-distributed throughout the MSN support. For 

Pd@MSN, particles were not visible in TEM, though elemental mapping (Figure 2.3) shows a 
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uniform distribution of palladium throughout the support. This suggests that the metal is 

incorporated as very small nanoparticles or as single-site or small atom clusters of palladium. In 

the tandem catalyst, Pd/Au@MSN, again only gold nanoparticles are observed but EDS confirms 

the presence of both metals. Gold nanoparticles were observed in the size range of 3-11 nm 

(average 6.4 nm); these particles could fit inside the pores of the MSN and are likely distributed 

both in the pore and external surface of the support. Elemental mapping (Figure 2.3) shows 

clusters of Au, suggesting particle formation, while Pd is highly dispersed throughout the 

support. 

Nitrogen sorption analysis further confirms that high surface area and large pore size is 

maintained throughout the addition of catalysts to the MSN support (Figure 2.1). Each catalyst 

has a surface area of approximately 400 m2g-1 and an average pore diameter of 13 nm, allowing 

access to the catalytically active sites of both Pd and Au metals on the MSN. 

 

 

Figure 2.1 Nitrogen sorption isotherms for each catalyst. Pore size distribution is displayed at the 

inset. 
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Figure 2.2 TEM images of MSN-10 (a, b), Au@MSN (c, d), Pd@MSN (e, f), and Pd/Au@MSN 

(g, h). 
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Figure 2.3 Elemental mapping of metal distribution on the silica support for Pd/Au@MSN 

HAADF image at the top left is the source for each subsequent chemical map.  

 

A Type IV isotherm was obtained for each material, typical for mesoporous materials. The 

relatively vertical hysteresis loop at a high relative pressure suggests regular pore ordering with 

large sized pores.27,28 The pore size distribution for each material is centered at 13 nm with very 

little deviation after the addition of Au or Pd. The nitrogen sorption provides evidence that the 

original MSN-10 structure does not undergo significant alteration during the addition of 

subsequent Au and Pd catalysts, which is expected as silica is both inert and chemically and 

thermally stable in most conditions. The pore structuring of the MSN was further analyzed with 

low angle (LA) powder X-ray diffraction (XRD) as shown in Figure 2.4(left). The most 

prominent peak at 0.88Á 2ɗ corresponds to the (100) peak, while the peaks at 1.45Á and 1.8Á 

correspond to the (110) and (200) peaks respectively.29,30 The Au@MSN sample has a decrease 

in relative intensity of these peaks due to the basic conditions of the synthesis, which partially 
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etches the silica support over time. The higher degree ordering was observed for each as 

prepared sample, but only the (100) peak was apparent after the catalyst was used for 24 hours, 

meaning the highly ordered pores of the MSN show slight degradation at the reaction conditions. 

In the high angle XRD spectra (Figure 2.4(right)), peaks corresponding to gold nanoparticles 

were observed in each gold-containing catalyst.31 As with TEM, palladium is not apparent in 

XRD due to its small particle size and high dispersion throughout the samples. The noise in the 

high angle spectrum is due to a lowered intensity compared to the low angle spectra. 

 

 

Figure 2.4. Low angle XRD (left) and high angle XRD (right) for as prepared catalysts and the 

Pd/Au@MSN catalyst after 24 hours use in a neat allyl alcohol oxidative esterification reaction. 

 

The amount of metal in each catalyst sample was measured by ICP-AES after dissolving the 

MSN supported catalysts in HF and aqua regia. It was determined that Au was loaded at 

approximately 3 wt% while Pd was loaded at 0.5 wt%. The differences in Au and Pd content are 

within the margin of error of the instrument and do not appear significant. A summary of all 

catalyst characterization is shown in Table 2.1. 
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Table 2.1 Physical properties of MSN supported catalysts. 

Material 

Surface 

area 

(m2g-1) 

Pore 

volume 

(cm3g-1) 

Pore 

size 

(nm) 

(100) 

(2ɗ 

degrees) 

d100 

(nm) 

Au 

content 

(wt%) 

Pd 

content 

(wt%) 

MSN-10 401 1.29 13.1 0.89 9.9 - - 

Au@MSN 380 1.29 13.3 0.86 9.9 2.9 - 

Pd@MSN 390 1.26 13.2 0.88 10.0 - 0.3 

Pd/Au@MSN 375 1.25 13.2 0.88 10.0 3.3 0.6 

 

 

 

Figure 2.5 Yield of allyl acrylate in a neat system after different reaction times (right) and 

relative rate of production of allyl acrylate (right). All reactions were performed at 60 °C under 

O2 atmosphere. 

 

2.4.2 Allyl alcohol oxidative esterification  

To determine the yield of allyl acrylate from the direct oxidative esterification of allyl 

alcohol, a neat system (no additional solvent) was chosen to test the catalysts. First, the overall 

activity of the single metal and tandem catalysts was tested by running the reaction for 24 hours 



54 
 

(Figure 2.5). This time scale was chosen due to difficulties in synthesizing allyl acrylate from 

allyl alcohol in previous literature sources. As shown, the Au@MSN had very little activity, 

which is expected due to the relatively low reaction temperature of 60 ƶC. Pd@MSN showed 

higher activity than the Au catalyst, but most promisingly the Pd/Au@MSN tandem catalyst 

outperformed either individual metal catalyst. Shorter time scales were tested with the tandem 

catalyst where the effectiveness of the catalyst was determined based on a relative reaction rate 

(yield divided by time normalized to the best performer). Though the yield of allyl acrylate is 

highest for the tandem catalyst run for 24 hours, the catalyst performs best at the 6-hour time 

scale (Figure 2.5). Subsequent conversion, alternative reaction conditions, and recyclability tests 

were run for 6 hours. Significantly, the tandem catalyst was found to produce more allyl acrylate 

than the Pd@MSN catalyst in ¼ of the time (6 hours vs. 24 hours). This shows promise for 

incorporating tandem catalysts into challenging reactions. 

To calculate allyl alcohol conversion, a non-neat system was required. In order to get 

adequate separation in the GC to identify allyl alcohol, hexadecane was chosen as the solvent for 

the conversion reactions. When 10 mg of catalyst was employed in the 6-hour reaction, only the 

tandem Pd/Au@MSN achieved 100% conversion (Figure 2.6). The Au@MSN catalyst had low 

conversion while the Pd@MSN catalyst performed better than the Au@MSN catalyst, as 

expected. It has been shown that Pd catalysts are efficient for the conversion of alcohol to 

aldehyde while Au suffers from low conversions at this step, especially at lower reaction 

temperatures. Not only was the tandem catalyst able to convert all the allyl alcohol, but this 

Pd/Au@MSN catalyst functioned without the addition of the mild base, K2CO3, which has not 

been shown for this type of reaction before. Overall, these results support that a tandem catalyst 

with Pd to convert allyl alcohol to acrolein (the aldehyde intermediate) and Au to convert 
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acrolein to allyl acrylate outperforms either metal catalyst acting alone. Further, this reaction can 

be achieved at mild conditions: 60 °C, atmospheric pressure of O2 as the oxidant, and without 

any base additive. 

One of the issues with the wet impregnation synthesis of the Pd/Au@MSN catalyst is that the 

nanoparticles are not anchored in place either by chemical or physical means (such as 

incorporating the particles into the silica matrix). After a 24-hour reaction in allyl alcohol, the 

gold nanoparticles were observed to have migrated towards the ends of the pores of the MSN 

(Figure 2.7) and leaching of the particles took place as evidenced by the slight drop in Au 

content from 3 to 2.4 wt% as well as a purple/grey tint to the filtrate. One of the simplest ways to 

help prevent degradation of the catalyst is with a thin coating of carbon, which should enhance 

both the stability of the silica as well as the nanoparticles.25 To test the effect of carbon coating 

the Pd/Au@MSN catalyst, a sucrose sourced carbon coating and a polydopamine (PDA) polymer 

coating were applied to different catalyst samples and characterized.25,26 

 

 

Figure 2.6. Conversion of allyl alcohol in hexadecane. Reactions were run for 6 hours at 60 °C 

under O2 atmosphere.  
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Figure 2.7. TEM images of Pd/Au@MSN after reaction in neat allyl alcohol for 24 hours 

showing the gold nanoparticle agglomeration (red arrows indicating gold nanoparticles on the 

edge of the MSN pores). 

 

 

2.4.3 Carbon and polydopamine coated Pd/Au@MSN  

Shown in Figure 2.8 are the TEM and SEM images of carbon coated and PDA coated 

Pd/Au@MSN. The general particle and pore morphologies of the original MSN source were 

maintained after the coating procedure and the gold nanoparticles did not appear to agglomerate 

or migrate to the end of the pores, even after the 400 °C heat treatment necessary in the carbon 

coating procedure.  

The carbon coating procedure yielded a non-homogeneous distribution of carbon throughout 

the sample, with carbon located outside the main pore structure as seen in both TEM and SEM 

(Figure 2.8). The PDA sample coating was much more homogeneous; this synthesis is unique in 

that it can be done at room temperature and in aqueous conditions. This simple coating may be a 

viable green alternative to higher temperature carbon coating syntheses. To further confirm the 

integrity of the original catalyst after coating, nitrogen sorption and XRD (Figure 2.9) were 

conducted. As expected, there was a slight decrease in overall surface area for the coated 

samples and no observable change in the LA or high angle XRD. This evidence suggests that the 
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coating for each sample is thin enough not to block the pores and the synthesis routes do not 

negatively impact the MSN or the nanoparticle catalysts.  

 

 
Figure 2.8 TEM (a-e) and SEM (c, f) images of carbon coated Au/Pd@MSN (a-c) and PDA 

coated Au/Pd@MSN (d-f). 

 

Figure 2.9 Nitrogen sorption BET isotherm with BJH pore size distribution (left), LA-XRD 

(middle), and high angle XRD (right) for as synthesized Pd/Au@MSN, carbon coated, and PDA 

coated catalysts. 
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To test the effect that the carbon and PDA coating had on the activity of the catalyst, 

recyclability tests were run. Especially when working with precious metal catalysts, improving 

recyclability is a major concern; sacrificing some activity for better recyclability can often be 

more economically viable. It was noted in the initial catalysis reactions that the mild base was 

not needed for the reaction to proceed. In the recyclability reactions, a small amount of base was 

needed to help facilitate the initial dehydrogenation of the alcohol. The activity of the coated 

samples was initially less than the uncoated Pd/Au@MSN sample due to less access to catalytic 

active sites from the coatings (Figure 2.10). The Pd/Au@MSN showed a steady decrease in 

activity over the 5 cycles with the last cycle maintaining 20% conversion of allyl acrylate. The 

PDA coated sample demonstrated an increase in activity over the first 4 cycles with a slight 

decrease between cycles 4 and 5. This is most likely due to the active sites of the catalysts 

becoming more available after each cycle as the coating degraded slightly during the 

recyclability tests. While the activity of the carbon coated catalysts increased some as more 

active sites became available, the activity remained relatively low compared to the Pd/Au control 

and PDA coated samples, with the highest conversion percentage being about 26% of allyl 

acrylate produced. Overall, the PDA samples demonstrated the most promising recyclability tests 

as the conversion % remained the most stable over the 5 cycles tested.  
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Figure 2.10 Allyl acrylate yield in a neat system with as prepared catalyst (PdAu) (red), carbon 

coated (CC) (blue), and PDA coated catalyst (green). Each reaction was run for 24 hours at 60 

°C under O2 atmosphere over 5 cycles.  

 

2.5 Conclusion  

Direct oxidative esterification of allyl alcohol was carried out by a tandem catalyst 

containing Pd and Au on a mesoporous silica support. This Pd/Au@MSN catalyst outperformed 

both Pd@MSN and Au@MSN single metal catalysts for the conversion of allyl alcohol as well 

as allyl acrylate yield. Typically, allyl acrylate is difficult to synthesize and requires high 

reaction temperatures, high pressures of O2 oxidant, and the addition of a base such as K2CO3 to 

facilitate the initial dehydrogenation of the alcohol. While Au has been identified as a green 

catalyst for this reaction, Au nanoparticles are more efficient at the second oxidation step 

converting the aldehyde to the final ester product. By incorporating a second catalyst to assist 

with the initial oxidation of the alcohol, improved conversions and yields were achieved. The 

reaction conditions were at mild temperature (60 °C), atmospheric pressure of O2 gas as a green 

oxidant, and without the need to add any base salt. Further, a carbon coating and polydopamine 
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coating procedure were shown to retain the original structure of the Pd/Au@MSN catalyst. 

Activity and recyclability of the coated catalysts were tested and demonstrated improved stability 

compared to the uncoated Pd/Au@MSN sample. Tested over 5 cycles, the coated catalysts, 

particularly the PDA coated, demonstrated potentially improved recyclability. 
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CHAPTER 3 

CO-CONDENSATION OF FUNCTIONAL SILANES INTO MESOPOROUS SILICA 

NANOPARTICLES: MAINTAINING SILICA MORPHOLOGY 

AND IMMOBILIZING BIO -CATALYSTS 

ON INORGANIC SUPPORTS 

In preparation to be submitted for publication. 

Kara E. Metzgera, Megan M. Moyerb, Glory A. Russell-Parksa, c, Brian G. Trewyna, c, d 

3.1 Abstract  

 A series of organic-functionalized large-pore mesoporous silica nanoparticles (MSN-10) 

were synthesized via the co-condensation method using a Pluronic 104 triblock copolymer as the 

pore forming surfactant in acidic conditions. We systematically investigated the pre-hydrolysis 

time for tetramethylorthosilicate (TMOS) and hydrothermal aging temperature to maintain 

hexagonally-shaped individual functionalized MSNs with large pore diameters ranging between 

5 nm to 10 nm. The pre-hydrolysis time was found to be crucial to control particle shape and 

morphology, whereas the temperature of the hydrothermal process affected the overall surface 

area of the material. These organic functionalized MSNs were applied as chemical handles for 

the attachment of biomolecule catalysts. The immobilized catalysts demonstrated improved 

stability without losing native untethered functionality. This investigation yielded a universal 
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synthetic route for producing reproducible and reliable particle morphology of MSN-10 type 

silicas. 

3.2 Introduction  

 Mesoporous silica nanoparticles (MSN) have attracted interest since the initial discovery of 

MCM-41 silica in the early 1990s.1,2 Soon after, SBA-15 type silicas were introduced which 

exchanged the ionic surfactant templates for Pluronic triblock copolymers made up of EOn-POn-

EOn structures (EO = ethylene oxide, PO = propylene oxide).3 These materials have had a lasting 

impact in the scientific literature due to their unique and tunable structural properties such as 

high surface areas, tunable pore diameters, and availability of surface modification routes.4 Many 

early reports focused on pore expansion or pore morphology control; the original MCM-41 

synthesis results in small pore diameters around 2 nm. By expanding the pore sizes of MSN 

materials a larger variety of application routes opened up.5-15 One lasting application of MSNs is 

their use in biocompatible systems such as drug carriers with controlled release.16-23 These 

supports have also been used for heterogeneous catalysis, especially owing to their high surface 

area, allowing excellent access to catalytic sites while providing stability, and also improving 

recyclability due to their ease of separation and subsequent reuse.24-29 One advantage of SBA-15 

type silicas is that they have larger pore sizes than MCM-41 silicas without requiring the use of 

pore-swelling agents or altereration to the synthetic route, and are thus mechanically and 

thermally more robust.30,31 When applying MSN materials as carriers or delivery vehicles, a 

large pore size is necessary to encompass drug or bio-molecules. Even in catalytic applications, a 

larger pore size is advantageous for substrate access to pore surface supported metal 

nanoparticles and molecular catalysts.  
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 A MSN material with very large pore diameters (>10 nm) has been synthesized and 

characterized by the Trewyn group in recent years.32-34 This material, herein referred to as MSN-

10, is related to SBA-15 type silica in that it is Pluronic surfactant templated by P104 

(PEO27PPO61PEO27) and has hexagonally arranged pores along with micropores connecting the 

mesopores. A route for functionalizing MSN-10 is described here that results in homogenous 

particle and pore morphology and a universal route for including organosilane functional groups 

in this newer class of MSN. Often MSNs are functionalized post-synthetically via a grafting 

method. In this route, the MSN is synthesized first, and typically the surfactant templating 

material is removed by calcination. This high heat treatment (500-600 °C) removes many of the 

surface silanol groups, which are necessary for the attachment of the functional silanes. Often 

grafting results in a high concentration of functional groups on the exterior surface and near the 

pore openings of the MSN, with a limited of functionality within the pores. This means the high 

surface area of the material, which is mainly due to the internal pore surface, is not taken 

advantage of and with functionality grouped at the pore entrances, some pores can effectively be 

closed off after the addition of metal nanoparticles or larger catalysts.16,35 Conversely, an in situ 

co-condensation route can be applied where the organosilanes are incorporated with the silica 

precursor and become part of the silica structure. The surfactant is removed via an acid or 

ethanol wash to preserve the organic groups, and their resulting distribution throughout the final 

MSN material is often much more homogeneous than with the grafting method.35  

 As MSN-10 is a relatively unexplored silica material, a universal route for co-condensing 

functional organosilanes needed to be developed, which is outlined in this chapter. Pre-

hydrolysis time of the tetramethylorthosilicate (TMOS) silica precursor as well as the 

hydrothermal treatment temperature were determined to be crucial aspects for retaining original, 
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uniform MSN morphology and for synthesizing a high surface area material reliably and 

homogenously. While there are many potential applications of organic functionalized MSNs, 

their use as catalysts supports is the focus here. The organic silanes were chosen due to their 

functionality in catalytic reactions or as tethering sites for active catalytic sites. The use of 

aminopropyl trimethoxysilane as a chemical handle for the attachment of biomolecules is also 

described.  

3.3 Materials and Methods 

3.3.1 Materials  

 All chemicals were used as received without further purification. Most chemicals, 

including tetramethylorthosilicate (TMOS), 3-aminopropyltrimethoxysilane (APTMS), allyl 

alcohol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), divinyl sulfone (DVS), 

amino acids, yeast alcohol dehydrogenase (ADH), and bovine serum albumin (BSA) were 

obtained from Sigma-Aldrich. Other organic silanes were purchased from Gelest. Triblock 

copolymer pluronic P104 (PEO27PPO61PEO27) was received as a gift from BASF. Common 

solvents were ACS grade, and all water used was Nanopure water (18.2 MOhm).  

3.3.2 Synthesis of unfunctionalized MSN-10 

 This synthesis was adapted from a previously published paper.36 In an Erlenmeyer flask 

equipped with a stir bar, 7.0 g of P104 and 224.4 mL 1.6 M HCl were stirred together at 56 °C 

until the P104 dissolved completely. Then, 10.2 mL TMOS was added quickly dropwise over a 

period of 3 minutes. The mixture, which was loosely covered with aluminum foil, was rapidly 

stirred for 24 hours at 56 °C prior to transfer to a Teflon-lined Parr reactor for hydrothermal 

treatment at 150 °C for 24 hours. The gel was separated by vacuum filtration and washed with 

water and copious amounts of methanol. The final MSN-10 product was obtained by calcination 
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of the solid in air at 550 °C for 6 hours. 

3.3.3 Synthesis of organosilane functionalized MSN-10 

 As described above, 7.0 g of P104 was dissolved in 224.4 mL of 1.6 M HCl at 56 °C for 1 

hour. Once dissolved, 10.2 mL TMOS was added dropwise and allowed to pre-hydrolyze for x 

minutes where x = 0, 15, or 30 min, followed by quick (all at once) addition of the silane (12 

mol% TMOS, excepting APTMS which was added at 5 mol%). The reaction mixture was stirred 

at 56 °C for 24 hours, then hydrothermally aged at 100 °C for 24 hours in a Parr reactor. The 

solid was isolated by vacuum filtration after washing with water and methanol. The final 

functionalized MSN-10 product was obtained after a 24 hour ethanol extraction (at reflux 

temperature) to remove the P104 surfactant.  

3.3.4 Synthesis of thiol functionalized MSN-10 at different aging temperatures  

 This material was synthesized exactly as the organosilane functionalized MSN-10, but with 

injection of the mercaptopropyl trimethoxysilane (MPTMS) 15 minutes after TMOS addition 

and with hydrothermal aging at 100 or 150 °C to examine the effect of hydrothermal treatment 

temperature. 

3.3.5 Attachment of bio-catalysts to amine functionalized MSN-10 (ADH-MSN)  

 A 50 mM HEPES buffer was prepared by dissolving 1.19 g HEPES in 80 mL Nanopure 

water. The pH of the buffer was adjusted to 9.5 with NaOH pellets and 2 M NaOH. The buffer 

was completed by adding 10% (v/v) acetone. To attach divinyl sulfone (DVS), 1.0 g 

aminopropyl triethoxysilane (APTES, 5 mol% TMOS) MSN was added to a flask with 50 mL of 

the HEPES buffer and sonicated to homogenize the mixture for 1 min. Then, 2.0 mL DVS was 

added all at once and the mixture was stirred at room temperature overnight. To isolate the DVS-

APTES-MSN, the solid was filtered over a frit filter, washing 3x with water, 3x with ethanol, 
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and 3x with acetone; the powder was dried under vacuum for 24 hours. To attach amino acids to 

the MSN, 1.25 mmol of the amino acid (l-lysine or ɓ-alanine) were added to a flask with 200 mg 

DVS-APTES-MSN and 20 mL HEPES buffer and sonicated together. This mixture was stirred 

for 12 hours before filtering, washing 3x with water, 1x with acetone, and 1x with water. The 

final catalyst was lyophilized to a powder. To attach the ADH enzyme, 20 mg ADH was added 

to a flask with 250 mg DVS-APTES-MSN with 50 mL HEPES buffer and 1.5 mg BSA. This 

mixture was gently stirred 18 hours at room temperature in light-free conditions. The final 

catalyst was obtained by centrifugation at 7000 g, washing 3x with a phosphate buffer (50 mM, 

pH 8.8), and was lyophilized and stored at -20 °C. 

3.3.6 Aldol condensation of n-butyraldehyde with amino acid MSNs  

 In a small 10 mL teardrop flask with stir bar, 100 mg MSN catalyst, 4.86 mL 10 mM 

phosphate buffer (PBS) pH 7.4, and 0.14 mL n-butyraldehyde were stirred at 37 °C for 24 h. The 

supernatant was collected by centrifugation at 7000 g and the organic components were extracted 

with 3x 1.5 mL dichloromethane. The organic layer was dried over anhydrous MgSO4 and 

evaporated under reduced atmosphere for 10 min to obtain a small amount of product. This was 

analyzed by 1H NMR in chloroform-d. 

3.3.7 ADH/MSN Mixture  

 For comparison with the immobilized/tethered ADH-MSN, an ADH/MSN mixture was 

prepared with no tethering mechanism present. This was done by adding 8.0 mg ADH to a flask 

with 100 mg APTES-MSN with 20 mL HEPES buffer and ~0.6 mg BSA. This mixture was 

gently stirred 18 h at room temperature in light-free conditions. The final catalyst was obtained 

by centrifugation at 7000 g, washing 3x with a phosphate buffer (50 mM, pH 8.8), lyophilized, 

and stored at -20 °C. 
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3.3.8 Immobilized ADH activity  

 In order to determine the ADH activity after immobilization on the MSN support a 

standard Sigma Aldrich protocol was followed, initiated by preparing assay solutions.37 A 50 

mM sodium phosphate buffer was prepared by adding 8.92 g sodium pyrophosphate, tetrabasic, 

decahydrate to 400 mL Nanopure water and adjusting the pH to 8.8 with 9.5% (v/v) phosphoric 

acid. To prepare a 10 mM sodium phosphate buffer, 21.0 mL of a 0.2 M sodium phosphate 

dibasic solution was added to 4.0 mL of 0.2 M sodium phosphate monobasic. The final volume 

was brought to 500 mL with Nanopure water and the pH adjusted to 7.5 with 1 M NaOH or HCl. 

A fresh ɓ-NAD solution was prepared at 15 mM, as well as an enzyme diluent solution that 

consisted of 1 mg/mL BSA in the 10 mM buffer. The native enzyme (free enzyme not 

immobilized on MSN) was prepared by diluting 0.50 mL of a 1 mg/mL ADH in 10 mM sodium 

phosphate buffer solution in the enzyme diluent solution to a total volume of 25.0 mL. The blank 

run was prepared by adding 1.30 mL of 50 mM sodium phosphate buffer, 0.10 mL allyl alcohol, 

and 1.50 mL of 15 mM NAD solution to a vial. Immediately before running, 0.10 mL enzyme 

diluent was added, the vial was shaken twice, and then the liquid was poured into a quartz 

cuvette. Absorbance at 340 nm was monitored over 10 min, with a data point recorded at 0, 2, 6, 

and 10 min. The native enzyme activity was tested in the same way, except the 0.10 mL of 

enzyme diluent was replaced with 0.10 mL of diluted enzyme solution. The 

tethered/immobilized enzyme was tested by placing 5 mg ADH-MSN in a centrifuge vial 

containing 1.30 mL buffer, 0.10 mL alcohol, and 1.50 mL NAD. Quickly, 0.10 mL enzyme 

diluent was added and the vial was shaken for the alloted time (~2-3 min), with the last minute 

for centrifuging the ADH-MSN at 7000 g. A white pellet of the enzyme@MSN particles were 

noted before decanting the liquid quickly into the quartz cuvette to get a single point A340 
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measurement. This same procedure for the ADH-MSN tethered catalyst was repeated for the 

ADH/MSN mixed catalyst as well.  

3.3.9 Recyclability tests 

 Recyclability tests were performed by following the immobilized ADH procedure above. 

The mixed catalyst was performed the same way. Each cycle for the tethered and mixed enzyme 

was performed simultaneously and recorded in succession at 0, 2, 6, and 10 min for a single 

point measurement at A340 for each. Mixtures were centrifuged between each reading so that 

MSN particles would not skew the absorbance readings. Both the tethered enzyme and mixed 

enzyme were recovered by centrifugation and lyophilized after the 10-minute reaction period. 

3.3.10 Materials Characterization 

 Nitrogen sorption analysis was performed at 77 K with a Micromeritics Tristar surface area 

and porosity analyzer. The surface area was determined with Brunauer-Emmett-Teller (BET) and 

average pore size with Barrett-Joyner-Halenda (BJH) method. The powder X-ray diffraction of 

the catalysts was measured on an Empyrean x-ray diffractometer using Galipex w/ FASS and 

BBHD with 1/32 entrance slit (divergence) and 1/8 anti scatter slit with a 10 mm mas and 0.4 

soller slit on the FASS at 16.8, rotating at 2 RPM scan using powder on 0 bg holder ~200 s 

dwell. The powder samples were imaged using the FEI Tecnai ST 30 transmission electron 

microscope (TEM) operated at 300 kV, and on a FEI Tecnai G2 F20 STEM working at 200kV. 

Thermogravimetric analysis (TGA) was run on a TA instruments Q500 to 800 °C at 

10 °C/minute in air on a platinum pan. Scanning electron microscopy (SEM) images were taken 

on a Quanta 250 FEG Scanning Electron Microscope made by the FEI Company. Solid-state 

13C-NMR spectra were taken under the following conditions: 14.1 T Varian NMR system with a 

3.2 mm probe operated at 599.6 MHz for 1H and 150.8 MHz for 13C, respectively. MAS rate nR 
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= 20 kHz, nRF
H = 80 kHz during short pulse, CP (tangent) and SPINAL64 1H decoupling, nRF

C = 

60 KHz, tCP = 1.5 ms, tRD = 1.5 s and NS = 20000. The spectra are normalized for constant 

height for visual clarity. 29Si DPMAS spectra were obtained under the following conditions: 9.4 

T Chemagnetics CMX Infinity system with a 5 mm probe operated at 400.0 MHz for 1H and 

79.5 MHz for 29Si, respectively. MAS rate nR = 10 kHz, nRF
Si = 50 KHz, nRF

H = 40 KHz during 

short pulse and TPPM decoupling, NCPMG = 10, tCPMG = 10 ms, tRD = 300 s and NS = 296. The 

spectra are normalized for constant height for visual clarity. Liquid state NMR was conducted on 

a JEOL-ECA 500 operating at 500 MHz to obtain the 1H spectra. ADH activity was monitored 

by following the formation of NADH at 340 nm on a Beckmann coulter DU800 spectrometer. 

3.4 Results and Discussion  

3.4.1 Co-condensation of organoalkoxysilanes with MSN-10 

 The introduction of organic silanes into MSN is an important synthetic route for creating 

functional groups and handles for catalysts; inert silica makes an excellent support material for a 

variety of catalytic reactions. Typically, the silanes are attached either through a post-synthetic 

grafting route or an in situ co-condensation route. Often the co-condensation reaction is 

favorable because the distribution of functional groups throughout the silica material is far more 

homogeneous, with the silane being incorporated into the actual silica structure, therefore lining 

the pores as well as the surface.35 However, the incorporation of organic groups via co-

condensation can affect the particle and pore morphology of MSNs, changing the structure from 

the unfunctionalized silica which can affect the catalysis if access to the active sites is altered.38 

To determine the effect of synthetic parameters on end MSN morphology, changes to the pre-

hydrolysis time of the TMOS as well as hydrothermal treatment temperature were investigated 

for a variety of common organic silanes. One of the most common silanes, aminopropyl 
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tri(m)ethoxysilane, was used as the initial handle for the attachment of bio-catalysts in the form 

of amino acids l-lysine and ɓ-alanine as well as a functional enzyme, yeast alcohol 

dehydrogenase. This report focuses on the synthetic parameters and results of the co-

condensation method with successful catalytic results being presented in brief. 

 During MSN synthesis, the surfactant is first dissolved in an aqueous solution, which 

begins the formation of micelles and ordered micellular arrays that form the template for the 

silica.39 The silica precursor is then introduced and undergoes hydrolysis and condensation; 

MSN-10 uses a pluronic triblock copolymer surfactant and is acid catalyzed, therefore forming 

larger particles with thicker walls than a base catalyzed synthesis such as MCM-41.3 Co-

condensation of a silane occurs near the addition of TMOS, and the pre-hydrolysis time was 

investigated across a variety of functional silanes. To investigate the effect of the pre-hydrolysis 

time (0, 15, or 30 minutes), the silane mercaptopropyl trimethoxysilane (MPTMS) was chosen at 

12 mol% of the TMOS amount. As shown in Figure 3.1, the morphologies of the silica particles 

varied depending on when the silane was introduced to the silica synthesis. The original particle 

morphology for MSN-10 is uniform and discrete hexagonal particles, as seen in Figure 3.1a. 

Often MSN-10 is compared to the more popular SBA-15 synthesis because it is templated by a 

triblock copolymer (P104 or P127 respectively). However, a drawback of SBA-15 is that the 

particles are non-uniform in shape and length, usually forming long tube-like particles. If a 

process is diffusion oriented, the at times multiple micron length pores can inhibit substrate 

transfer to the active sites. Conversely, MSN-10 has dimensions that could allow for more 

uniform diffusion of the substrates (Figure 3.2). When the silane is added along with the TMOS 

(time point 0), the MSN-10 particles actually form in a morphology similar to SBA-15, as shown 

in Figure 3.1b. At the 15-minute time point the hexagonal structures again become apparent 
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(Figure 3.1c), but the particles are still connected. After 30 minutes pre-hydrolysis time the 

original hexagonal particle morphology is recovered (Figure 3.1d) similar to that of the 

unfunctionalized MSN-10. This evidence suggests that pre-hydrolysis time is a critical factor in 

the final MSN morphology, and supports the theory that hydrolysis of the silica precursor plays a 

role in formation of the micelles along with the surfactant.4,39-41 

 

 

 

Figure 3.1 SEM images of (a) unfunctionalized MSN-10 (scale bar = 3 ɛm), (b) MPTMS-MSN-0 

minutes (scale bar = 10 ɛm), (c) MPTMS-MSN-15 minutes (scale bar = 2 ɛm), and (d) MPTMS-

MSN-30 minutes (scale bar = 3 ɛm). 

 

Next, the temperature of the hydrothermal aging treatment step was investigated with 

MPTMS-MSN-15 minute. The time of the hydrothermal treatment was maintained at 24 hours 

and the temperature at 100 or 150 °C. It was determined that higher surface area materials could 

(a) (b) 

(d) (c) 
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be achieved at the lower hydrothermal treatment temperature without affecting the -SH 

functional group loading (Table 3.1). 

 

 

Figure 3.2 SEM (a, b) and TEM (c, d) images of SBA-15 (a, c) and MSN-10 (b, d) particles. 

 

Table 3.1 Physical and chemical properties of MPTMS-MSN materials with different 

hydrothermal treatment temperatures 

Material 
Surface area 

(m2g-1)a 

Average pore 

diameter (nm)b 

-SH loading 

(mmol g-1)c 

MPTMS-MSN-

100 °C 
875 4.6 1.2 

MPTMS-MSN-

150 °C 
576 6.1 1.1 

aSpecific surface area calculated by BET method, bPore diameter calculated by BJH method, 
cLoading determined by TGA. 

 

(a) 

(c) 

(b) 

(d) 
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 A series of organic functionalized MSN-10 materials were prepared at a ratio of 12 mol% 

organosilane/TMOS excepting aminopropyl trimethoxysilane (APTMS) which was prepared at a 

5 mol% ratio. The amine groups of APTMS effectively raise the pH of the solution, quenching 

the acid catalyst and resulting in poor silica formation above the 5 mol% ratio. In general, a 30 

minute pre-hydrolysis time and hydrothermal treatment at 100 °C were the selected parameters 

based on the MPTMS-MSN data. The first organosilanes examined were mercaptopropyl 

(MPTMS), aminopropyl (APTMS), cyanopropyl (CPTMS), and triethoxylsilylbutyraldehyde 

(ADTES). SEM images in Figure 3.3 show that the hexagonal particle morphology was 

maintained for each of these organosilanes at these reaction conditions, demonstrating a 

universal method for silane addition to MSN-10 type silica. 

 

 

Figure 3.3 SEM images of (a) MPTMS-MSN, (b) CPTMS-MSN, (c) APTMS-MSN, and (d) 

ADTES-MSN. All scale bars are 3 µm. 
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 The structural properties of the synthesized MSNs are summarized in Table 3.2. Each of 

the functionalized MSNs had 30 minutes pre-hydrolysis time of TMOS and were hydrothermally 

treated at 100 °C. Due to the lower amount of APTMS added during synthesis, the incorporation 

of the amine silane is lower than other samples.  

 

Table 3.2. Structural properties of organic functionalized MSN-10 materials 

Material 

Surface area 

(m2g-1)a 

Pore volume 

(cm3g-1)b 

Average pore 

diameter (nm)b 

Organic group loading 

(mmol g-1)c 

MPTMS 782 0.69 5.3 1.4 

CPTMS 855 0.90 6.5 1.1 

APTMS 654 0.86 7.4 0.6 

ADTES 864 0.93 6.8 1.0 
aDetermined by BET method, bCalculated with BJH method, cDetermined from TGA weight 

loss 

 

3.4.2 Biomolecule immobilization on co-condensed APTMS-MSN 

 Amine-functionalized silica allows for quite diverse applications including anchoring of 

gold nanoparticles, acting as a catalyst, and as a handle for immobilizing biomolecules.42-44 

Typical biomolecule immobilization is done through adsorption, electrostatic interaction, or 

tethering to protect the biocatalyst.45,46 One common tethering route is to start with an amine 

group on the silica support, such as APTMS-MSN, and to use a bio-friendly tether such as 

glutaraldehyde, which forms Schiff bases with amines.47 On the biomolecule, lysine residues can 

also form a Schiff base, effectively tethering the catalyst to the support. A drawback of this 

synthesis route is that Schiff base formation is an equilibrium reaction, and under some catalytic 

reaction environments (namely, physiological conditions) these are reversible.48,49 An alternative 

linker is DVS which forms a Michaels type addition with amine groups under basic conditions.50 

This linker was chosen to attach biomolecules to the surface and within the pores of the MSN 

materials (Scheme 3.1). In order to determine the effectiveness of the tethering system, two 
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amino acids were chosen: l-lysine and ɓ-alanine. Both are effective catalysts for aldol 

condensation of n-butyraldehyde. Further, the formation of butyraldehyde from glucose can be 

catalyzed by the bacteria Clostridium acetobutylicum, making this an environmentally friendly 

synthetic pathway towards higher hydrocarbons.51,52 Though amino acids are cost effective 

alternatives to precious metal or synthetically difficult catalysts, they are toxic to bacteria. By 

housing the amino acid catalysts inside MSN, a bio-compatible support, a one-pot system 

involving bacteria and the catalysts could be achieved.18  

 

 

Scheme 3.1 Attachment of amino acids (or any biomolecule) to co-condensed APTMS-MSN via 

a divinyl sulfone linker molecule. Though this is presented as attaching through the backbone 

amine, with lysine it is more likely that the R group amine forms the second DVS linkage.   

 

The viability of the immobilized amino acids was tested for the aldol condensation of n-

butyraldehyde in aqueous solution at biological pH. It was expected that the Lys-MSN (lysine 
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attached to APTMS-MSN) catalyst would be able to perform aldol condensation while Ala-MSN 

would not complete the reaction due to the necessary amine group having linked to the DVS, 

forming a secondary instead of a primary amine. As shown in Figure 3.4, immobilized lysine 

was able to form 2-ethylhexenal, the aldol condensation product, while Ala-MSN did not show 

any activity for this reaction. Though less product was observed for the immobilized Lys-MSN 

catalyst than for the native amino acid, the amount of catalyst was drastically less (1/25 scale), 

therefore any production of 2-ethylhexenal is promising for future biocompatible use of this 

catalyst. 

 

 

Figure 3.4 
1
H NMR spectra of n-butyraldehyde aldol condensation reaction product for native 

(non-immobilized) amino acids and immobilized amino acids (amino acid-MSN). The 

butyraldehyde starting reactant is marked with blue circles while the 2-ethylhexenal aldol 

condensation product is marked with red circles. Extraneous peaks are attributed to solvent as 

well as impurities from the extraction process. In the reaction, 125 mM native amino acids were 

used compared to only 5 mM of the immobilized catalysts. 
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 To test the effectiveness of the DVS linker for the immobilization of biomolecules, a 

more complex catalyst was chosen. Yeast alcohol dehydrogenase was tethered to APTMS-MSN 

via a DVS-lysine linkage as with the simple amino acids. Yeast ADH contains approximately 7 

mol% lysine with some lysine residues being located at terminus chains making this tethering 

method an attractive option for immobilizing ADH.53 Immobilizing enzymes tends to help with 

stability in non-native reaction environments (higher temperatures, non-aqueous, mechanical 

stirring), thus expanding the potential applications of native enzymes as catalysts.54 In particular, 

enzymes are highly selective and could be used in reactions where enantiomeric selectivity is 

necessary, such as with pharmaceutical products.55 Loading of ADH onto APTMS-MSN via the 

DVS linker was monitored by nitrogen sorption as well as TGA. As shown in Figure 3.5, the 

surface area of the MSN is drastically lowered after the attachment of the enzyme (from 277 to 

102 m2 g-1), most likely due to the large dimensions of the enzyme, which can fill or block off 

pore entrances. The lower starting surface area can be attributed to the extra APTMS that was 

added via the grafting method; organic groups account for 23 wt% of the material as determined 

by TGA. The final loading of the actual enzyme was 4.5 wt%. 
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Figure 3.5 (Left) Nitrogen sorption BET isotherms with BJH pore size distribution inset for 

MSN (red) and ADH-MSN (blue). (Right) TGA weight loss of organic groups (red) and organic 

groups with ADH tethered (blue). 

 

The activity of the enzyme was tested after the tethering process and compared to the 

native non-immobilized enzyme and a non-thethered mixture of MSN and enzyme (Figure 3.6). 

Using a tethering mechanism for enzyme immobilization can increase stability of the enzyme 

outside of native conditions, but it may also limit access to the enzyme active sites leading to 

lower activity rates. Because of this, it was expected that the tethered enzyme may initially 

demonstrate lower activity that the native enzyme, but that the ability to recycle the tethered 

catalyst may outweigh any lower activity from the intial tests. However, it was observed that the 

tethered catalyst (red) outperformed the native enzyme (blue) and mixed enzyme (green), 

doubling the activity of the mixed enzyme. The benefits of the heterogeneous catalyst ï ease of 

separation from reaction mixture, prevention of enzyme contamination in final product, and 

improved stability in non-ideal reaction environments, make this a desirable product for use in 

various chemical syntheses moving forward.  
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Figure 3.6 NADH Concentration of tethered enzyme (red), native enzyme (blue), mixture of 

enzyme and MSN (green), and blank/no substrate (purple). Reactions were run over a 10 minute 

period with readings taken at 0, 2, 6, and 10 minutes with shaking (and centrifugation for 

tethered and mixed vials) in between each reading.  

 

Recyclability tests were performed for both the tethered and mixed enzyme, as these were 

both able to be recovered with the MSN supports (Figure 3.7). While there was a decline in 

activity between the first and second rounds for the tethered catalyst, it consistently 

outperformed the mixed enzyme for each cycle. Activity between rounds 2-5 remained 

consistent with both catalysts. The mixed catalyst maintaining activity revealed that 

encapsulating the enzyme via electrostatic interactions inside the pores may be an alternative 

route for enzyme loading when tethering isnôt feasible. However, these tests indicate that enzyme 

activity can be maintained over several cycles with recovery of the tethered enzyme catalyst after 

each, proving to be a promising route for future catalytic reactions.  
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Figure 3.7. Recyclability tests for tethered (red) and mixed (green) enzyme over 5 cycles. The 

tethered enzyme and mixed enzyme were recovered by centrifugation and lyophilized after the 

10-minute reaction period. 

 

3.5 Conclusion 

 Co-condensation of organosilanes is a powerful technique to achieve homogeneous 

distribution of functional groups in MSN-10. Pre-hydrolysis time and hydrothermal treatment 

temperature determine the final morphology of the functionalized MSN particle. A variety of 

molecular and biocatalysts have been supported through these functional groups. Pluronic 

triblock copolymer P104 templated MSN-10 can be functionalized with organosilanes via an in 

situ co-condensation process resulting in homogeneous distribution of functional groups 

throughout the inorganic support. It was determined that when TMOS was allowed a pre-

hydrolysis time of 30 minutes, the original discrete hexagonal particles of unfunctionalized 

MSN-10 could be recovered. Additionally, hydrothermal treatment at 100 °C as opposed to the 

tradition 150 °C resulted in higher overall surface area with reduced pore size dimensions for the 

organic functionalized silicas. Finally, amine groups co-condensed with MSN-10 were employed 

as a functional handle for attaching biomolecules through a divinylsulfone linker. Amino acid 

catalysts retained activity in the aldol condensation of n-butyraldehyde, and a more complex 
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enzyme catalyst, alcohol dehydrogenase, was able to catalyze the transformation allyl alcohol to 

acrolein. Overall, a universal route to co-condensing organosilanes with MSN-10 type silica 

while retaining the support morphology has been presented. Eventually, this could be used in a 

tandem process with an inorganic catalyst, such as gold nanoparticles, for two step reactions in 

one pot. This ADH/Au@MSN catalyst could function in the oxidative esterification of allyl 

alcohol at very benign and environmentally friendly reaction conditions. 
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CHAPTER 4 

A SUPPORTED TANDEM CATALYST ON MESOPOROUS SILICA NANOPARTICLES 

INCORPORATING ALCOHOL DEHYDROGENASE ENZYME AND GOLD 

NANOPARTICLES FOR THE DIRECT OXIDATIVE 

ESTERIFICATION OF ALLYL ALCOHOL 

In preparation to be submitted for publication. 

Kara E. Metzgera, Brian G. Trewyna,b,c 

4.1 Abstract  

Supported Au-nanoparticle catalysts used for the oxidative esterification of alcohols often 

suffer efficiency because of the slow initial alcohol oxidation rate, and poor reactivity in aqueous 

conditions. A co-catalyst has been designed that combines the advantages of the biocatalyst, 

alcohol dehydrogenase (ADH), to facilitate the initial dehydrogenation step that Au struggles 

with, while Au nanoparticles (Au NP) are used to accelerate the esterification reaction. Both 

catalysts were loaded onto mesoporous silica nanoparticles, making a reusable tandem catalyst 

with ADH and Au NP. The performance of the catalyst was examined in a one-pot system for the 

direct oxidative esterification of allyl alcohol to allyl acrylate. The chemoenzymatic catalyst 

exhibited retained activity over multiple cycles. The creation of this inorganic-biocatalyst tandem 

system will lead to a variety of catalytic systems and eventually a tandem cofactor regeneration 

for retained enzyme activity outside of native reaction conditions.  

_____________________________________________________________________________________ 
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4.2 Introduction  

Carboxylic esters are important precursor molecules in several different industries such 

as pharmaceuticals, polymers, food additives, and fine chemical synthesis.1 Traditional synthesis 

methods for these important molecules involve harsh reaction conditions and additives.2-4 

Advancements over the years have led to greener solutions to the development and production of 

these materials, but many still require elevated temperatures and reaction pressures for 

production and exude a large amount of waste.2,5 Tandem catalytic systems have become a 

recent interest of research due to their high efficiency in catalyzing difficult reactions with 

intermediate steps. Tandem systems are comprised of two or more catalysts that work in a 

stepwise manner to create a single target product.6 Some of the most appealing benefits of 

tandem systems is their ability to cut costs and time while also limiting byproducts. Most often, 

tandem catalysts are built using a scaffold, namely porous materials.7,8 This allows for further 

stabilization of the catalysts involved in the tandem system while also fine-tuning the system for 

the reaction to proceed efficiently.9 By utilizing porous materials, catalysts can be adsorbed and 

stabilized, increasing recovery of the catalysts.10  

For example, Zhang et al. introduced a Ru@MOF tandem catalyst used for the direct 

conversion of an alcohol to acetal of mono-alcohol and diols. The porous support employed 

herein was a metal organic framework (MOFs) that was a catalyst using the Lewis acid sites with 

the Ru active sites to convert aldehydes directly to acetals, reducing byproducts from 

overoxidation.11 In a separate study by Chen et al., MOFs again served as the porous material to 

support the tandem catalyst involving PtNi alloy active sites for hydrogenation and esterification. 

This tandem catalyst showed outstanding activity and selectivity towards the one-step synthesis 

of amino-ester-type anesthetics.12 While these examples have primarily used MOF supports, a 
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PdAu@MSN tandem catalyst has also been reported for the oxidative esterification of primary 

alcohols.13 Here, Pd and Au nanoparticles were immobilized on mesoporous silica nanoparticles 

(MSN) and demonstrated a tandem reaction where primary alcohols are oxidized to their 

corresponding aldehydes and to esters in a subsequent reaction, all in a one pot system. This 

tandem catalyst supported on MSN showed excellent recyclability with no significant loss in 

activity over 3 cycles, an important aspect when using precious metals.  

As outlined by Tsai et al., mesoporous silica nanoparticles (MSN) have been a well-

studied support for use in catalytic systems because of its highly tunable and nontoxic 

properties.14-16 The study outlined in this chapter conveys a large pore mesoporous silica with 

very ordered pores between 5-10 nm using Pluronic surfactant known as P104 used for the 

immobilization of both enzymes (alcohol dehydrogenase) and inorganic catalysts (Au 

nanoparticles) in the pores and on the surface of MSN-10 nanoparticles. By utilizing the very 

ordered pores of these nanoparticles, fine control of reactant diffusion can be managed. By 

merging these biological molecules with inorganic materials, one can combine the efficiency of 

the enzymes and the sturdiness/robustness of the synthetic materials to get a durable yet efficient 

mimic. Utilizing the pores allows for further control over how the reactants interact with each 

catalytic active site, offering further control over the progression of the reaction.  

As reported previously in this dissertation, a PdAu@MSN tandem catalyst was also used 

for the direct oxidative esterification of allyl alcohol to allyl acrylate. In this chapter, we report a 

tandem system using an alcohol dehydrogenase enzyme (substituted for the previously used Pd 

catalyst) and a gold catalyst supported on mesoporous silica nanoparticles for the oxidative 

esterification of allyl alcohol to ally acrylate, combining enzymes and inorganic catalysts which 

has not yet been seen using MSN as a support (Figure 4.1). Here, amine-functionalized 



93 
 

mesoporous silica with alcohol dehydrogenase linked through a divinyl sulfone-lysine linkage 

and gold nanoparticles is used to show a tandem catalytic process using biocatalytic/inorganic 

systems. We investigate different loading mechanisms (enzyme on surface/Au in pores, etc.) and 

the effect this has on the activity of the tandem catalyst.  

 

 

Figure 4.1 Reaction mechanism for the direct oxidative esterification of allyl alcohol to allyl 

acrylate using the catalysts alcohol dehydrogenase and gold nanoparticles supported on 

mesoporous silica nanoparticles.  

 

4.3 Experimental  

4.3.1 Materials 

All chemicals were used as received without further purification. Triblock copolymer 

Pluronic P104 (PEO27PPO61PEO27) was received as a gift from BASF. Most chemicals, 

including tetramethyl orthosilicate (TMOS), mesitylene, 3-aminopropyltrimethoxysilane 

(APTMS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), ethylenediamine, gold 

chloride trihydrate, sodium borohydride (NaBH4), divinyl sulfone (DVS), L-lysine, yeast alcohol 

dehydrogenase (ADH), and bovine serum albumin (BSA) were obtained from Sigma-Aldrich. 

All other common solvents were obtained from Sigma-Aldrich. Common solvents were ACS 

grade, and all water used was Nanopure (NP) water (18.2 MOhm).  
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4.3.2 Synthesis of unfunctionalized MSN-10 

The synthesis of MSN-10 was adapted from previously published papers.13,17 In an 

Erlenmeyer flask with a stir bar, 3.5 grams of P104 and 112 mL of hydrochloric acid (HCl) were 

stirred in an oil bath at 55 ęC for 1 hour. After one hour, 5.2 mL of TMOS was added dropwise 

into the Erlenmeyer flask and continued to stir rapidly at 55 ęC for 24 hours. The solution was 

transferred to a Teflon-lined Parr reactor for hydrothermal treatment at 150 ęC for 24 hours. The 

gel was separated by vacuum filtration over a glass frit, alternating rinses 3 times with copious 

amounts of nanopure water and methanol. The MSN-10 was allowed to dry on the frit overnight 

before removing the surfactant via ethanol extraction for 24 hours at reflux temperature. The 

final product was obtained by filtering with alternating nanopure water and methanol and drying 

on the frit.  

4.3.3 Co-condensed amine-functionalized MSN-10 (amine@MSN) 

 Similarly, in an Erlenmeyer flask with stir bar, 7.0 g of P104 was dissolved in 224.4 mL 

of 1.6 M HCL at 55 ęC for 1 h. After 1 h when the P104 was dissolved, 10.2 mL TMOS was 

added dropwise and pre-hydrolyzed for 30 minutes before the rapid dropwise addition of 0.62 

mL of APTMS (addition at 5 mol% TMOS). The mixture stirred for 24 h at 55 ęC before being 

added to a Teflon-lined Parr reactor for hydrothermal aging at 100 ęC for 24 h. The gel was 

obtained by vacuum filtration, alternating washing with nanopure water and methanol 

repeatedly. The final product was obtained after removing the surfactant via ethanol extraction at 

reflux temperature for 24 h, followed filtering and washing with nanopure water and methanol, 

and allowed to dry.  



95 
 

4.3.4 Biocatalyst attachment to amine-functionalized MSN-10 

 To begin, a HEPES buffer (50 mM) was made by dissolving 1.19 g HEPES in 80 mL 

nanopure water. The pH of the buffer was adjusted to 9.5 using 2 M NaOH. To complete the 

buffer, 10% (v/v) acetone was added.  

 To attach the DVS linker, 1.0 g of amine@MSN was added to a flask with 50 mL HEPES 

buffer. The mixture was briefly sonicated to homogenize the mixture. Next, 2.0 mL of DVS was 

added to the mixture and stirred at room temperature overnight. The newly made DVS@MSN 

was isolated by filtering over a frit filter and washing 2x each with nanopure water, ethanol, and 

acetone before allowed to dry on the frit. To attach the ADH enzyme, 32 mg ADH was added to 

a flask with 400 mg of the DVS@MSN with 100 mL HEPES buffer and 3.0 mg BSA. This 

mixture was gently stirred for 18 h in light free conditions before being centrifuged at 7000 g and 

washed 3x with phosphate buffer (50 mM, pH 8.8). The final product was obtained by 

lyophilizing and stored at -20 ęC.  

4.3.5 Au(en)2Cl3 synthesis  

The wet impregnation method of loading gold nanoparticles onto MSN was adapted from 

a previously published paper.18 In a small Erlenmeyer flask with stir bar, 1.0 g of HAuCl4Å3H2O 

was dissolved in 10 mL of nanopure H2O, and then 0.45 mL of ethylenediamine was added and 

the flask was then sealed. This was stirred for 30 min at room temperature. After stirring, 70 mL 

of ethanol was added, and the solution was filtered over a glass frit. After filtering, the frit with 

the newly synthesized Au(en)2Cl3 was wrapped in foil and allowed to dry overnight before 

transferring to an amber vial. 
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4.3.6 Gold addition onto MSN-10 and ADH@MSN 

For the loading of gold nanoparticles onto MSN-10, in a small Erlenmeyer flask, 

approximately 0.0385 g Au(en)2Cl3 was added to 15.0 mL of nanopure water. The pH was 

adjusted to 10.0 using NaOH (0.2 M) and a pH probe. Once adjusted, 200 mg of the MSN-10 

was added to the flask and mixed in. The pH was readjusted to 9.0 in the same manner, using 0.5 

M NaOH. A stir bar was added, and the solution was stirred at room temperature for 2 hours. 

The solution was then filtered over a glass frit with ethanol, wrapped in aluminum foil, and 

allowed to dry overnight. The Au@MSN was then reduced using NaBH4. A 0.1 M solution of 

sodium borohydride was made, and 50 mg of the Au coated catalysts were added per 1 mL of the 

sodium borohydride solution. The mixture was allowed to stir for 10 min before centrifuging at 

7000 g and washing with copious amounts of nanopure water and dried in air. This process was 

repeated two-three times for the complete addition of gold onto MSN-10.  

4.3.7 Amine-functionalized Au@MSN with attachment of biocatalysts 

 In a 50 mL round bottom flask with a stir bar, 100 mg of the Au@MSN, 5 mL toluene, 

and 0.5 mL of APTMS were combined. The flask was combined with a condenser and refluxed 

overnight at 110 ęC with slow stirring. The solution was filtered over a glass frit, rinsing 3 times 

with methanol and one time with nanopure water, and was then covered in foil and allowed to 

dry overnight on the frit. In a 50 mL Erlenmeyer flask, 250.0 mg of the amine-functionalized 

Au@MSN and 12.5 mL of HEPES buffer (previously made above) were sonicated for 2 minutes. 

A stir bar and 0.5 mL DVS were added to the flask and stirred at room temperature overnight at 

160 rpm. To isolate the particles, the contents were filtered over a glass frit, rinsing 3x each with 

nanopure water, acetone, and methanol. The particles were allowed to dry on the frit overnight. 

To attach the ADH enzyme, 20 mg ADH was added to a flask with 250 mg DVS-Au@MSN 
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with 50 mL HEPES buffer and 1.5 mg BSA. This mixture was gently stirred 18 hours at room 

temperature in light-free conditions. The final catalyst was obtained by centrifugation, washing 

3x with phosphate buffer (50 mM, pH 8.8), and was then lyophilized and stored at -20 ęC. 

4.3.8 Immobilized ADH assay testing  

A standard Sigma-Aldrich protocol was followed to test the activity immobilized ADH 

after the addition and reduction of the Au nanoparticles.19 To begin, assay solutions were 

prepared. A 50 mM sodium phosphate buffer was prepared by adding 8.92 g sodium 

pyrophosphate, tetrabasic, decahydrate to 400 mL nanopure water and adjusting the pH to 8.8 

with 9.5% (v/v) phosphoric acid. To prepare a 10 mM sodium phosphate buffer, 21.0 mL of a 0.2 

M sodium phosphate dibasic solution was added to 4.0 mL of 0.2 M sodium phosphate 

monobasic. The final volume was brought to 500 mL with nanopure water, and the pH adjusted 

to 7.5 with 1 M NaOH or HCl.  

A fresh ɓ-NAD+ solution was prepared at 0.5 mM in the 10 mM buffer solution. An 

enzyme diluent solution that consisted of 1 mg·mL-1 BSA was also prepared in the 10 mM 

phosphate buffer. The native enzyme (not immobilized on MSN) was prepared by diluting 0.050 

mL of a 1 mg·mL-1 ADH in 10 mM sodium phosphate buffer solution in the enzyme diluent 

solution to a total volume of 25.0 mL. The blank run was prepared by adding 1.30 mL of 50 mM 

sodium phosphate buffer, 0.10 mL allyl alcohol, and 1.50 mL of 0.5 mM NAD+ solution to a 

vial. Immediately before running, 0.10 mL enzyme diluent was added, the vial was shaken twice, 

and then the liquid was poured into a quartz cuvette. Absorbance at 340 nm was monitored over 

10 min, with a data point being taken every minute. The native enzyme activity was tested in the 

same way, except the 0.10 mL of enzyme diluent was replaced with 0.10 mL of diluted enzyme 

solution. The immobilized enzyme, as well as the Au@MSN with ADH mixture, was tested by 
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placing 5 mg of the catalyst in 0.10 mL enzyme diluent. Then, the vial containing 1.30 mL 

buffer, 0.10 mL alcohol, and 1.50 mL NAD+ was added to the vial with MSN, shaken for the 

allotted time (2 min), centrifuged at 7000 g for 2 min, and poured into a quartz cuvette to get a 

single point A340 measurement (taken at 2-, 6-, and 10-minute marks). 

4.3.9 Oxidative esterification of allyl alcohol 

A mixture of allyl alcohol (213.5 mg), NAD+ (100 mg, 0.15 mmol), bovine serum 

albumin (0.5 mg), and 20 mg of catalyst were added into a two-neck round bottom flask with 4 

mL phosphate buffer solution (50 mM, pH 8.8). The flask was fitted with a balloon and rubber 

septa and purged with O2 before filling the balloon with pure oxygen. The reaction mixture was 

stirred for 24 h at room temperature before recovering the catalyst and filtrate separately. The 

filtrate was extracted to analyze on GCMS with anisole added as an internal standard.  

4.3.10 Materials Characterization 

Nitrogen sorption analysis was performed at 77 K with a Micromeritics Tristar surface 

area and porosity analyzer. Surface analysis of these MSN catalysts was performed by nitrogen 

sorption isotherms at 77 K with a Micromeritics ASAP 2020 surface area and porosity analyzer. 

The surface area and median pore diameter were evaluated by the Brunauer-Emmett-Teller 

(BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. Powder samples were imaged 

using FEI Talos F200X transmission electron microscope (TEM) at 300 kV. Metal content of the 

catalyst was measured by ICP-AES PerkinElmer Optima 8300 after dissolving the solid in HF 

and aqua regia and diluting with 5% HCl. ADH activity was monitored by following the 

formation of NADH at 340 nm on a Beckmann coulter DU800 spectrometer.  
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4.4 Results and Discussion 

Physical properties for each of the catalysts were determined by a variety of techniques 

including TEM, N2 sorption, and ICP. TEM analysis of the initially synthesized MSN indicates 

hexagonal particle morphology with ordered pores (Figure 4.2). The pore distribution from the 

TEM analysis was in alignment with the pore size range from BJH desorption, approximately 10 

nm for MSN-10 and approximately 6 nm for co-condensed amine@MSN (Table 4.1). This 

general structure was maintained for each catalyst throughout the loading process, as evidenced 

by TEM and nitrogen sorption (Figure 4.3).  

The loading process in building the tandem catalyst was an important concept considered 

throughout this study. The first catalyst, ADHAu@MSN, was synthesized using MSN-10 loaded 

with gold nanoparticles, followed by the addition of the enzyme loading of ADH. The second 

catalyst, AuADH@MSN, was synthesized with co-condensed amine-MSN, followed by ADH 

immobilization, and then the addition of gold nanoparticles. This was an important concept to 

study because the reactants would encounter unique surfaces on these catalysts as well as the 

stability added to the catalysts by immobilizing them in a specific order. It was also important to 

consider the amount of loading for each catalyst. Utilizing co-condensed amine-MSN and MSN 

later post-grafted with amine groups for attaching biocatalysts after the Au had been loaded, 

these supports can then be used as delivery or carrier vehicles in biocompatible systems by 

allowing for chemical attachment of the catalysts decreasing leaching and increasing stability 

over time. While MSN makes an ideal support for catalysis, the catalysts in this tandem system 

often operate in incompatible conditions and previous studies have indicated that higher gold 

loading can inactivate biocatalysts.20,21 This previous report had indicated that a loading ratio of 

more than 1:12 for enzyme to gold would lead to heightened enzyme deactivation (in this study, 
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about 12 wt%). ICP analysis of our catalysts revealed that gold was loaded on to the mesoporous 

silica between 7-11 wt% for each of the two loaded catalysts, with a loading ratio of 1:7 for 

enzyme to gold (Table 4.1). Elemental mapping of the ADHAu@MSN as well as the 

AuADH@MSN catalysts indicates evenly distributed gold nanoparticles across the MSN 

supported catalysts (Figure 4.4).  

 

Table 4.1 Physical properties of MSN supported catalysts. 

Material 

Surface 

area    

(m2g-1) 

Pore 

volume 

(cm3g-1) 

Pore size 

(nm) 

Enzyme 

loading 

(mg·g-1) 

Au content 

(wt%) 

MSN-10 375 1.18 10 - - 

Au@MSN 303 1.01 10 - 11.3 

ADHAu@MSN 133 0.362 10 35.5 11.3 

Amine@MSN 852 1.13 6 - - 

ADH@MSN 444 0.704 6 34.9 - 

AuADH@MSN 376 0.624 6 34.9 7.39 
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Figure 4.2 TEM images of a) co-condensed amine-functionalized MSN-10, b) and c) ordered 

pore structure of unfunctionalized MSN-10. 

 

 

Figure 4.3 Nitrogen sorption of each catalyst during the loading process of each component: a) 

Amine@MSN (red), ADH@MSN (blue) and AuADH@MSN (green) and b) MSN-10 (red), 

Au@MSN (blue), and ADHAu@MSN (green).  

 

Mesoporous silica nanoparticles make an excellent support material for a variety of catalytic 

reactions because of the chemical and thermal stability that silica maintains, as well as its inert 

behavior in most conditions. The type IV isotherms obtained from each material indicates regular 

pore ordering with larger pore sizes (Figure 4.3). The nitrogen sorption data provides further 
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evidence that the amine@MSN and MSN-10 structures do not undergo significant alteration or 

pore collapse during the addition of the tandem catalysts ADH and Au, in either order. The BJH 

data for each catalyst during the loading process indicates no significant pore blockage or 

structure collapse as the pore diameter for each is maintained (Table 4.1). The general structure 

being maintained throughout the loading process indicates that the pores remain available to 

reactant diffusion.  

 

 

Figure 4.4 Elemental mapping of the god nanoparticle distribution of a) and b) AuADH@MSN 

and c) and d) ADHAu@MSN.  

 

Before testing the tandem catalyst, we identified that the immobilized enzyme on each of the 

loaded catalysts remained active after full synthesis (Figure 4.5). Loading inorganic catalysts 

onto the silica support after enzymes have been immobilized onto the support adds an extra 

challenge to reducing the metal nanoparticles. Reducing gold nanoparticles is most frequently 

done under H2 gas at temperatures between 80-150 ęC over the period of a few hours. These 

temperatures for an extended period of time will risk denaturing and inactivating the enzymes. 

Alternatively, sodium borohydride was used to reduce the Au nanoparticles loaded onto MSN. 

Previous reports had indicated that sodium borohydride could also deactivate enzymes, so 
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verifying that the enzymes remained active throughout the synthesis process was important 

before testing the tandem catalyst. This was done using an assay test outlined above in the 

experimental section. This assay test is based on the UV-vis absorption difference between 

NAD+ and NADH, the latter of which has a strong absorption peak at A340. In an ADH catalyzed 

alcohol oxidation reaction, the production of NADH is directly proportional to the consumption 

of NAD+ and therefore proportional to the generation of aldehyde as well.22,23 Therefore, we can 

monitor the absorbance at 340 nm to monitor the reaction kinetics and determine if ADH is still 

active after synthesis.  

 

 

Figure 4.5 Enzyme activity tested after tandem catalysts were fully synthesized. A blank run, 

with no enzyme, is indicated in red for comparison. The native (free) enzyme is shown in blue 

for comparison with the tandem catalysts ADHAu@MSN (green) and AuADH@MSN (purple).  

 

Our initial hypothesis had been that the ADHAu tandem catalyst would have the highest 

enzyme activity because the enzyme was loaded after the reduction of Au. As shown in Figure 
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4.5, ADH retained activity on both tandem catalysts after the full synthesis had been completed. 

However, the AuADH@MSN tandem catalyst (purple) outperformed all other enzymes tested, 

almost doubling the activity of the other tandem catalyst, ADHAu@MSN (green). This is likely 

because the enzyme on the AuADH tandem catalyst most likely has some enzymes loaded into 

the pores (evidenced further by the lower SA from the nitrogen sorption data, however not all 

pores were loaded so the pore diameter average remained the same). By having some of the 

loaded enzymes immobilized in the pores, further stabilization can be offered when loading the 

Au NPs after the addition of ADH. This loading method (loading enzymes into the pores) is not 

available for the other tandem catalyst ADHAu because Au is loaded first, blocking, or limiting 

enzymes access to the pores (also evidenced by nitrogen sorption data in Table 4.1).  

 

 

Figure 4.6 Yield of allyl acrylate left) after 24 hours for ADHAu@MSN (red), AuADH@MSN 

(blue), Au@MSN with free ADH (green), and Au@MSN (purple); and relative rate (right) of the 

production of allyl acrylate. All reactions were performed at room temperature (~25 ęC) for 24 

hours under O2 atmosphere.  

 

After verifying the enzyme remained active after immobilizing on the support or loading 

and reducing the gold nanoparticles, the tandem catalyst was tested as outlined in the 
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experimental section. The overall activity was tested by running each of the tandem catalysts as 

well as the controls (Au@MSN with free ADH and Au@MSN alone) for 24 hours (Figure 4.6). 

The timescale was chosen because although ADH works efficiently at biological conditions, Au 

typically functions best at higher temperatures or pressures. The Au@MSN catalyst exhibited 

very low activity for the ester product. This was expected as Au is known to be rate limiting for 

the first step in this tandem reaction (dehydrogenation) and was operating at biological reaction 

conditions which are not ideal for this metal catalyst. The mixed catalyst (Au@MSN with ADH) 

performed slightly better, but both tandem catalysts outperformed each of these controls. 

However, the AuADH@MSN tandem catalyst outperformed all the other catalysts tested, more 

than doubling the yield for the other tandem catalyst. This AuADH@MSN tandem catalyst also 

outperformed the previously reported PdAu@MSN tandem catalyst from Chapter 2, further 

indicating the promising future of incorporating enzymes and inorganic catalysts on supports for 

tandem catalysis.  

 

 

Figure 4.7 Conversion of allyl alcohol to allyl acrylate over 3 consecutive cycles for both tandem 

catalysts ADHAu@MSN (red) and AuADH@MSN (blue).  
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The tandem catalysts were further analyzed by exploring the recyclability (Figure 4.7). Both 

the ADHAu@MSN and AuADH@MSN tandem catalysts were tested over 3 consecutive cycles 

for the direct oxidative esterification of allyl alcohol. After each cycle the catalyst was recovered 

via filtration and allowed to dry before being reused. For each cycle the AuADH catalyst 

outperformed the ADHAu tandem catalyst. Both catalysts maintained activity over all three 

cycles, with the AuADH catalyst 26.7 mg/mL, 29.0 mg/mL, and 26.8 mg/mL over the three 

cycles, respectively. The ADHAu catalyst maintained activity with 12.9 mg/mL, 16.3 mg/mL, 

and 13.2 mg/mL, respectively. However, for both tandem catalysts there was an increase in 

yield/conversion between the first and second cycles. This is most likely due to more active sites 

being available during the second cycle. When loading multiple catalysts onto a support, it can 

lead to some potential blocking of the active sites. While the support adds extra stability and 

support to both of the catalysts, some potential leaching or deactivation is possible from the outer 

layer of catalysts. While not ideal, this can also lead to increased access to the active sites of the 

catalysts that have been loaded into the pores of the MSN, potentially increasing yields.  

By incorporating gold into the pores and functionalizing the surface of the MSN, a tandem 

catalytic system is created that can be used for the oxidative esterification of allyl alcohol to allyl 

acrylate in mild reaction conditions at room temperature and under atmospheric oxygen.  

4.5 Conclusion 

A tandem catalyst incorporating enzymes and inorganic catalysts supported on MSN was 

used for the direct oxidative esterification of allyl alcohol. Two different catalysts were 

synthesized to test the loading order of the two catalysts involved in this system, ADHAu@MSN 

and AuADH@MSN. ADHAu@MSN was synthesized with MSN-10 before loading Au 

nanoparticles, followed by ADH. AuADH@MSN was synthesized with co-condensed 
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amine@MSN, followed by immobilizing ADH, and then loading with Au nanoparticles. Allyl 

acrylate is typically a very challenging to synthesize, but Au nanoparticles have been established 

as a greener catalyst. However, Au does not effectively perform the first step in the oxidation 

process, one in which ADH can achieve. Here, we established the first enzyme-inorganic tandem 

catalyst supported on MSN-10 to perform direct oxidative esterification at mild reaction 

conditions (room temperature and atmospheric pressure of O2). The tandem catalyst 

AuADH@MSN outperformed both controls and the other tandem catalyst (ADHAu@MSN) as 

well as maintaining activity over 3 consecutive cycles.  

Future studies may include further expanding the pores of MSN-10 for increased loading 

capacity. Increasing the pore size above 10 nm may also allow for other biological catalysts to be 

loaded into the pores, adding further stability to the enzymes. Another important future direction 

of this study will involve incorporating a cofactor regeneration.  
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CHAPTER 5 

GENERAL CONCLUSIONS AND OUTLOOK 

 The work included in this dissertation is part of the graduate research I have completed as 

a member of the Trewyn research group since joining in the fall semester of 2018. The focus of 

this research has been tandem catalysis using mesoporous silica nanoparticles. Tandem catalysis 

is of notable importance because of the ability to make challenging chemical syntheses more 

efficient while also making more time- and cost-efficient reactions. In utilizing MSN as the 

support, both inorganic and enzymatic catalysts can be incorporated into these systems. 

Inorganic and biological catalysts are not often paired as they require different reaction 

conditions to reach their optimal activity. By supporting both catalysts on MSN supports, a new 

tandem catalyst is created that retains activity and recyclability at mild reaction conditions. 

Methods for combining inorganic and biocatalysts into and onto mesoporous silica nanoparticles 

for applications in tandem catalysis are outlined within this dissertation.  

 Chapter 1 consists of the literature review that I first authored in 2021. This perspective, 

published in ACS Catalysis, laid the groundwork for my research in tandem catalysis using 

porous materials. This chapter reviewed the state of the art thus far in tandem catalysis, 

specifically that of combining inorganic catalysts and enzymes. While MOFs have remained the 

state of the art and the focus of tandem catalysis thus far, MSN has a lot to offer the field moving 

forward. MSN contains a lot of the same properties as MOFs while also being non-toxic and 

biocompatible. Using these porous materials for compartmentalization of the incompatible 

catalysts enzymes and metal nanoparticles will lead to breakthroughs in the field of tandem 

catalysis, which is why MSN remains the focus of this research.  
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 Chapter 2 focused on an inorganic tandem catalytic system containing palladium and 

gold nanoparticles on mesoporous silica nanoparticles. This chapter was co-first authored with 

Dr. Megan Moyer who graduated with her PhD from Mines in 2018. The oxidative esterification 

of allyl alcohol to form allyl acrylate has been shown to use gold nanoparticles as a green 

alternative to the harsh additives and reaction conditions used currently in industry. One 

drawback of using gold as a catalyst for this reaction is the first oxidation step remains slow. Be 

adding palladium nanoparticles to catalyze the first step of this tandem reaction and gold 

nanoparticles in the second step, a green tandem catalyst is created. This PdAu@MSN catalyst 

demonstrates increased reaction rates for the oxidative esterification while maintain mild 

reaction conditions of 60 ęC, molecular oxygen as the oxidizing agent, in less than 24 hours. A 

carbon coating method was also used to prevent any degradation of the catalyst using a 

polydopamine polymer coating.  

 Chapter 3 introduced a universal co-condensation functionalization route for MSN-10 

silica. Based on previous research performed in the Trewyn group, this research focused on 

maintaining the structure and ordered pore morphology of MSN-10 after being functionalized 

with silanes via co-condensation. It was established that the pre-hydrolysis time (30 minutes 

between adding the silica precursor and the functionalizing material) and the hydrothermal 

treatment temperature (100 ęC instead of the traditional 150 ęC) directly influenced the final 

morphology and total surface area, respectively. The amine-functionalized material was then 

used as a chemical handle for attaching biomolecules. This was done using a DVS linker with 

the terminal lysine groups on alcohol dehydrogenase. These immobilized biocatalysts retained 

activity over multiple cycles, demonstrating the ability to immobilize enzymes with increased 

stabilities for catalytic reactions.  
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 As the penultimate chapter in this dissertation, chapter 4 delves into combining the 

previous two studies to achieve the goal of this dissertation research project. Here, I combine 

inorganic catalysts (Au) and enzymes (ADH) together onto mesoporous silica nanoparticles for 

tandem catalysis. ADH has been shown to perform the initial oxidation step of alcohol, while we 

have shown previously that Au effectively performs the second step of the oxidative 

esterification. This tandem catalyst effectively performed the oxidative esterification of allyl 

alcohol to allyl acrylate with at least 50% conversion over the 24 h reaction period with rates of 

0.50 mg/h, outperforming the PdAu catalyst reported in chapter 2 of this dissertation. The 

loading order of the catalysts onto MSN was explored, as well as the recyclability. It was 

discovered that loading Au onto MSN first, followed by the enzyme produced the higher rate of 

activity.  
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