
ABSTRACT 

BENNETT, JEFFREY ALEXANDER. Polymer Network Based Catalysts for Metal Mediated 

Synthesis of Fine Chemicals. (Under the direction of Dr. Milad Abolhasani). 

 

Recently, focus of chemical sciences has turned towards increasing process safety and 

sustainability for fundamental and applied research as well as manufacturing of pharmaceuticals 

and specialty chemicals. Flow chemistry techniques have attracted significant interest as a way to 

implement and improve chemical processes in order to satisfy the growing demand for chemical 

sustainability. Continuous manufacturing techniques are increasingly being utilized to reduce the 

amount of material and energy utilized in a process while incorporating real-time analysis, 

control, and enhanced process safety. Beyond continuous production, flow screening techniques 

can rapidly search a multi-dimensional reaction space to improve process design, performance, 

and efficiency. Furthermore, time- and material-efficient green flow screening platforms can be 

utilized to develop the next generation of process development technologies including predictive 

reaction models and process scale-up strategies. 

Metal-mediated chemical reactions have been a vital area of research for over a century. 

Recently, there has been increasing effort to improve the performance of metal-mediated 

catalysis by optimizing the structure and chemical environment of active catalytic species 

towards process intensification and sustainability. Network-supported catalysts use a solid (rigid 

or flexible) support with embedded metal catalysts, ideally allowing for efficient precursor 

access to the catalytic sites and simultaneously not requiring a catalyst separation step following 

the reaction with minimal catalyst leaching.  

Palladium (Pd)-loaded poly-hydromethylsiloxane (PHMS) microparticles of tunable size 

and elasticity are prepared in a capillary-based coaxial flow-focusing microfluidic device 

constructed using off-the-shelf components. Simultaneous droplet formation and chemical cross-



linking processes are performed by tuning the dilution of the cross-linking catalyst in the annular 

flow of the microreactor, resulting in PHMS microparticles synthesized in a single step. The size 

of the elastomeric microparticles can be tuned by adjusting the flow rate ratio of the dispersed 

and continuous phases, while the elasticity can be tuned by the polymer composition and the 

flow rate ratio of the polymer to catalyst mixture. Application of the synthesized PHMS 

microparticles in organic synthesis is demonstrated by producing monodispersed Pd-loaded 

microparticles and utilizing them as microreaction vessels for continuous Suzuki-Miyaura cross-

coupling in a Pd-loaded microparticle-packed bed reactor. 

The PHMS network was then modified with tri(ethylene glycol divinyl ether) to create a 

versatile and readily accessible gel catalyst support for Suzuki-Miyaura cross-coupling reactions 

in a pseudo-heterogeneous manner. The Si-H units present on the PHMS backbone act dually as 

the crosslink site and the reducing agent to anchor and reduce palladium(II) acetate to active 

palladium(0).  The PHMS-supported Pd catalyst is then packed into a tubular flow reactor to 

create a cartridge-like reactor for continuous operation of a model Suzuki-Miyaura cross-

coupling reaction. Utilizing an automated flow chemistry platform, we investigate systematically 

the role of reaction temperature, catalyst loading, crosslink density, and gel particle size on the 

transient and steady-state behavior of the cartridge flow reactor. The PHMS-supported catalytic 

particles demonstrate minimal deactivation and leaching over an 80-h continuous Suzuki-

Miyaura cross-coupling reaction at a 30-min nominal residence time at a relatively high reaction 

temperature of 95°C. The developed modular flow chemistry strategy equipped with the 

cartridge flow reactor enables accelerated studies of the fundamental and applied characteristics 

of gel-supported catalysts while providing increased safety, higher throughput, and removal of 



the separation step needed for catalyst recovery compared to homogeneous cross-coupling 

reactions in batch reactors. 

To demonstrate the versatility of the developed gel-supported catalyst for other metal-

mediated catalytic reactions, we explore utilization of PHMS network support in 

hydroformylation reactions to extend the scope of the metal loaded polymer network to other 

metals (rhodium) and reaction conditions (high-pressure gas-liquid). The catalyst removes the 

need for highly sensitive and expensive phosphorous-based ligands and provides a facile catalyst 

separation from the reaction mixture. 
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CHAPTER 1 

 Background and Motivations 

1.1 Role of Continuous Flow Processes in Green Manufacturing of Pharmaceuticals and 

Specialty Chemicals 

The introduction of the concept of green chemistry in1998 by Paul Anastas and John 

Warner1 resulted in a monumental shift in chemical discovery and manufacturing, particularly 

for high-value materials such as active pharmaceutical ingredients (APIs) and fine chemicals. 

Developing 12 tenets, including waste prevention, process safety, hazard minimization, and 

energy efficiency, they outlined a vision for the future in industrial chemical syntheses. Building 

on this grand vision, in order to achieve greater sustainability, a variety of new processing routes 

and technologies are continuously being developed to further improve process sustainability. 

Although continuous flow strategies have been prevalent in the large-scale production of 

commodity chemicals2 over the last century, only recently implementation is beginning to spread 

throughout the specialty chemical and pharmaceutical industries. Continuous flow synthesis 

techniques are increasingly being adopted in pharmaceutical and chemical industries for high-

throughput reaction screening3 as well as bench-scale and industrial-scale production4. This trend 

is fueled by the numerous benefits offered by continuous flow processes compared to their batch 

counterparts, namely, inherent process intensification(improved heat and mass transfer rates), 

decreased process downtime, in-situ process monitoring, real-time process control, enhanced 

process safety, and ease of scale up. From a sustainability perspective, continuous flow reactors 

and high-throughput screening setups can be implemented to address various green chemistry 

principles, including waste minimization, energy efficiency, and process safety (Figure 1-1).  
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Figure 1-1. Benefits of flow chemistry with relevant green chemistry principles. 

Waste minimization is achieved through several techniques, namely recycling, coupling 

unit operations, increased yield, and improved process control. Energy efficiency of a process is 

improved by the nature of steady-state operation and the ability to transfer energy between unit 

operations in a process to minimize the overall energy requirement. Process safety can also be 
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enhanced through the inherent intensification of continuous manufacturing and reduced reactor 

volume, alongside real-time monitoring and control techniques.  

In continuous flow syntheses, reactants are fed through reactors of varying shapes and 

sizes with the product mixture removed at the same rate from the exit end of the reactor. Flow 

reactors can be constructed out of a variety of chemical-resistant materials (e.g. silicon, glass, 

thermoplastics, ceramics, and metals) and can be fabricated using different methods, including 

(micro)fabrication5-7, additive manufacturing8, 9, and tubing/extrusion10-13 (Figure 1-2). 

 

Figure 1-2. Examples of various flow reactors. (a) Microfabricated reactors including (I) silicon 

carbide-based microreactor, Newman et al.7, and (II) glass-based microreactor, Nieves Ramacha 

et al. 5. (b) 3-D printed stainless-steel flow reactor with coupled cooling channel, Gutmann et 

al.8. (c) Tube-based microreactors including (I) jacketed stainless-steel tubular reactor, Johnson 

et al.10 and (II) single-droplet Teflon tube reactor, Hwang et al.14. Images reproduced with 

permission from: Royal Society of Chemistry, 2013 (Ai), Springer Nature, 2015 (Aii), Royal 

Society of Chemistry, 2017 (B), American Chemical Society, 2012 (Ci), and Royal Society of 

Chemistry, 2017 (Cii). 
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Depending on the production scale, the channel (or tube) diameters found in continuous 

flow reactors can vary drastically from O(0.1)–O(10) mm15. On the basis of production scale, 

continuous flow reactors can be divided into three distinct classifications: (i) micro-scale, (ii) 

milli-scale, and (iii) macro-scale reactors. Micro-scale reactors possess microchannel length 

scales on the order of hundreds of microns, benefiting from short diffusion lengths and excellent 

heat and mass transfer rates. Micro-reactors, typically only capable of producing products on the 

scale of kg/yr, are mostly suited for very high-value materials, such as APIs16, or for material-

efficient reaction screening and optimization purposes17.Milli-fluidic reactors, usually with 

channel length scales on the order of 1–2 mm, can achieve higher chemical production 

throughputs (up to hundreds of kg/yr) than microreactors, and are suitable for synthesizing fine 

or specialty chemicals 8. Macro-scale reactors, possessing either large diameters (greater than 5 

mm)15, or large numbers of parallel channels or reactor plates6, 18, 19(numbered-up strategy), are 

capable of synthesizing products at industrially relevant scales (tons/yr). 

An emerging area, in which flow chemistry techniques are being adopted more widely, is 

material-efficient high-throughput reaction screening and optimization. Currently, most 

molecular discovery and chemical reaction optimizations in the pharmaceutical and chemical 

industries are conducted using individual reactions in batch. Considering the flask-based 

molecular discovery and optimization, large-scale production of APIs and specialty chemicals 

are commonly performed in batch, albeit trending towards continuous manufacturing. However, 

chemists and chemical engineers are increasingly realizing that converting chemical syntheses 

from small batch experiments to large continuous flow processes is not a trivial task, whereas 

‘scaling out’ a continuous small-scale process is a more facile strategy19-21. Scale-up from a 

small batch reactor (flask) to a large-scale continuous flow reactor or from a lab-scale continuous 
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flow reactor to a large-scale batch reactor is challenging, as maintaining multiple relevant 

process parameters while increasing the characteristic length scale of the reactor is problematic.  

Introduction to modern flow chemistry 

With the rapid progress of continuous flow processes, it is vital to understand the process 

dynamics and limitations to be able to identify areas for improvement as well as being able to 

preserve consistent operation across a range of reaction scales and potential reactor 

configurations. Dimensionless numbers are key parameters in evaluating the performance of 

chemical processes as they usually arise from non-dimensionalizing fundamental conservation 

and rate equations. A nondimensionalized system can be expressed through a smaller number of 

dimensionless quantities than number of process variables, reducing the dimension of the 

parameter space required to fully specify a process. Maintaining the performance of a reaction 

across multiple reactor scales and configurations requires relatively consistent dimensionless 

quantities for heat transfer (Nusselt, Prandtl, and Biot numbers),mass transfer (Sherwood, 

Schmidt, Peclet, and Biot numbers), as well as mixing and reaction rates (Reynolds,Damköhler, 

and Thiele numbers). A detailed discussion of the importance of dimensionless numbers in flow 

chemistry processes can be found elsewhere22.When changing reactor size, knowing which 

parameters to vary in order to increase process throughput and which modifications would result 

in undesirable system behaviors, allows the engineer to navigate the challenges of increasing 

process scales. Common detrimental shifts in regimes of operation would be moving from a 

well-mixed reactor (reaction-limited regime) to one that has transport limitations (mass transfer-

limited regime) resulting insignificant temperature or concentration gradients as well as 

undesirable side products. These phenomena can be described using the Damköhler (Da) 

number, the dimensionless ratio of the reaction rate to the rate of mass transfer. The desirable 
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reaction-limited regime occurs when Da << 1 and the undesirable mass transfer-limited regime 

occurs where Da >> 1, when the mass transport in the reactor is not fast enough to supply 

reagents to keep up with the comparatively fast reaction kinetics. Varying the reactor size 

dramatically influences the mass transfer rate resulting in a dramatic shift in reactor performance 

if the system changes Damköhler regime. Minimizing the reactor variability simplifies modeling 

and control of the process as well as improving the consistency of the products23. 

Flow chemistry-enabled green synthesis, discovery and manufacturing 

We aim to highlight some of the key benefits of the emerging flow chemistry 

technologies as they apply to making progress towards meeting the applicable tenets of green 

chemistry as well as highlighting recent groundbreaking work in the field, illustrating such 

benefits. From an application point of view, flow chemistry strategies can be classified into 

processes designed for (1) continuous manufacturing and (2) rapid reaction screening and 

optimization. Both fields of flow chemistry benefit from general advantages of continuous flow 

reactors with a few minor differences in the specific applied green chemistry principles with 

specifics discussed below. 

Green continuous manufacturing 

Flow chemistry has been an important tool in the manufacturing of fine and commodity 

chemicals as well as having a rising influence in the pharmaceutical industry24 in recent years. 

One of the main green aspects of flow chemistry techniques is the waste minimization through 

various process intensification routes. The primary mode of waste prevention in large-scale 

manufacturing in flow is being able to improve the efficiency of the unit operations (e.g. mixing, 

reaction, separation, and purification modules) over normal batch operations. One major 

technique for increasing efficiency is through the implementation of recycling streams 25. 
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Continuous recycling of unreacted starting materials, catalysts, and/or extraction solvents 

whenever possible has a profound impact on the overall mass efficiency (E Factor) of a given 

process. Recycling unused reagents increases the effective residence time in the reactor and 

overall conversion of the process and reduces the amount of wasted precursors, which is 

especially important when dealing with valuable API feedstocks or process intermediates. 

Recycling the solvent streams used in extraction and purification steps minimizes the wasted 

solvent for a given separation to the amount lost due to non-ideal partitioning of two-phase 

mixtures26. 

Inherent process intensification characteristics of continuous manufacturing technologies 

allows for unit operations with increased efficiency as compared to their batch counterparts. For 

example, a given liquid–liquid extraction can be enhanced with flow by providing additional 

extraction equilibria beyond the single equilibrium provided by batch liquid–liquid extraction. 

This can be achieved through running the extraction solvent counter-current to the process 

stream through several extraction stages, effectively scrubbing more extractant from the process 

stream per amount of solvent than a single pass in batch15 (Figure 1-3a). Extractions can also be 

further intensified by the application of phase separation membranes in order to minimize the 

volumetric footprint of the equilibration stages and separatory apparatus26 (Figure 1-3ci). 

Additionally, in-line liquid–liquid phase separators have been developed using a simple porous 

capillary and block housing to further reduce the separation footprint while minimizing waste in 

multi-phase reaction systems27. Membranes can also remove the additional post-reactor 

separation steps necessary in many multi-phase (gas–liquid or liquid–liquid) reaction systems28 

(Figure 1-3cii). Furthermore, membranes can limit the formation of explosive or combustible 

mixtures of vapors inside the reactor18. 
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Figure 1-3. Examples of green chemistry principles addressed by continuous manufacturing 

techniques. (a) Waste minimization: Continuous counter-current liquid-liquid extraction for kg-

scale API synthesis, Cole et al.15. (b) Energy efficiency: Continuous numbered-up gas-liquid 

photoredox microreactor platform, Su et al.19. (c) Process intensification: (I) Continuous multi-

stage liquid–liquid extraction intensified using membrane flow-separators, Weeranoppanant et 

al.26; (II) Continuous flow membrane reactor for aerobic oxidation, Wu et al.28. (d) Safety and 

accident prevention: (I) Stacked membrane microreactor array with coupled heat exchanger 

plates, Mo et al.18; (II) Continuous titration and control of organometallic reagent delivery, 

Bedermann et al.29. Images reproduced with permission from: the American Association for the 

Advancement of Science, 2017 (a), Royal Society of Chemistry, 2015 (b), American Chemical 

Society, 2017 (Ci), Elsevier, 2019 (Cii), Royal Society of Chemistry, 2018 (Di), and American 

Chemical Society, 2019 (Dii).
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Recent advances in cost-effective fabrication of high-pressure silicon/glass and stainless 

steel flow reactors30 are opening the way to use more volatile green and bio-derived solvents 

such as 2-methyl tetrahydrofuran (2-MeTHF)31-33, γ-Valerolactone (GVL) 34, 35, and ethanol36-38 

to reduce the reliance of a process on oil derivatives. 2-MeTHF and GVL come from the same 

initial source of pentose sugars in biomass with the 2-MeTHF having GVL as a process 

intermediate. The high volatilities of many of these solvents can be mitigated by utilizing high-

pressure flow reactors that allow for maintaining the reaction in the liquid phase, while accessing 

the increased reactivity of higher temperatures. 

Analogous to the improvements possible in increasing mass efficiency of a process, flow 

chemistry and continuous manufacturing can allow for a significant improvement in the energy 

efficiency of a process through (1) operating under steady-state regime and (2) thermally 

coupling process steps that would be separated in time in a conventional batch process. Steady-

state operation is ideal for minimizing energy costs as all the peripheral equipment can be 

maintained at a desired temperature and the only heat requirement would be the process stream 

itself, whereas in batch operations all the equipment must be cycled to the correct temperature as 

well. Unit operation coupling in continuous processing allows for operations with 

complementary heat requirements to be coupled through a heat exchanger, allowing the stream 

that is cooling to provide the heat for another stream15, 39. Process energy efficiency of chemical 

reactions conducted in flow can be further improved through coupling the flow reactor with 

light19, 40-43 (e.g. photo-chemical reactions) or electrons44, 45 (e.g. electrochemical reactions). 

Photo-chemical reactions benefit from flow chemistry, primarily due to the shorter reactor 

characteristic length scale compared to batch (flask) reactors, resulting in increased photon flux 

per unit volume of the reaction mixture19 (Figure 1-3b). Moreover, micro/milli-fluidic channels 
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result in higher voltage gradients and lower power losses in electro-flow chemistry applications 

compared to relatively large batch reactors. 

Alongside the improvements afforded to process efficiency, another major benefit of flow 

processing is the increased safety compared to batch synthesis46. Although large-scale 

continuous processes can involve large volumes of potentially hazardous materials at elevated 

temperatures and pressures, for a given production scale the continuous process will have a 

smaller instantaneous volume at a given time, minimizing the amount of risk if a part of the 

process were to fail. Because of the increased operational safety of smaller instantaneous 

reaction volumes, the flow process can generally be operated at further elevated temperatures 

and pressures required to increase the reaction performance and yield. Additionally, safety 

controls such as cooling systems and relief valves benefit from a smaller volume of material and 

improved surface area to volume ratios for highly exothermic reactions18 (Figure 1-3di). One 

safety feature possible for continuous processing is that reactions can be performed in a 

telescopic manner with hazardous intermediates being produced in one operation and then 

immediately consumed in another24, 47, 48 (Figure 1-3dii), eliminating the need for separation and 

stockpiling of large quantities of hazardous materials. 

Green reaction screening, process development, and optimization 

Flow chemistry strategies are not only increasingly being adopted by industry and 

academia for production of pharmaceuticals, APIs, fine chemicals, and bulk chemicals; they are 

now commonly being implemented as material-efficient and time-efficient strategies to rapidly 

screen the massive parameter space of chemical reactions and optimize process conditions. This 

article is not meant to be an exhaustive review of high-throughput flow screening technologies, 

as more comprehensive reviews already exist49. We seek to only discuss the green chemistry 
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advancements and advantages of high-throughput in-flow reaction screening techniques. 

Microscale flow chemistry platforms utilized for high-throughput reaction screening excel at two 

primary green chemistry principles: (1) waste prevention and (2) minimizing risk of accidents. 

Both benefits are largely attributable to the quantities of material required for evaluating each 

reaction condition (1–100 μL). High-throughput reaction screening is usually conducted in 

microreactors with reactant and reactor volumes at the microliter scale, thereby minimizing 

waste production while significantly reducing accident probability and severity (Figure 1-4a). 
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Figure 1-4. Examples of high-throughput, material-efficient screening processes utilizing flow 

chemistry techniques. (a) Single-droplet flow screening platform for photoredox catalysis 

screening, Hsieh et al.11. (b) Ultra-high-throughput nanomole-scale flow screening platform 

developed by Pfizer, Perera et al.3. (c) Tube-in-tube single-droplet flow screening platform for 

material-efficient studies of hydroformylation reactions, Zhu et al.50. (d) Material-efficient 

continuous flow evaluation of comonomer reactivity ratios, Reis et al.51. Images reproduced with 

permission from: American Chemical Society, 2018 (a), American Association for the 

Advancement of Science, 2018 (b), Royal Society of Chemistry, 2018 (c), and Royal Society of 

Chemistry, 2018 (d).
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Utilizing microreactors, a broad spectrum of continuous (e.g. temperature, time, 

concentration, and pressure) and discrete (e.g. reagents, catalysts, and solvents) reaction 

conditions can be efficiently screened, both in terms of time and material. The greatest strength 

of utilizing microreactors for high-throughput reaction screening lies in the required reagent 

volumes, which can range from nanoliters52 to 15+ μL droplets53, thereby minimizing waste and 

the use of toxic and/or expensive reagents. Compared to batch syntheses, which are most often 

conducted at the milliliter scale (1–20 mL or higher), in-flow reaction screening techniques can 

test anywhere from hundreds up to as many as 10 00054 reactions or reaction conditions with 

greater repeatability and precision while consuming the same volume of material as is required in 

a single standard batch reaction. 

The flow-based reaction screening platforms can be implemented to test a broad variety 

of single/multi-phase reactions including cross-coupling3, 14, photo-redox catalysis11, 55, 56, 

amination14, 40, sulfonylation44, and hydroformylation50 reactions through integration of 

microreactors with automated sample handling and in-line characterization techniques57. For 

example, it was recently demonstrated that an automated flow chemistry platform can screen up 

to 1500+ pharmaceutically relevant chemical reactions per day while consuming nanomoles of 

material per reaction (Figure 1-4b)3. Screening of discrete reaction parameters, including 

solvents, catalysts, and ligands, has been conducted using both continuous3, 50, 56, 58, 59 and single-

droplet50, 53, 60, 61 flow processes. Furthermore, flow strategies can be used to evaluate a broad 

spectrum of continuous process conditions, including residence time16, temperature, and pressure 

(Figure 1-4c). Flow screening platforms can also be extended to more exotic reactions and 

materials such as polymers51 (Figure 1-4d) and inorganics62. Rapid screening of continuous and 

discrete reaction parameters is typically accomplished using process automation and in-line/in-
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situ process characterization3, 63, enabling rapid on-the-fly tuning of reaction parameters with 

data collection to efficiently explore massive reaction parameter spaces while consuming 

minimal amounts of materials. 

Flow screening techniques can also be utilized to help minimize human, financial, and 

environmental risks associated with chemical synthesis. There are two primary hazard 

classifications that can be addressed using flow screening and optimization platforms: hazardous 

reagents29 (e.g. pyrophorics, highly energetic compounds, highly toxic compounds, etc.) and 

hazardous reaction conditions (e.g. high temperature, pressure, reaction exothermicity/runaway 

reaction risk, etc.). 

Unfortunately, hazardous chemicals are often an unavoidable part of chemical synthesis. 

Flow screening and optimization techniques can prevent or mitigate such risks as explosions, 

fires, and exposures to hazardous chemicals by significantly reducing the reaction volume from 

milliliter to microliter scale. Furthermore, microreactors enable the inclusion of additional 

engineering controls (e.g. temperature and pressure relief systems, inert atmospheres, and blast 

shields) or process automation (e.g. reagent injection, sample handling, and control systems)3, 12, 

24 which serve to mitigate inherent hazards and are more difficult to implement with traditional 

flask-based batch techniques. 

While it is ideal to conduct reactions at ambient temperature and pressure, many 

prevalent reactions necessitate the use of potentially hazardous reaction conditions (i.e. high 

temperature, high pressure, or high exothermicity/runaway reaction risk). Small reaction 

volumes are beneficial for mitigating inherent hazards, as the risks associated with undesirable 

conditions, particularly high pressure and reaction exothermicity are minimized in smaller 

reactors. High pressures (ranging from 5 to 300 bar)50, 55 can be safely achieved in flow with 
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substantially lower risk due to the significantly reduced reactor volume and the ratio of 

microchannel surface area to wall thickness, as well as automation and engineering controls. 

Additionally, reaction exothermicity can be addressed by the excellent heat transfer in 

microreactors and the in-line monitoring and controls that can be implemented to provide 

sufficient heat removal from the reactor system. 

1.2 Network-supported, metal-mediated catalysis: progress and perspective 

Chemical transformations are of utmost importance for organic synthesis from fine and 

commodity chemicals to the active ingredients in pharmaceuticals.64, 65 A wide range of chemical 

reactions (e.g., cross-coupling reactions) can be mediated through the use of metal-based 

catalysts.66-73 The catalysis community constantly seeks to find novel catalytic systems (both 

homogeneous and heterogeneous) that enable the synthesis of new chemical compounds as well 

as ones that can improve the performance of existing chemical reactions, either through 

increased sustainability, catalyst reusability, or reducing the overall cost of the chemical 

synthesis (e.g., lowering energy requirements for a chemical reaction or by utilizing a more cost-

effective metal candidate).74 Novel network-based catalyst supports have been developed that 

allow precise control over the structural and chemical environment of catalytic systems and 

improve the overall performance of metal-mediated catalytic reactions.38, 75-77 Such network-

supported catalysts exhibit significant improvements in catalytic activity, selectivity, 

accessibility, recyclability, and robustness compared to conventional catalysis strategies.78 

Historically, catalytic reactions have been classified as either homogeneous (in solution 

phase with no concentration gradients) or heterogeneous (immobilized on a usually inert and 

impermeable solid support).76 Both approaches possess their unique advantages and 

disadvantages. Homogeneous, metal-mediated catalysis generally provides higher activity due to 
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maximizing the contact of the catalytic sites with the reaction media, while avoiding 

concentration gradients produced by phase-specific catalytic activity and mass transport of the 

reagents to those phases.70 However, this class of catalysis generally suffers from rapid 

deactivation and precipitation, uses expensive air-sensitive ligands with complex multistep 

syntheses, and also requires the removal of the catalyst from the final product.  

Heterogeneous metal-mediated catalysis, on the other hand, suffers a loss of activity 

compared to homogeneous systems in exchange for the ability to readily isolate the product from 

the catalyst. In addition, many heterogeneous catalysts require complex multistep surface 

modifications to immobilize the reactive sites.79 Recent efforts have attempted to utilize the best 

properties from each class of catalysis by using robust, flexible, and permeable networks for 

tunable confinement of active catalytic species (Fig. 1-5).80-82 Such novel catalytic systems 

increase catalyst accessibility to reactive species, and thereby overall activity through precise 

control over network flexibility, mobility, and permeability while maintaining the physical or 

chemical interactions required to successfully confine either the active functional groups or 

catalytic sites. Network mechanical integrity is also necessary for post-reaction steps such as 

catalyst separation, recovery, and recycling. 
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Figure 1-5. Flexible network-supported catalysts draw inspiration from the benefits of both 

heterogeneous and homogeneous catalysis as well as rigid porous networks like metal–organic 

frameworks (MOFs). 

Flexible network and metal–organic-framework (MOF)-based catalytic strategies have 

been successfully employed to promote a broad range of metal-mediated chemical reactions, 

including cross-couplings, condensation reactions, functional group modifications, and 
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decompositions using both classic platinum group metals (e.g., palladium (Pd), platinum (Pt), 

ruthenium (Ru)) as well as other transition metals (e.g., silver (Ag), copper (Cu), zirconium (Zr), 

iron (Fe), nickel (Ni), cobalt (Co)), shown in Figure 1-6. Specifically, polymer-based networks75 

offer the ability to create a vast library of catalyst scaffolds and handles to fine-tune catalytic 

performance by varying the chemical composition of the network. This unique fine-tuning 

characteristic allows for precise control over bulk polymer network properties such as stiffness, 

permeability, and affinity for reactive species, which can be leveraged to further optimize the 

desired metal-mediated catalytic reaction. Furthermore, the polymer-based scaffolds are mainly 

compatible with green solvents (e.g., water), also promoting chemical process sustainability. 

Cross-coupling reactions (Fig. 1-6A),38, 68, 76, 77, 83 due to their vast application in chemical 

synthesis, represent the most common class of metal-mediated catalytic reactions studied using 

network-based catalysts. The network-based catalysts allow ligand-free cross-coupling reactions 

in aqueous38, 76, 84, 85 or organic86-88 reaction media while sequestering the active metal species for 

facile catalyst recovery and reuse. The network-supported catalysts have also found use in the 

degradation of impurities and contaminants (Fig. 1-6B).79 Additionally, a wide range of chemical 

transformations for various oxidations and reductions of critical functional groups (Fig. 1-6C and 

D), including alkenes,69 aldehydes,88 as well as nitro and azide containing compounds89 have 

been investigated. As the Pt group metals often involve a significant expense due to required 

large metal loadings, many researchers have explored the possibility of developing network-

based catalysts using other, less-expensive transition metals.85, 89-92 For example, network-

supported catalysts containing standard transition metals (e.g., Zr) have been successfully 

utilized to pacify harmful agents (Fig. 1-6E).93 A wide range of standard transition metal 

network-based catalysts are currently being developed as an alternative to Pt group metals for a 
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standard suite of chemical reactions (e.g., hydrogenations, Fig. 1-6F),94 couplings and 

condensations (Fig. 1-6G),95 and functional group modifications (Fig. 1-6H).89  

 

Figure 1-6. Exemplary reactions recently conducted using network-based catalysts, including 

(A) Pd-catalyzed carbon–carbon cross-coupling reaction,38, 76, 77 (B) decomposition by 

hydrodechlorination,79 (C) alkene hydrogenations,69 (D) reduction of nitro- and aldehyde 

functional groups,88, 89 (E) decomposition via hydrolysis,93 (F) copper-catalyzed 

hydrogenations,94 (G) condensation reactions,95 (H) non PGM reduction of nitro-functional 

groups.89 
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Network-based catalytic systems allow for a wide variety of application-guided 

immobilization strategies that can be tailored to specific metals, precursors, products, or solvents, 

depending on the challenge being addressed. As the network-based catalysts involve 

confinement of active sites, it becomes feasible to operate chemical reactions in either batch76, 89, 

96 or continuous flow mode38, 76, 88 with the network-supported catalytic particles in a reaction 

vessel or immobilized in a packed bed, respectively (Fig. 1-7). The batch operation allows for 

simple experimental setups for rapid testing of a relatively low number of reaction conditions 

without advanced material handling strategies. Continuous flow operation can allow high-

throughput, scalable reactions with the ability to incorporate automatic reaction condition 

screening as well as online analysis that could be coupled to process control strategies.97 

Although the network-supported catalysts are robust, continuous flow operation may be limited 

at higher flowrates if a monolithic reactor has small pores or a particle packed bed reactor has a 

low void volume. 
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Figure 1-7. Schematic illustration of volume-supported catalysis in batch and continuous flow 

formats. 

For discussion of metal-mediated cross-couplings, MOFs, microporous catalyst scaffolds, 

and properties of elastomers and hydrogels, we direct the reader to recent comprehensive review 

articles on these topics (cross-coupling,74 MOFs98, microporous catalysts99, and properties100, 101). 

Network-supported catalysis 

Network-supported catalysts are formed by the inclusion of active sites (e.g., functional 

group, a single atom, nanoparticle) within the confines of a (flexible) disordered network 

material. These network materials generally allow for the diffusion of solvents and reagents into 

the bulk as opposed to monolithic materials with mainly impermeable high surface area supports. 
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In this section, we discuss the versatility of network-based catalysts from the choice of host 

material to the catalyst site morphology. We provide a brief overview of the types of handles 

available for tuning and optimizing network-based catalysts towards a given application. 

Furthermore, we discuss the catalytic performance of exemplary flexible polymer-supported 

catalysts in Pd-catalyzed Suzuki–Miyaura cross-coupling reactions, conducted in flow. 

Network materials and morphology 

Hybrid network-based catalytic systems are constructed from many different building 

blocks allowing for the method to be compatible with a wide range of chemical reactions and 

offer the ability to tune the behavior of the reaction environment and performance of the catalytic 

reaction. In general, hybrid metal-based catalysts can either incorporate single-atom reaction 

sites within the network or can confine in situ-formed metal nanoparticles to serve as active 

reaction sites. The most commonly utilized host materials to support the catalyst sites and 

provide a robust structure are covalent-organic-frameworks (COFs)102, MOFs98, or flexible 

polymers38, 76, 77. Although COFs and MOFs can form strong microporous networks, they 

generally lack flexibility compared to cross-linked hydrogels or elastomers.101, 103-110 Both COFs 

and MOFs, as well as hydrogels and elastomers, can be employed for either nanoparticle-38, 108, 

111, 112 or single atomic site-based catalysis.85, 92, 113 Metal nanoparticle encapsulation can either 

be performed as in situ reduction of metal salts in solution or generating the network around pre-

existing nanoparticles. Li et al.84 used a hyper-crosslinked β-cyclodextrin scaffold to support 

gold (Au) nanoparticles in the high pore-volume cages formed by the cyclodextrin for the 

adsorption and transformation of organic molecules in aqueous media (Fig. 1-8A). It was found 

that the scaffold material had a strong impact on adsorbing the organic molecules in aqueous 

solution resulting in close contact with the active catalyst sites for further transformation or 
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degradation. For hydrogel-based catalysis, Matsumoto et al.112 used a cross-linked poly N-

isopropylacrylamide (pNIPAm) as a hydrogel scaffold for the confinement of Pd nanoparticles 

within the hydrogel network to perform carbon–carbon cross-coupling reactions in aqueous 

media, where the hydrogel network enhanced solvent and reagent transport to the active catalytic 

sites on the Pd clusters (Fig. 1-8B). Bennett et al.38 used a similar system for a Pd-based cross-

coupling reaction with a siloxane elastomer instead of a hydrogel to allow increased network 

tunability and in situ reduction of Pd salts while tolerating increased reaction temperatures (Fig. 

1-8C). The silyl functionality of the siloxane network served as both a network cross-linking site 

and a facilitator for the reduction of metal salts with no added reducing agents (e.g., sodium 

borohydride). 

  



   

26 

 

Figure 1-8. (A) Au nanoparticles in cross-linked b-cyclodextrin utilized for the reduction of 4-

nitrophenol. Reproduced from ref. 84 with permission from Elsevier. (B) Pd nanoparticles in 

pNIPAm utilized for Suzuki–Miyaura cross-coupling. Reproduced from ref. 112 with permission 

from Springer Nature. (C) Pd nanoparticles in cross-linked polyhydromethyl siloxane utilized for 

carbon–carbon cross-coupling reaction. Reproduced from ref.38 with permission from Wiley. (D) 

Pd-Based metallogel with nitrogen containing heterocycle linkers utilized for Suzuki–Miyaura 

cross-coupling. Reproduced from ref. 113 with permission from Elsevier. (E) Atomic iron in a 

polyaniline network utilized for the oxygen reduction reaction in acidic media. Reproduced from 

ref. 85 with permission from Elsevier. (F) Cobalt in pyrolyzed polydopamine networks utilized 

for the oxygen reduction reaction in basic media. Reproduced from ref.92 with permission from 

Wiley. 
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In addition to nanoparticle-based catalysis, single atomic site catalysis has also been 

successfully demonstrated using the network-based catalysis approach. Ye et al.113 formed a Pd-

based metallogel using polydentate linkers containing nitrogen heterocycles that bind to Pd (Fig. 

1-8D). It was demonstrated that the network of linkers was connected by atomic Pd species that 

provided catalytic activity for Suzuki–Miyaura cross-coupling reactions. Hydrogels have also 

been utilized for single atomic site catalysis using network-based catalysts. Qiao et al.85 used a 

polyaniline network for immobilization of atomic Fe to be used as the single atomic sites for 

oxygen reduction in acidic conditions at the cathode of a proton exchange membrane fuel cell 

(Fig. 1-8E). The polyaniline network displayed enhanced activity and stability as compared to 

conventional Fe–N–C catalysts, which can show carbon corrosion due to the carbon black 

support material.85 In another network-supported catalyst study, Han et al.92 used a 

polydopamine encapsulation followed by pyrolysis to form nitrogen-doped carbon nanospheres, 

used as a proof-of-concept demonstration of establishing single-atom catalyst sites from various 

noble and nonprecious metals (Fig. 1-8F). Although Pd is the most prevalent metal for catalysis 

in these systems due to its efficacy and wide range of applicability to chemical reactions, other 

metals have also been demonstrated to be successful in their impregnation in these network 

supports. For example, Huang et al. reduced Ag, Pt, Au, and Rh using the popular method of 

metal ion diffusion into the network followed by the introduction of the reducing agent NaBH4 to 

make the active catalyst nanoparticles (Fig. 1-9).114 
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Figure 1-9. HAADF-STEM images of (A) Ag, (B), Pt (C), Au, and (D) Rh nanoparticles loaded 

within a cyclodextrin polymer network. Reproduced with permission from ref. 114. 

Network-supported catalysts confer many of the advantages provided by heterogeneous 

catalyst systems, with the additional benefits of volume confinement as opposed to conventional 

immobilization on solid impermeable surfaces. Confinement of the active catalyst species within 

the bulk of the material will provide better spatial accessibility and mobility of the catalytic 
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centers relative to immobilizing catalysts on solid impenetrable surfaces. Furthermore, it has 

been demonstrated that such volume confinement of the active catalyst centers will achieve less 

leaching compared to a similar heterogeneous catalyst, leading to an improved lifetime and 

recyclability profile.76, 114 Network-supported catalysis adds a dimension to the reaction 

compared to surface heterogeneous catalysis. The three-dimensional network support uptakes 

solvent and reactants ideally acting as a pseudo-homogeneous catalyst with diffusion resistance. 

Both elastomers and hydrogels can be a viable option for network-based catalysts with the 

optimal choice for a given system depending on parameters such as the reacting species, solvent, 

and reaction temperature. A second consideration for material selection is physical parameters of 

the network such as convective and diffusive transport properties (both heat and mass), and the 

overall toughness and durability of the material to processing, handling, and recycling. 

Network Control 

Although all network-based catalysis efforts have similar goals of creating a highly 

accessible catalyst without the need for subsequent metal separation, several different catalyst 

scaffolds have been successful for carrying out metal-mediated chemical reactions. An effective 

approach used to create active Pd species within a network-based catalyst was to synthesize a 

solid, porous polymer support with Pd nanocrystals dispersed and trapped in the micropores of 

the support (Fig. 1-10A).115, 116 The Pd-loaded polymer support was synthesized by Pd-catalyzed 

cross-coupling of 1,2,4,5-tetrabromobenzene and benzene-1,4-diboronic acid. The 

multifunctional benzenes allow for polymerization into a polyphenylene (PPhen) network. The 

utilized catalyst, Pd triphenylphosphine Pd(PPh3)4, decomposed at 150 °C in 

dimethylformamide into Pd nanocrystals. Therefore, the simultaneous decomposition of the Pd 

complex and the in situ carbon–carbon cross-coupling polymerization allowed for successful 
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confinement of active Pd nanoparticles within the porous polymer network.115 The thermal and 

chemical stability of PPhen is higher than those of most polymers,115 which makes this approach 

suitable for a wide range of organic transformations. The micropores allow the reaction 

environment to remain “solvent-like” for high catalyst accessibility while maintaining the 

reusability and catalyst affixing that is commonly beneficial to heterogeneous catalysts. 

Additionally, the favorable interaction of organic reagents with the aromatic backbone of the 

support network allows for enhanced catalytic performance. This network-based catalytic system 

demonstrated effectiveness in carrying out Suzuki–Miyaura cross-coupling reactions with 

different reactants. The superior performance of this Pd-loaded PPhen catalyst could be 

attributed to the ease of access to Pd nanocrystals in the micropores and the reagent affinity for 

the polymer support. 

 

Figure 1-10. (A) Gel synthesis of a solid polyphenylene porous support with catalytically active 

Pd nanocrystals utilized for Suzuki–Miyaura cross-coupling reaction. Reproduced from ref.115 

with permission from Wiley. (B) Monolithic porous gel synthesis for Pd-embedded hydrogel 

support for aqueous carbon–carbon cross-coupling reactions in flow. Reproduced from ref.77 

with permission from American Chemical Society. 
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In a different network-based catalytic study, a monolithic porous gel with embedded 

active Pd nanoparticles was demonstrated to be an effective catalyst for continuous Suzuki–

Miyaura cross-coupling reactions in water at 30 °C (Fig. 1-10B).77 The catalyst support was 

synthesized by copolymerizing NIPAm, N-(3-dimethylaminopropyl)methacrylamide (DMAPM), 

and N,N′-methyl-enebisacrylamide (BIS) as the gel matrix, tertiary amine ligand, and 

crosslinker, respectively. Gels with different network sizes were synthesized using 5, 10, and 30 

mol% crosslinker and a fixed DMAPM content of 10 mol%. Pd loading was carried out by gel 

adsorption of potassium tetrachloropalladate(II) and subsequent reduction to Pd(0) using sodium 

borohydride. The utilization of NIPAm provided the gels significant hydrogel nature, therefore, 

promoting the transfer of aqueous mobile phase with feed reactants from the bed capillaries or 

interspatial pores into the gel walls where the active Pd sites were anchored. The catalytically 

active Pd nanoparticles, confined within the gel, catalyzed the Suzuki–Miyaura cross-coupling 

reaction. The reaction products were readily able to diffuse back into the network capillaries and 

eventually out into the eluent stream. Among different hydrogel network sizes, the Pd-loaded gel 

with the larger network size (i.e., the least amount of crosslinker) had the highest reaction 

conversion at all residence (reaction) times tested. The improved catalytic performance of the 

Pd-loaded gel with the larger network size was not only due to the higher amount of hydrogel 

NIPAm within the gel, but also the looser network allowed for faster diffusive transport of the 

reagents to the active catalytic sites within the network. Overall, the hydrogel-based catalytic 

system was applicable to chemical reactions in water at 30 °C, where the catalyst experienced no 

detectable leaching and remained active after 30 days of use. This hydrogel-based catalyst 

support trends toward an ideal catalyst, because it not only experiences no detectable leaching 

(due to the confinement of the active catalyst species within the network), but it also has a more 
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favorable reaction solvent diffusion within the hydrogel support. Despite the superior continuous 

performance of this network-supported catalyst, it holds significant limitations, including 

temperature compatibility issues due to the thermoresponsiveness of pNIPAm gel. At 

temperatures higher than 30 °C, the polymer support experiences significant network collapse, 

which decreases the reaction substrate diffusivity within the network and, therefore, the reaction 

conversion. 

A common strategy to tune the catalyst scaffold's affinity for reagents is through the 

addition of functional groups to the chemical crosslinker (Fig. 1-11A).76 The chemical 

functionality, length, and amount of the chemical crosslinker can all be precisely tuned within 

the network to better fit the needs of desired metal-mediated catalytic reactions, further providing 

another level of tunability for yield and regio/chemo-selectivity optimization. For example, polar 

and hydrophilic functional groups can increase the swelling of a hydrophobic polymer 

backbone—utilized as the catalyst scaffold—in an aqueous reaction media, thereby enhancing 

the accessibility of the catalytic site resulting in an increased reaction yield. An effective way to 

measure the network-based catalyst affinity for the reaction solvent (or mobile phase) is through 

swelling characterization (Fig. 1-11B).38 Swelling of a polymer gel occurs when it uptakes 

solvent, increasing the volume and effective mesh size of the gel.117 Swelling is a physical 

property of a polymeric gel that illustrates the gels affinity for the solvent at a specific 

temperature. The solvent swelling ratio is considered as one of the most important parameters for 

flexible network-supported catalysts, which allows for direct tuning of transport into and through 

the network support. 
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Figure 1-11. (A) Cross-linker variance for network functionalization in an elastomer support. 

Reproduced from ref.76 with permission from American Chemical Society. (Bi) Brightfield 

images of PHMS microparticles synthesized at different elastomer: crosslinker ratios (R2) when 

dispersed in water (left column) and toluene (right column). (Bii, iii) Swelling ratios, S, of 

PHMS microparticles in toluene with respect to water at different (ii) elastomer: catalyst ratios 

(RPC), and (iii) polymer: crosslinker ratios (R2). Reproduced from ref.38 with permission from 

Wiley. 

Polymer-supported cross-coupling reactions 

The versatility of network-supported catalysts can allow for the development and 

utilization of multiple approaches for the same metal-mediated catalytic reaction depending on 

the substrate- or process-specific requirements. Matsumoto et al. utilized pNIPAm as the scaffold 

of choice for conducting Suzuki–Miyaura cross-coupling reactions due to the polar nature of the 

utilized aryl halide, which was more suited to strictly aqueous conditions (Fig. 1-12Ai).77 The 

Pd-loaded pNIPAm catalyst was demonstrated to be a very effective catalyst with minimal 

leaching (Fig. 1-12Aii) of the active Pd species while maintaining a reasonable reaction rate and 

conversion during continuous operation for residence times of up to 3 h (Fig 1-12Aiii and iv). 

Bennett et al.38 performed a similar Suzuki–Miyaura cross-coupling reaction in a continuous 
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flow packed-bed microreactor, but with a more hydrophobic aryl halide which required a mixed 

ethanol and water solvent for a better substrate solubility, as well as a hydrophobic polysiloxane 

network scaffold to tolerate the reaction solvent and reaction temperature (65 °C) (Fig. 1-12Bi).38 

The elastomer network, similar to the hydrogel scaffold, maintained long-term activity with low 

Pd leaching. Other network considerations include an affinity for reaction substrates and desired 

reaction conditions. As shown in Fig. 1-12Bii, the Suzuki–Miyaura cross-coupling reaction 

substrate (4-iodotoluene) had a higher affinity for the network than the internal standard 

(naphthalene) as it started to elute later for the same initial start time. Fig. 1-12Biii shows Pd-

mediated cross-coupling yields at different residence times in the packed bed reactor, utilizing 

the polymer-supported catalyst.38 Network durability also plays a vital role in material selection 

for the catalyst host in the continuous flow polymer-supported catalysis. The network must be 

robust enough to withstand reaction temperatures and flow rates without permanent deformation 

while maintaining good diffusive (batch and flow) and convective (flow) transport properties. 
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Figure 1-12. (Ai) Carbon–carbon cross-coupling reaction performed in the porous pNIPAm 

monolith reactor loaded with Pd nanoparticles. (Aii) Pd leaching study of pNIPAm support (Aiii) 

catalyst activity compared with conventional supported Pd catalysts. (Aiv) Residence time study 

of cross-coupling reaction conversion. Reproduced from ref.77 with permission from American 

Chemical Society. (Bi) Carbon–carbon cross-coupling reaction performed in the packed bed 

reactor of cross-linked polyhydromethyl siloxane microparticles loaded with Pd nanoparticles. 

(Bii) Waterfall plot showing start-up phase of reaction. (Biii) Reaction yield at 5, 10, and 30 min 

residence times. Reproduced from ref. 38 with permission from Wiley. 
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When compared to traditional heterogeneous catalysts, polymer network-supported 

catalysts often perform better. For example, Huang et al. compared a classic Pd/C heterogeneous 

catalyst to their synthesized cyclodextrin network decorated with active Pd nanoparticles.114 

They discovered that in a hydrogenation reaction, the network-supported Pd catalyst achieved 

100% conversion of 4-nitrophenol maintained over 7 cycles with negligible leaching. Although 

the classical Pd/C catalyst produced comparable catalytic activity and short reaction time, its 

recyclability was not as optimal as the network-supported catalyst (over 4% of the catalytic 

activity was lost after 2 cycles).114 
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CHAPTER 2 

Microfluidic Synthesis of Elastomeric Microparticles: A Case Study in Catalysis of 

Palladium-Mediated Cross-Coupling 

J. A. Bennett, A. J. Kristof, V. Vasudevan, J. Genzer, J. Srogl, and M. Abolhasani, AIChE 

Journal,  2018, 64 (8), 3188-3197. 

2.1 Introduction 

Metal-mediated cross-coupling reactions are valuable tools to organic chemists and play 

a critical role in synthesizing numerous complex chemical compounds in the pharmaceutical 

industry.67 Flow chemistry has recently emerged as an effective strategy for continuous 

manufacturing of pharmaceutical targets.24, 118 However, the current limitations of continuous 

flow chemistry approaches necessitate the development of more efficient and environmentally 

friendly continuous flow technologies for organic synthesis. These challenges include extensive 

utilization of volatile and toxic organic solvents, catalyst recovery in the case of homogenous 

catalysis, and complex immobilization chemistry. 

Recently, it has been demonstrated that Pd-loaded poly-hydromethylsiloxane (PHMS) 

elastomers can be utilized as the catalyst for heterogenous carbon-carbon cross-coupling 

reactions in batch.76 The Pd nanoparticles were generated inside the bulk PHMS gel by diffusion 

of a Pd acetate solution dissolved in toluene. Once in the PHMS gel, the Pd2+ was reduced to 

catalytically active Pd0 available for cross-coupling chemistry. Immobilized heterogeneous 

catalyst for cross-coupling removes the need of an energy-intensive separation step to recover 

the catalyst from the reaction mixture. The loaded Pd in PHMS gel also has the advantage of 

using solvents that are less harsh than those used in the conventional metal-mediated cross-

coupling reactions (i.e., ethanol instead of toluene). In addition, the catalyst loaded permanently 
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on a porous scaffold can be incorporated into well-known processes like a PBR. However, the 

large variation in size associated with conventional emulsion-based polymerization (bottom-to-

top) and bulk gel mechanical breakup (top-to-bottom) approaches makes it challenging to use 

these promising organic synthesis scaffolds (i.e., silicone elastomers) in a continuous flow 

chemistry setup. Polydispersed packing of silicone elastomer particles (from batch emulsion or 

mechanical breakup) results in a large pressure drop across the bed which can in turn deform the 

elastomer particles, causing blockages and even higher operation pressures.119 

Over the past decade, multiphase microfluidic strategies, owing to their consistent 

microdroplet formation and high-throughput production capabilities, have been utilized for 

synthesis of a wide range of microparticles including hydrogels120-125 and microgels.126-129 

Polymerization of microgels is typically conducted in two discrete steps, a droplet generation, 

followed by a cross-linking initiation through a temperature gradient,130 UV light irradiation,121, 

131 or chemical reaction in the presence of a polymerization catalyst.132 The separation of the 

temperature stimulation or UV light irradiation zone from the microdroplet formation step, make 

them ideal for on-chip polymerization of compatible polymers [e.g., poly(acrylamide), through 

photoinitiation, and poly(N-isopropylacrylamide), through thermal initiation]. However, the 

PHMS required for the reduction of the Pd, has several properties that make it difficult to 

synthesize microparticles using conventional microfluidic methods. PHMS is only cross-linked 

by hydrosilylation, a chemical method with no thermal or photoinitiators, with rapid reaction 

kinetics and unfavorable solubility in aqueous solution. Microparticles must be made and cross-

linked in a single process step as the catalyst solubility requires mixing in the dispersed phase 

before droplet breakup, and the fast reaction poses risk for on-chip microdroplet formation as the 

polymerization might cause clogging of microchannels within seconds of operation. 
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Additionally, PHMS is incompatible with conventional polydimethylsiloxane (PDMS)-based 

microfluidic devices without extreme surface functionalization. We hope to address some of the 

difficulties of on-chip cross-linking for the production of chemically cross-linked elastomeric 

microparticles as well as to expand the range of available polymers to include siloxanes, which 

can be difficult to produce in conventional PDMS or thermoplastic-based devices. 

In this work, we design and develop a multiphase microfluidic strategy to address the 

afore-mentioned challenges of the on-chip chemical cross-linking approach for high-throughput 

production of silicone elastomer microparticles with tunable size, elasticity, and loading 

capacity. Utilizing the developed microfluidic platform, we synthesize monodispersed 

microscale scaffolds (i.e., PHMS microparticles) for continuous flow heterogenous catalysis. 

Elastomeric microparticles loaded with a metal catalyst (Pd) are then loaded in a tubular Teflon 

reactor to construct a microparticle-packed bed reactor (μ-PBR) (Figure 2-1). The μ-PBR offers 

an increase in catalytic surface area and improved mass transport within the continuous flow 

reactor for biphasic C-C cross-coupling reactions while maintaining the Pd-loaded elastomer's 

catalytic activity and the benefits of flow processes over batch methods.23, 133, 134 
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Figure 2-1. Schematic of Pd-loaded PHMS microparticle synthesis by hydrosilylation cross-

linking and construction of the μ-PBR. 
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2.2 Experimental 

2.2.1 Chemicals 

Toluene (anhydrous, 99.8%), sodium dodecyl sulfate (SDS), palladium (II) diacetate ( 

>99.9% trace metals), silver acetate, PHMS (average Mn 1700–3200), 1,5-hexadiene, and 

platinum(0)-1,3-divinyl-1,1,3,3-tetramethly-disiloxane (Karstedt's catalyst) (in xylene, Pt-2%) 

were purchased from Sigma Aldrich. Acetone and 2-propanol (IPA) were purchased from VWR 

Analytical. The following cross-coupling reagents were received from Sigma Aldrich: potassium 

carbonate (K2CO3), ethanol (EtOH), phenylboronic acid, 4-iodotoluene, naphthalene, and 4-

phenyltoluene. All chemicals were used as received. Deionized (DI) water was obtained in-house 

using a PURELAB Flex purification system (Elga).  

2.2.2 Elastomeric Microparticle Production Microreactor Construction 

A 3-D flow-focusing microreactor, shown in Figure 2-2, was constructed using 

commercially available components with only minor modifications. The device consists of three 

glass capillaries (Friedrich & Dimmock): (i) a round, outer capillary (1.5 mm outer diameter 

[OD], 1.12 mm inner diameter [ID], and 100 mm in length), which was cut to 50 mm in length; 

(ii) a round, inner capillary (1 mm OD, 0.5 mm ID, and 100 mm long), cut to 40 mm long; and 

(iii) a flamed-tip inner capillary, initial dimensions (1 mm OD, 0.5 mm ID, and 100 mm long), 

produced using a dual-stage glass micropipette puller (Narishige, PC-10). A cross-section of the 

flow-focusing microreactor is shown in Appendix  A-1. Heating of the bottom end of capillary 

(iii) using the coil on the capillary puller, causes the tip to partially liquefy and results in the 

axisymmetric narrowing of the opening based on power and time of heating. In this way, the 

initial 0.5 mm ID was narrowed in a flared manner to ∼ 0.2 mm. Each capillary was washed in 

acetone and dried to remove particulates. Capillaries (i) and (ii) were rinsed with toluene on the 
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sections to be in contact with the organic dispersed phase and dried, while capillary (iii) was 

treated with O2 plasma (Diener Electronic, Femto A) for 1 min to become temporarily 

hydrophilic, facilitating microdroplet production, and reduce wetting of the dispersed phase with 

capillary (iii). The treated capillaries were stored in DI water and used within 24 h after plasma 

treatment. After the fabrication and treatment of the capillaries, the flow-focusing device was 

assembled using PEEK T-junctions (0.05″ thru hole, IDEX Health and Sciences) and Teflon 

tubing (fluorinated ethylene propylene, FEP). Capillary (i) was connected to two T-junctions 

using 1/8″ ferrule fittings with Tygon tubing (1/8″ OD, 1/16″ ID, McMaster Carr) as an adapter 

between the glass capillary and the fitting. Capillary (i) was connected such that the bases of 

both T-junctions were perpendicular to the axis of the capillary. Capillaries (ii) and (iii) were 

adapted to 1/16″ ferrules using FEP tubing (1/16″ OD, 0.04″ ID, IDEX Health and Sciences), 

Capillary (ii) was fastened into the prepolymer mixture line while Capillary (iii) only required a 

small 1/16″ sleeve for fastening into the outlet side of the T-junction. Both inner capillaries were 

threaded through the axis of the T-junction to protrude coaxially into Capillary (i) with 1.5 mm 

of distance between the end of Capillary (ii) and the flame-tip of Capillary (iii). The dispersed 

phase lines flow into the side with Capillary (ii), while water and SDS flow into the base of the 

T-junction on the side of the reactor with Capillary (iii) acting as the outlet for the combined 

flow with formed elastomeric microparticles. 
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Figure 2-2. (A) Schematic of the experimental setup utilized for the continuous production of 

the PHMS microparticles. The inset shows the collection vial at the bottom of the microreactor. 

(B) A bright-field optical micrograph of the 3-D flow-focusing microreactor during microparticle 

synthesis. 10 μL/min Q1, 10 μL/min Q2, and 60 μL/min Q3. 
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2.2.3 Reagent Preparation 

Continuous elastomeric microparticle synthesis within the constructed flow-focusing 

microreactor required three reagent lines: a cross-linking catalyst stream (Q1) with composition 

ratio of Karstedt's catalyst to toluene (R1), a polymer and cross-linker mixture (Q2) with specific 

polymer to diene volumetric ratios (R2), and an aqueous continuous phase (Q3). See Table 2-1. 

Their respective inlet locations and flow-focusing characteristics are illustrated in Figure 2-2A. 

Table 2-1. Stream Components of the Flow-Focusing Microreactor 

Stream Components Purpose Stream Variable Operation 

Variable 

Q1 Toluene Solvent and 

Diluent 
𝑅1 =

𝑉𝐾𝑎𝑟𝑠𝑡𝑒𝑑𝑡

𝑉𝑇𝑜𝑙𝑢𝑒𝑛𝑒
 𝑅𝑃𝐶 =

𝑄2

𝑄1
 

Karstedt’s 

Catalyst 

Cross-linking 

catalyst 

Q2 PHMS Polymer 
𝑅2 =

𝑉𝑃𝐻𝑀𝑆

𝑉𝐻𝑒𝑥𝑎𝑑𝑖𝑒𝑛𝑒
 

1,5-Hexadiene Cross-linker 

Q3 Water Continuous 

Phase 

  

Sodium dodecyl 

sulfate 

Surfactant  

 

The polymer and cross-linker stream (Q2) was prepared by mixing the polymer (PHMS) 

and cross-linker (1,5-hexadiene) in predetermined ratios. For this work, we utilized R2 ratios of 

2, 5, 8, and 10. The cross-linking catalyst stream (Q1) composition ratio R1 was determined 

empirically for each R2 by evaluating the polymerization time observed when 100 μL each of Q1 

and Q2 were mixed in a 2-mL glass vial. Serial dilutions of a base catalyst solution (R1 = 1:200 

Karstedt's catalyst to toluene) were performed to run the gelation tests until a gelation time of ∼5 

min was achieved. Cross-linking time was recorded when the 200 μL of reacting mixture stopped 

flowing (i.e., the vial could be inverted with no movement of the bulk polymer). The continuous 

phase (Q3) was prepared by adding 3 wt % SDS in DI water in a falcon tube, and placing the 

tube in an ultrasonic bath (Branson, CPX5800) for 2 min to expedite the dissolution process. 
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The three precursor solutions were loaded in glass, gas-tight syringes (SGE Analytical) 

and coupled to computer-controlled syringe pumps (Harvard Apparatus, PHD 2000 Ultra) for 

precise delivery to the flow-focusing microreactor. FEP tubing (IDEX Health and Sciences) 

served as the inlet line for the polymer stream (1/16″ OD, 0.04″ ID), as well as for the catalyst 

solution and continuous phase (1/16″ OD, 0.02″ ID). The microreactor was arranged vertically 

and supported by two clamps underneath an inverted microscope (Leica, M205C). A high-speed 

CMOS camera (FASTEC IL5) was used to characterize the microdroplet formation within the 

flow-focusing microreactor. Due to the vertical orientation of the constructed microreactor, an 

angled front-coated 50.8-mm optical mirror (Thorlabs) and external LED Illuminator (Nathaniel 

Group, Sugar CUBE Ultra) were implemented for bright-field optical microscopy. The setup was 

constructed on a self-leveling optical table (Thorlabs, PTS603) for vibration mitigation and 

stability. 

2.2.4 Elastomeric Microparticle Production and Collection 

Figure 2-2B illustrates the microdroplet formation properties observed inside the flow-

focusing microreactor described in “Elastomeric microparticle production microreactor 

construction” section. The cross-linking catalyst (Q1) and the polymer and the cross-linker 

mixture (Q2) streams constituted the dispersed phase. The aqueous surfactant solution (Q3), 

infused at the opposite end of the system, directed the dispersed phase through the inner orifice 

and engulfed the polymerizing mixture through an oscillatory jetting regime. After Q1 and Q2 

mix, the polymer begins cross-linking via hydrosilylation (see Appendix  A-2). Emerging 

elastomeric microparticles were collected in 20-mL glass vials filled with DI water. The outlet 

stream was submerged beneath the water level to avoid deformation of partially cross-linked 

microdroplets while dropping from the outlet into the collection bath (Figure 2-2A [inset]). 
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Elastomeric microparticles with a total volume of 200–1500 μL were synthesized for each R1/R2 

pairing at the following volumetric polymer mixture to catalyst ratios (RPC): 1:1, 1.5:1, 2:1, 

2.5:1, and 3:1. In our preliminary tests, it was determined that the most consistent operation 

window for monodispersed production of PHMS microparticles within the flow-focusing 

microreactor was the dripping flow regime. The flow behavior at the droplet generating orifice is 

controlled by the relative flow rates of the combined dispersed phase (QD = Q1 + Q2) and the 

continuous phase (Q3) to be further discussed later. In the dripping regime of a 3-D flow-

focusing microreactor, the geometry of the constriction primarily controls the diameter of the 

microdroplet.135-137 However, if the flow rate through the orifice is increased significantly, the 

flow of silicone elastomer switches to a jetting regime which results in polydispersity of the 

microdroplets due to the unstable nature of the viscous polymer jet at the transition state. 

Following each trial, bright-field images of the resulting elastomeric microparticles at 5x, 

10x, and 16x magnifications were acquired for characterization of the diameter and size 

distribution of the collected elastomeric microparticles. Then, multiple washes of water, IPA, 

acetone, and toluene were utilized, along with fine filter paper (Whatman, 2 μm pore size) to 

remove the surfactant and transfer the collected elastomeric microparticles from DI water to 

toluene. PHMS microparticle samples used only for imaging were treated with 12 mg/mL silver 

acetate (as an insoluble dye) prior to washing. Post-wash images at 5x, 10x, and 16x 

magnifications were then acquired to observe the swelling characteristics of the elastomeric 

microparticles. Although toluene will not be used in the exemplary cross-coupling reaction, it is 

an ideal solvent to characterize swelling behavior of PHMS as the high degree of swelling allows 

for more accurate characterization of slight differences in the PHMS network. 
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Videos of the microdroplet formation region were acquired for each tested ratio using the 

high-speed camera (Fastec IL5). A custom-developed MATLAB-based image processing code 

was utilized to automatically analyze the recorded images and provide temporal measurements 

for the microdroplet diameter, polydispersity, jet length, and production frequency inside the 

microreactor. 

2.2.5 Elastomeric Microparticle Loading and Characterization 

Palladium was introduced into 1 g of elastomeric microparticles synthesized at R2 = 5:1 

and RPC = 1:1 by dissolving 20 mg of Pd2+ acetate per gram of dry PHMS microparticles in 

toluene and giving enough time for the dissolved Pd ions to diffuse into the microparticles and be 

reduced to metallic Pd as detailed in Stibingerova et al.{Stibingerova, 2016 #134} The Pd-loaded 

microparticles were then washed and packed into a 1/8″ OD 1/16″ ID FEP tube to be used as the 

μ-PBR. A 3-D focused ion beam-scanning electron microscope (FIB-SEM) in combination with 

transmission electron microscopy (TEM) were employed to confirm the presence of reduced Pd 

inside synthesized PHMS microparticles. The TEM samples were prepared by slicing and 

thinning a piece of the bulk microparticle until transparent to the electron beam. In addition, 

energy dispersive x-ray spectroscopy (EDS) was used for characterization of the loaded Pd in 

PHMS microparticles (see Appendix  A-3). 

2.2.6 Microparticle-Packed Bed Reactor 

The washed Pd-loaded PHMS microparticles were transferred to a clean reaction solvent 

(80% ethanol in water) to be packed into a length of 1/8″ OD and 1/16″ ID FEP tubing. The 

microparticles were suspended in a vial of solvent by agitation as the solvent was withdrawn 

from the vial through the Teflon tubing and recovered in a gas-tight glass syringe loaded on a 

computer-controlled syringe pump. A 2-μm frit was placed at the end of the tube to allow solvent 
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flow while retaining the microparticles in the μ-PBR. Once all the microparticles were 

transferred to the μ-PBR, solvent was flowed at 2 mL/min to maximize microparticle packing 

within the μ-PBR. The excess tubing was removed and the μ-PBR was weighed both with and 

without solvent to determine the void volume of the bed for residence time calculations. 

2.2.7 Continuous Suzuki-Miyaura Cross-Coupling Reaction 

The exemplary cross-coupling reaction was conducted using 4-iodotoluene in 80% 

ethanol and water, phenylboronic acid in 80% ethanol and water, and potassium carbonate (base) 

in 30% ethanol in water (Reaction 2-1 and Appendix  A-4 for full catalytic cycle). 

 

Reaction 2-1. Suzuki-Miyaura cross-coupling between 4-iodotoluene and phenylboronic acid, at 

65°C in the presence of Pd-loaded PHMS gel with potassium carbonate as a base, forming 4-

phenyltoluene. 

 Naphthalene was used as an internal standard for the conversion and yield 

measurements. All three precursors were introduced to the μ-PBR at equal flow rates using a 

cross-junction (0.05″ thru hole, IDEX Health and Sciences) for residence times of 5, 10, and 30 

min. Samples were collected at the reactor outlet and analyzed using high performance liquid 

chromatography (HPLC) with a gradient of water and acetonitrile for conversion and yield 

measurements. Individual chemical species were introduced to the HPLC column to determine 

elution time for each of the precursors, the naphthalene standard, and the 4-phenyltoluene 
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product with the same water/acetonitrile gradient. Samples from the μ-PBR were collected every 

10 min or every residence time (whichever was longer), until the reaction yield reached steady 

state. 

2.3 Results and Discussion 

2.3.1 Elastomeric Microparticle Synthesis and Characterization – PHMS Jet 

Characteristics 

One important parameter in the production of homogeneous and monodisperse 

microparticles is the Damkohler number which relates the rate of mixing within the 

microdroplets to the rate of the cross-linking reaction. A Damkohler number < 1 suggests that the 

microdroplets are completely mixed before the reaction proceeds appreciably. In this system, the 

mixing timescale in multiphase microfluidics [O(ms)]138, 139 is far shorter than the reaction 

timescale as determined by the batch cross-linking tests [O(min)]. The behavior of the 

microdroplet forming jet was analyzed by applying a custom-developed microdroplet detection 

MATLAB script to the extracted frames acquired from the high-speed videos of the PHMS 

microdroplets forming in the flow-focusing microreactor. The image-processing code was then 

utilized to detect the diameter and production frequency of formed microdroplets, as well as the 

jet length. Examples detailing the various image processing steps is available in Appendices  A-5 

– A-7. The observed trends of varying the ratio of the total dispersed phase flow rate (Q1 + Q2 ≡ 

QD) to the continuous phase flow rate (Q3 ≡ QC) on the size and production frequency of 

microdroplets are consistent with previously reported flow-focusing geometries.135, 136, 140-142 The 

diameter of the microdroplets increases with increasing QD/QC while the production frequency 

decreases. Snapshots of the microdroplet formation region at a constant dispersed phase flow rate 

and three different continuous phase flow rates are shown in Figure 2-3. The size of 



   

51 

 

microdroplets at a constant QD decreases as QC increases, as can be seen in Figure 2-3. 

 

Figure 2-3. Sample micrographs extracted from high-speed video showing the effect of 

dispersed to continuous flow rate ratio. R2 = 8, RPC = 1, QD = 16 μL/min QC = 40, 90, and 150 

μL/min.  

High-speed videos at each ratio of QD/QC are then analyzed using a custom droplet detection 

script in MATLAB to extract information about the jet and droplet formation. Figure 2-4A 

shows the effect of changing QC from 40 to 110 μL/min while maintaining QD constant at 16 

μL/min (RPC = 2:1). Figure 2-4B shows the effect of changing QD from 20 to 100 μL/min 

(RPC = 2:1) while maintaining QC constant at 100 μL/min. Increasing QD increases the size of the 
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droplets formed by the flow-focusing microreactor as more of the dispersed phase must flow 

through the opening to satisfy mass conservation. The larger size of microdroplets in Figure 2-

4B compared to Figure 2-4A at the same value of QD/QC is due to the higher total volumetric 

flow of the dispersed phase, QD. The PHMS jet transitions through various flow regimes with 

increasing QC, from plug flow at low flow rates through droplet dripping up to jetting at high 

flow rates when the shear force on the fluid interface extends the jet past the neck of the 

constricted capillary (see Appendix  A-8). 

 

Figure 2-4. Characterization of the effect of the ratio of the dispersed phase to the continuous 

phase on the size and production frequency of PHMS microdroplets. R2 = 8 and RPC = 1. (A) 

Constant dispersed phase flow rate, QD = 16 μL/min. (B) Constant continuous phase flow rate, 

QC = 100 μL/min. 
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In the next set of experiments, we studied the effect of the size of PHMS microparticles on their 

swelling index. It was observed that the swelling index was independent of the initial 

microparticle size, suggesting a uniform mesh network for different microparticles with a similar 

polymer to cross-linker ratio. The final microparticle diameter also depends on the initial cross-

linking concentration as the particles contract as the cross-linking progresses with higher cross-

linking concentrations contracting the most (see Appendix  A-9). 

2.3.2 Elastomeric Microparticle Synthesis and Characterization – Swelling of Elastomeric 

Microparticles 

Swelling of the produced silicone elastomer microparticles is an important characteristic, 

which may have implication on applications in both biomedical and organic synthesis fields. In 

biomedical applications, the swelling of elastomeric microparticles will affect the degree of drug 

uptake into the microparticles for initial loading and diffusion once administered to obtain 

optimal drug delivery kinetics.143 In organic synthesis applications, the microparticles swelling 

will control both the loading of metal catalyst into the microparticle (i.e., microreaction 

scaffolds) and the rate and extent of metal-mediated chemical reaction. It would be desirable to 

completely immobilize the metal catalyst within the silicone elastomer microparticle with no 

leaching while allowing for fast diffusion of the solvent and reaction mixture to and from the 

active sites. The degree of swelling is largely controlled by the density of cross-linking bonds 

between PHMS backbones in the elastomer.144 Theoretical models of the swelling of cross-

linked networks exist,145 however, they are generally long polymer chains with low cross-linking 

density. The cross-linked PHMS examined in this study has short chains (degree of 

polymerization ∼40 monomers) and very dense cross-links (∼1:5 mole ratio of cross links to 

backbone units). For this reason, the swelling was determined experimentally. Low density 
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cross-linking results in a more elastic elastomer while high density cross-linking leads to a rigid 

elastomer. The parameters controlling the cross-linking density are the concentration of the 

cross-linker in the polymer mixture (R2), and the ratio of the polymer to the cross-linking catalyst 

mixture (RPC). As RPC decreases, the microparticles are already partially swollen with the 

catalyst dilution solvent (toluene) while the microdroplets finish the cross-linking reaction. 

To study the effect of polymer to cross-linker ratio on the degree of swelling in the 

elastomeric microparticles, we measured the volume difference of collected PHMS 

microparticles before and after switching to an organic solvent. The size of the collected 

elastomeric microparticles was determined by applying a circle detection algorithm to images of 

a monolayer of microparticles at each combination of R2 and RPC in both aqueous (water) and 

organic (toluene) solvents (Figure 2-5A). We calculated the polydispersity and the swelling 

index of each sample of elastomeric microparticles from the histogram returned by the automatic 

circle detection algorithm (see Appendix  A-10). Swelling index is defined as the change in 

microparticle volume upon switching from an aqueous to an organic solvent divided by the 

initial volume of the microparticles in the aqueous phase (𝑆 =
𝑉𝑇−𝑉𝑊

𝑉𝑊
). As the PHMS 

microparticles are synthesized with toluene as the solvent for the catalyst stream to promote 

homogeneous mixing in the polymer jet, the swelling index studies were performed in toluene 

(good solvent for PHMS) as the swelling solvent. The swelling was also examined for the 80% 

ethanol and water mixture used as the reaction solvent for the cross-coupling reaction. However, 

both water and ethanol are poor solvents for PHMS and the network does not swell appreciably 

(less than 2% swelling; see Appendix  A-11). Therefore, as a measure of network elasticity, 

toluene was selected to perform the bulk of the swelling experiments. Although only toluene was 

used as an exemplary solvent for the microparticle swelling characterizations, the same 
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procedure can be applied for other aqueous/organic solvents. The swelling index was analyzed as 

a function of R2 and RPC. The swelling ratio increases as both R2 and RPC increase, with the 

swelling ratio expected to plateau in the limit of pure elastomer mixture during the microdroplet 

formation (Figures 2-5B, C). As R2 increases, the number of cross-linker bridges between PHMS 

polymer backbones is reduced, leading to a network that is more loosely connected. This allows 

for a greater uptake of solvent into the polymer network. At the relatively high cross-linker 

concentrations studied, the high number of cross-linked bonds per PHMS backbone results in a 

linear increase in swelling (Figure 2-5C), likely until the number of cross-linking bonds per 

polymer chain begins to approach O(1). As RPC increases the concentration of polymer mixture 

vs. solvent increases within each droplet leading to an increase in maximum swelling. 

Microparticles with the same network composition have the same swelling ratio independent of 

absolute particle size. 
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Figure 2-5. (A) Bright-field images of elastomeric microparticles in water and toluene. R2 = 2, 5, 

and 10; RPC = 2:1. (B) Swelling vs. polymer to catalyst mixture flow rate ratio (RPC) for selected 

values of R2. (C) Swelling vs. polymer to cross-linker ratio (R2) for selected values of RPC. 

2.3.3 Case Study: μ-PBR for Continuous Suzuki-Miyaura Cross-Coupling 

To highlight an example of the applications of the PHMS microparticles in organic 

synthesis, we loaded the synthesized microparticles with Pd and used them as microreaction 

vessels in a μ-PBR for Suzuki-Miyaura cross-coupling reactions. By loading the Pd into the 

PHMS microparticles in toluene (when swollen) and then loading the particles into the μ-PBR in 

an aqueous 80% ethanol solution (with negligible swelling), we ensure that the reduced Pd 

remains within the microparticles. We confirmed the Pd loading in the PHMS microparticles by 
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TEM microscopy (Figure 2-6) and energy dispersive x-ray spectroscopy (EDS). A TEM sample 

of a Pd-loaded elastomeric microparticle was prepared alongside a sample of unloaded PHMS 

microparticle showed the presence of Pd nanoparticles in the bulk of the microparticle (Figure 2-

6). EDS was also performed on both the bulk Pd-loaded elastomeric microparticles and unloaded 

control microparticles, and Pd was detected only in the loaded microparticles at ∼2 wt % (see 

Appendix  A-3). 

 

Figure 2-6. Bright-field TEM images of a FIB-produced slice of PHMS microparticle both with 

(left) and without (right) loading of Pd. 
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Figure 2-7A shows the constructed μ-PBR using Pd-loaded PHMS microparticles and a 

FEP tubing (1/8″ OD, 1/16″ ID). The inset of Figure 2-7A shows the packing of PHMS 

microparticles within the reactor after a 24-h continuous operation. Figure 2-7B shows initial 

startup saturation of the precursors and the internal standard (naphthalene) into the PHMS 

microparticles plus product formation up to steady state. During the startup of the μ-PBR, the 

microparticles in the bed begin to uptake the reactants and the product. Once the elastomeric 

microparticles are saturated with the chemical species, the species will elute from the μ-PBR. 

The species that are more hydrophobic have higher affinity for the silicone elastomer 

microparticles. As shown in Figure 2-7B, the chemical species are eluted from the μ-PBR in the 

order of their hydrophobicity.  
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Figure 2-7. (A) Overview and enlarged view of μ-PBR made from 1/8″ OD, 1/16″ ID FEP 

Tubing. Scale bar is 200 μm. (B) Waterfall graph of HPLC traces taken every 10 min during 

startup. Axes are column elution time (water and acetonitrile with 0.1% formic acid gradient), 

reaction time, and absorbance at 270 nm. Reaction conditions: temperature = 65°C, 4-

iodotoluene (0.2 M), naphthalene (0.05 M), phenylboronic acid (0.3 M), and potassium 

carbonate (1 M). 

Once the column is fully saturated with reactants, the measured yield within the collected 

sample at the outlet of μ-PBR starts to increase until it reaches steady state (Figure 2-8A). The 

initial saturation time of the μ-PBR is influenced by the flow rates of the precursors fed to the 

reactor. As the volumetric flow rate of the precursors into the μ-PBR is increased, the convective 

mass-transport coefficient of the chemical species to and from the surface of the elastomeric 

microparticles is increased, resulting in an increased Biot number. The equilibrium concentration 

of chemical species within the PHMS microparticles of the μ-PBR remains constant at various 

volumetric flow rates, thus, the saturation limit of microparticles is reached at a shorter timescale 

at high precursor flow rates (e.g., 5 min residence time) compared to the low precursor flow rates 
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(e.g., 30 min residence time). The reaction was conducted using residence times of 5, 10, and 30 

min resulting in reaction yields of 20, 35, and 55% 4-phenyltoluene at steady state, respectively 

(Figure 2-8B). 

 

Figure 2-8. (A) Measured C-C cross-coupling yield during the start-up stage of μ-PBR for two 

residence times of 5 and 30 min and (B) at steady-state operation at the reaction temperature of 

65°C. The utilized μ-PBR had a total reactor volume (void) of 384 μL with a packing of 67%. 

To determine leaching of the catalyst from the microparticles into the reaction mixture 

inductively coupled plasma mass spectrometry (ICP-MS) analysis of solvent collected from the 
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reactor effluent was analyzed. The concentration of Pd in the reactor effluent was determined to 

be less than 0.3 ppb. Additionally, control reactions in batch were performed with unloaded 

PHMS microparticles and reactor effluent solvent. Both control experiments showed no yield at 

residence times of 1 h at the same reaction conditions. 

The combination of the nonlinear decrease in the reaction yield vs. time and a plateau of 

maximum yield below 100% in Figure 2-8B suggest that the higher observed reaction yield per 

unit residence time at relatively short residence times (i.e., higher flow rates) might be attributed 

to the higher rate of convective mass transport within the μ-PBR. Thus, enhancing the convective 

mass transport at the surface of the microparticles by increasing the flow rate and increasing the 

residence time by increasing the reactor length will both have positive effects on the maximum 

yield in the shortest residence time possible. After the initial reaction kinetic studies (Figure 2-8), 

the external mass transport with respect to the microparticles (i.e., through the voids) was 

decoupled from the residence time by splitting the μPBR into two equal segments. Intraparticle 

mass transport is primarily influenced by particle composition while external mass transport in 

the μ-PBR is primarily controlled by the reactor flow rates and operating conditions. In 

preliminary testing of these parameters, the packed bed was tested at three different conditions: 

full length 10 min residence time (38.4 μL/min), half-length 5 min residence time (38.4 μL/min), 

and half-length 10 min residence time (19.2 μL/min). When the reaction was conducted at the 

same flow rate (halved residence time) in the half-length μPBR the yield was decreased by 

∼50%. When the residence time was remained constant (halved flow rate) the reaction yield was 

lower than the full-length reactor (i.e., higher flow rate). Thus, the biphasic cross-coupling 

reaction yield could be further improved by increasing the length (i.e., increasing total bed 

volume) of the μ-PBR, resulting in a higher flow rate to achieve a given residence time and 
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increased mass-transport rates. Further experimental studies are underway and will be coupled 

with mass-transport modeling efforts to optimize more thoroughly the PHMS microparticles 

properties and reactor operating conditions in order to maximize conversion for a range of cross-

coupling substrates. 

As a preliminary case study, the development of a continuous flow C-C cross-coupling 

strategy with a promising yield of 60% at a 30 min residence time warrants additional process 

development and reaction optimization. In addition, it should be noted that continuous flow 

chemistry strategies enable enhanced process control and stability as compared to batch methods. 

Moreover, the Pd-loaded microparticles remove the need for expensive and energy-intensive 

catalyst recovery step from the reaction media. The long-term stability of the PHMS-based Pd 

catalysts is also a significant benefit over its homogeneous counterparts; the same μ-PBR has 

been used for several days of continuous run over the course of several months without replacing 

the microparticles. The PHMS microparticle catalyst used in the reaction has the benefit of 

performing the reaction using environmentally friendly solvents featuring ethanol and water 

mixtures instead of more toxic and volatile solvents that are currently being used in the chemical 

industry (e.g., tetrahydrofuran, toluene, hexane, dioxane, or dichloromethane). 

2.4 Conclusion 

In this work, we demonstrated a novel method for the on-chip synthesis of chemical 

cross-linkable silicone elastomer microparticles with tunable size, production frequency, and 

swelling characteristics. The developed microfluidic platform enabled simultaneous formation 

and chemical cross-linking of silicone elastomer microdroplets on-chip, using an off-the-shelf 

assembled flow-focusing microreactor. The developed continuous flow chemistry strategy could 

be utilized for developing a library of other chemically cross-linked polymer and cross-linker 
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pairs for applications in organic synthesis, targeted drug delivery, cell encapsulation, or 

biomedical imaging. 

An application of the silicone elastomer microparticles is demonstrated by performing 

organic synthesis of 4-phenyltoluene using the PHMS microparticles as catalyst scaffolds for 

loading the Pd nanoparticles. The loading of Pd in PHMS microparticles instead of bulk PHMS 

allowed for the continuous operation of Suzuki-Miyaura chemistry using a μ-PBR. Further work 

in this area could involve tuning the elastomeric microparticle properties (e.g., swelling, size, Pd-

loading, and the structure of the cross-linker), the μ-PBR properties (e.g., packing fraction, mass-

transfer characteristics, and reactor volume), and the reaction conditions (e.g., temperature, 

concentration, and chemical species) to optimize the reaction yield for a desired cross-coupling 

reaction. 
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CHAPTER 3 

Continuous Synthesis of Elastomeric Macroporous Microbeads 

J. A. Bennett, Z. S. Campbell, and M. Abolhasani, React. Chem. Eng.,  2019, 4 (2), 254-260. 

3.1 Introduction 

Macroporous microparticles have important applications in areas where enhanced surface 

area and rough surface topology are preferred over dense spherical microparticles.146 The 

macroporous microparticles are utilized in applications ranging from catalysis147 and selective 

adsorbents,148 to enzyme immobilization149, drug delivery150, and cell growth scaffolding151, 152. 

Porous monoliths have been considered as reactor packing153 and catalyst scaffolds, but suffer 

from flow channelling, which is mitigated in particulate beds. Porous microparticles have been 

fabricated using a wide variety of materials (e.g., ceramics, oxides, polymers, and hydrogels)124, 

131, 151, 154, 155 and methods (e.g., emulsification156, templating157, and self-assembly) in both 

bulk155 and flow reactors.146, 158, 159 Crosslinked polysiloxane networks have been demonstrated 

to have tunable viscoelastic and surface properties160, 161 which can be varied to promote cell 

growth, as well as favourable biocompatibility and oxygen transport.161 Porous particles of linear 

polysiloxanes have been synthesized using salt-induced osmosis of water microdroplets into the 

droplets of linear polysiloxane that are formed during the bulk emulsification process.156 Despite 

the high degree of porosity, bulk emulsification methods have the downside of a very wide 

particle size distribution due to the uncontrolled breakup in the mechanical emulsification 

process. Over the past two decades, droplet-based microfluidic strategies – owing to precise 

control over the flow and reaction parameters – have been successfully utilized for continuous 

synthesis of a wide range of micro/nano structures.141, 162-166 
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In this work, we demonstrate a microfluidic strategy for continuous synthesis of 

elastomeric macroporous microbeads with tuneable size and porosity. Depending on the intrinsic 

properties of the substrate material, different microfluidic approaches have been utilized to create 

macroporous beads. Such methods include fabrication of intrinsically porous beads through 

solvent removal and spontaneous phase separation167, as well as structural templating with 

immiscible fluids (basic and high-internal-phase emulsions (HIPE))157, 168 and solids (e.g., salt, 

sugar, polystyrene, and silica).148 Unique physicochemical properties of polysiloxanes limit the 

feasibility of the more conventional microfluidic approaches for forming macroporous beads. For 

example, (poly)hydromethylsiloxane (PHMS) is not compatible with spontaneous phase 

separation or solvent removal, as the network must be chemically crosslinked through 

hydrosilylation. Additionally, the lack of UV or thermal initiated crosslinking means that the 

PHMS microbeads must be formed with porogen present as the crosslinking reaction is 

occurring. During preliminary screening, it was found that the fluid-based templating of PHMS 

droplets had major drawbacks for continuous synthesis of macroporous microbeads, namely the 

stability and droplet size of the formed water-in-oil or gas-in-oil emulsions. The surfactant 

required to generate stable water-in-oil emulsions would cause immiscibility issues with the 

PHMS and crosslinker mixture, thus preventing the hydrosilylation catalyst from mixing with the 

polymer phase to begin crosslinking. Thus, solid porogens were considered as the templating 

material. The conventional sacrificial polystyrene (PS) microspheres were rejected due to their 

solubility in the PHMS crosslinking solvent (toluene), which would dissolve the PS 

microspheres before the PHMS could solidify into a porous network. Crystalline solids (e.g., 

sodium chloride and sucrose) were rejected for similar reasons; the microscale particles would 

migrate to the fluid interface between the nonpolar PHMS and the polar continuous phase 
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(water) and promptly dissolve before the PHMS network could crosslink. However, mesoporous 

amorphous silica microspheres are insoluble in all the fluids used in the flow synthesis of 

elastomeric microbeads and can be removed selectively during post-processing. Potassium 

hydroxide (KOH) selectively etches the amorphous silica microspheres, leaving behind the 

porous PHMS scaffold. An overview of this process is shown in Figure 3-1. 

 

Figure 3-1. I) Major components of the microparticles: PHMS (polymer), 1,5-hexadiene 

(crosslinker), and mesoporous silica microparticles (porogen). (II) Liquid PHMS droplet loaded 

with silica microparticles produced by the flow-focusing microreactor. (III) Porogen-loaded 

PHMS microbead after crosslinking by hydrosilylation. (IV) Schematic of the formed 

macroporous microbead after selective removal of the solid porogen with chemical etching. 
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3.2 Experimental 

In this work, building on our recently developed capillary-based microfluidic reactor for 

dense PHMS particles,38 we developed a flow synthesis strategy (Figure 3-2) for continuous 

production of porous silicone elastomer microbeads with tunable size and porosity. 

 

Figure 3-2. (A) Schematic of the developed microfluidic platform for the continuous synthesis 

of the macroporous microbeads. The inset shows the microbead collection bath. (B) An image of 

the capillary-based flow-focusing microreactor utilized for the synthesis of elastomeric 

microbeads. Q1 = 10 μL min−1, Q2 = 10 μL min−1, Q3 = 200 μL min−1. 
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3.2.1 Chemicals 

(Poly)hydromethylsiloxane (PHMS) (average Mn 1700–3200), 1,5-hexadiene, 

platinum(0)-1,3-divinyl-1,1,3,3-tetramethly-disiloxane (Karstedt's Catalyst) (in Xylene, Pt-2 

wt%), toluene (anhydrous, 99.8%), and sodium dodecyl sulfate (SDS), were purchased from 

Sigma Aldrich. A 500 molecular weight vinyl-terminated polydimethylsiloxane crosslinker 

(DMS-V03, hereafter V03) was purchased from Gelest Inc. Acetone and 2-propanol (IPA) were 

purchased from VWR Analytical. Silica gels (HPLC grade, spherical 5, 7.5, 10 and 20 μm APS, 

120 angstroms) were purchased from Alfa Aesar. All chemicals were used as received. 

Deionized water was obtained in-house using a PURELAB Flex purification unit. 

3.2.2 Experimental Setup 

The microfluidic platform, shown in Figure  3-2, consists of a 3D coaxial flow-focusing 

microreactor (producing uniform microdroplets – the silicone networks), three syringe pumps 

(PHD ULTRA, Harvard Apparatus), and a collection bath. 

The microreactor consists of two inner coaxial borosilicate glass capillaries (0.75 mm 

inner diameter, 1.0 mm outer diameter) with their tips separated by ∼1 mm. Both inner 

capillaries are sheathed in an outer glass capillary (1.12 mm inner diameter, 1.5 mm outer 

diameter) resulting in two coaxial inner microchannels and two annular microchannels on either 

side of the gap. A full diagram of the necessary fluidic connections is shown in Appendix B B-1. 

The capillary-based microreactor constructed using off-the-shelf components offers advantages 

in cost and rapid prototyping compared to expensive custom microfabricated reactors. The inlet 

streams, including two dispersed and one continuous phase, are delivered into the microreactor 

using syringe pumps and gas-tight glass (dispersed phase) and stainless-steel (continuous phase) 

syringes. The inlet side inner microchannel contains a mixture of the polymer (PHMS), 
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crosslinker (1,5-hexadiene or V03), solvent (toluene), and silica microspheres of selected sizes 

(from 1.6–10 μm), while the inlet side annulus contains a mixture of toluene and crosslinking 

catalyst to begin the hydrosilylation crosslinking on chip. Water and sodium dodecyl sulfate 

(SDS) are fed through the outlet-side annulus as the continuous phase (with surfactant) for facile 

microdroplet breakup and stabilization until crosslinking is finished in the collection bath. The 

center microchannel of the outlet side is a flamed-tip constricted glass capillary (produced using 

a Narishige PC-10 capillary puller) to promote breakup of the polymer mixture jet into small 

droplets and carry them to the collection bath (filled with DI water) where the crosslinking is 

completed. Upon crosslinking of the in-flow generated droplets, spherical silicone elastomer 

microbeads filled with close-packed silica microspheres are formed. In the next step, the porogen 

(i.e., mesoporous amorphous silica microspheres) is selectively removed using potassium 

hydroxide solution. When the silica loading inside the microbeads is close-packed, the etching 

process creates interconnected pores throughout the elastomeric microbead. 

3.2.3 Reagent Preparation 

The precursor solutions were prepared as detailed in Table 3-1. The silica-loaded 

polymer precursor solution was prepared by mixing the polymer and crosslinker in the desired 

ratio (3:1 and 5:1 PHMS:crosslinker by mole basis). The viscosity of the polymer precursor 

solution was reduced by adding an organic solvent (toluene) prior to the addition of the silica 

microspheres. Silica microspheres of the desired size (1.6–10 μm) were then added to the 

polymer mixture until the mixture set into a colloidal gel (i.e., vial could be inverted without 

flow). Next, an additional 25% v/v of the polymer was added to ensure the mixture could flow in 

the syringe, microreactor, and tubing and connections. The crosslinking catalyst concentration 

was precisely tuned to ensure prompt crosslinking of the microbeads in the collection bath to 
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prevent possible coalescence during collection while ensuring the mixture remained a liquid 

during the in-flow mixing and breakup inside the flow-focusing microreactor. The crosslinking 

catalyst concentration (i.e., crosslinking time) was tuned off-line using small (100 μL) batch gel 

tests. The maximum concentration of Pt in the polymer prior to the washing steps is ∼40 µM 

which is significantly lower than EPA reported values of Pt toxicity (0.1 mmol kg−1)169 or Pt 

catalyzed reactions. 

Table 3-1. Stream Components of the Flow-Focusing Microreactor 

Stream Components Purpose 

Q1 Toluene Solvent and Diluent 

Karstedt’s Catalyst Cross-linking catalyst 

Q2 PHMS Polymer 

1,5-Hexadiene or V03 Cross-linker 

Silica Spheres Porogen 

Toluene Solvent and Diluent 

Q3 Water Continuous Phase 

Sodium dodecyl sulfate Surfactant 

 

DI water with 3 wt% SDS was used as the continuous phase to lower the surface energy 

of the polymer jet/water interface and promote breakup while preventing droplet coalescence 

before crosslinking in the collection vial. 

3.2.4 Microdroplet Formation 

Before collection of the elastomeric microbeads, the flowrates of the various streams 

were adjusted to find a stable dripping flow regime, as droplet formation from a polymer-based 

liquid/solid colloid mixture is non-Newtonian. The main parameters adjusted were (a) the ratio 

between the two inlet streams (i.e., Q1 : Q2) to vary the loading of silica within the microdroplet 
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and the viscosity of the microdroplet mixture, and (b) the total dispersed phase and continuous 

phase flow rates (Q1 + Q2 & Q3) which control the velocity of the two fluids at the flow-focusing 

orifice and the resulting flow regime within the microreactor. 

3.2.5 Microparticle Collection 

The silica-loaded PHMS microdroplets were collected in a large water bath to prevent 

contact between droplets before crosslinking was finished. The microreactor outlet was inserted 

into the water in the collection vial to eliminate dripping of the microreactor effluent into the 

collection vial and its potential effects on the droplet shape and porogen loading. Following 

collection, the microdroplets were allowed to crosslink in the water bath for 24 h to ensure 

complete crosslinking before washing. Upon completion of the crosslinking step, the elastomeric 

microbeads were filtered (Whatman 1004-100 20 μm pores) and washed to remove the surfactant 

(SDS). The microbeads washing protocol involved two rinses with DI water followed by two 

rinses with isopropanol and two rinses with acetone. After washing, the microbeads were dried at 

room temperature. 

3.2.6 Selective Removal of Solid Porogen 

Following washing and drying of the silica-loaded elastomeric microbeads, the silica 

microspheres were selectively removed from the elastomer network by etching with 1 M KOH. 

A small amount of acetone (∼100 μL per mL) was added to the 1 M KOH solution to reduce the 

surface tension and achieve complete porogen removal. When only KOH in water is used, 

surface tension can prevent penetration of the etchant into small pores within the silica-loaded 

and semi-etched elastomeric microbeads. The PHMS microbeads were left in the etchant 

solution for 2 h to achieve complete removal of the solid porogen. Following the solid porogen 
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removal, the washing and drying protocol was repeated, and the samples were prepared for 

further analysis using electron microscopy and X-ray microcomputed tomography. 

3.2.7 Porosity Characterization 

SEM Imaging. Following the synthesis, drying, and porogen removal steps, the 

elastomeric microbeads were characterized using scanning electron microscopy (FEI Verios 460 

L Field Emission SEM and Hitachi 3200 N Variable Pressure SEM) to evaluate the degree of 

silica loading, particle size, and size dispersity as well as the pore network inside the porous 

microbeads. 

MicroCT imaging. Samples of the synthesized elastomeric microbeads (both etched and 

unetched) were subjected to a micro-computed tomography (μCT) scan (Nikon XTH 225 ST) 

with a voxel size of ∼6 μm to verify that the mesoporous silica microspheres were completely 

etched without causing structural damage to the elastomeric microbeads in the etch bath. 

3.2.8 Mechanical Tests: Effective Modulus 

Effective moduli of the different PHMS microbeads (control, silica-loaded, and porous 

beads) were determined using a rheometer (TA Instruments DHR3) in parallel plate 

configuration to measure force vs. axial compression of individual microbeads. The data was 

then fit to Hertz's equation,157, 170 

𝐹 =
𝐸∗𝐷

1
2

3(1−𝜈2)
(𝐷 − 𝐻)

3

2 (Eq. 3-1) 

and normalized by the microbead diameter157, resulting in the following equation 

  

𝐹

𝐷2
=

𝐸∗

3
(

𝛿
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)

3

2
 (Eq. 3-2) 
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where F is the measured axial force, D is the uncompressed microbead diameter, δ is the 

compression distance, E is the bulk modulus, ν is Poisson's ratio, and E* is the effective modulus 

defined as E/(1 − ν2). The schematic of the moduli measurement setup is shown in Figure 3-3. 

 

Figure 3-3. Schematic of the modulus test setup using a parallel plate configuration. Normal 

force and plate separation distance were measured over a compression and relaxation of an 

individual microbead. 

3.3 Results 

In the first step, we studied the degree of porogen packing and efficacy of the selective 

porogen removal using SEM imaging. Figure 3-4 shows monolayer, single particle, cross 

section, and surface morphology of the synthesized elastomeric microbeads. The mesoporous 

silica microspheres used in the microreactor are on the order of 50–100× smaller than the 

flamed-tip opening to mitigate any possible clogging of the outlet capillary. It was observed that 

flow rate ratios of silica-loaded polymer stream to catalyst stream greater than 1:1, resulted in 

stable polymer jet formation and breakup with uniform porogen loading inside each droplet. 
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Using SEM imaging, it was determined that the produced monodispersed PHMS microbeads 

were uniformly loaded with close-packed silica microspheres, which were completely removed 

upon etching with KOH (Figure 3-4 Biii and Ciii). In the next step, we investigated the effect of 

varying the crosslinker length on the degree of porosity within the macroporous microbeads. As 

shown in Figure 3-4C and D, switching from the hexadiene crosslinker to the divinyl PDMS 

crosslinker enhanced the pore interconnectivity and surface porosity of the resulting particles. 

Compared to the hexadiene crosslinker, the vinyl-terminated PDMS makes the polymer network 

stronger and less brittle due to the additional length and flexibility offered by the PDMS chains. 

The molar density of V03 is much lower than the hexadiene crosslinker due to the high 

molecular weight (500 vs. 82 g mol−1) and bulky PDMS chain. The stronger network allows 

improved survival of the thin-walled pores during the filtering and SEM plating process. The 

PHMS microscaffolds produced by our microfluidic method showed an excellent monodispersity 

(CV < 5%, see Appendix B Figure B-2 and B-3) compared to the polysiloxane microbeads 

synthesized using bulk emulsification techniques (20% < CV < 100%). The CV of the produced 

microbeads begins to dramatically increase (∼12% with 20 μm silica) with the size of silica 

particles as they begin having a significant influence on the dynamics of droplet formation at the 

flamed-tip opening. Silica-loaded droplets break off from the bulk fluid by necking down, which 

is more dramatically affected when larger silica particles are present in the necking region. 
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Figure 3-4. SEM images of PHMS microbeads (A) without silica gels (Q1/Q2/Q3 = 5/10/200 μL 

min−1), (B) with 5 μm silica gels (Q1/Q2/Q3 = 10/10/300 μL min−1), (C) after selective etching of 

the silica particles (Q1/Q2/Q3 = 10/10/300 μL min−1), (D) and etched particles using a divinyl-

terminated PDMS crosslinker (Q1/Q2/Q3 = 8/12/50 μL min−1). (I) Monolayer microbeads; (II) 

single intact microbead; (III) inside the elastomeric microbeads; (IV) surface morphology of the 

microbeads. 

Next, we studied the effect of porogen size on the degree of porosity of the resulting 

elastomeric macroporous microbeads. Varying the size of the mesoporous silica microspheres 

loaded into the droplets allows for size tuning of the resulting macropores within each PHMS 

microbead (Figure 3-5). As the size of the silica microspheres increases, the size of the resulting 

macropores increases as well, leading to large voids and interconnected spaces. However, 

increased porogen size negatively affects the stability of droplet breakup in the microreactor and 
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can lead to rapid separation of the colloidal silica suspension in the precursor syringe, resulting 

in heterogeneous flow of silica microspheres. Small perturbations in the jet breakup dynamics 

introduced by varying porogen size can have a significant impact on the range of flow rates that 

result in monodisperse dripping. Minimizing the porogen size introduces smaller breakup 

disturbances, but the desired pore size for a given application must be considered. 

 

Figure 3-5. PHMS microbeads synthesized with (A) 5, (B) 7.5, (C) 10, and (D) 20 μm sized 

mesoporous silica microspheres using 5:1 PHMS:V03. SEM images of (I) silica-loaded 

microbeads, (II) single macroporous microbead, and (III) surface morphology of the 

macroporous PHMS microbeads. Flowrates Q1, Q2, and Q3 in μL min−1: (A) 4/12/250, (B) 

8/14/150, (C) 5/10/100, and (D) 8/18/200. 
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In order to study the penetration depth of the etchant solution into the porogen-loaded 

elastomeric microbeads, high-resolution μCT imaging was performed on dried porogen-loaded 

(control) and macroporous microbeads. High-resolution μCT imaging provides information 

about the internal structure of PHMS microbeads without the need for destructive analysis by 

cutting into the microbeads. Figure 3-6 shows reconstructed μCT images of the tested PHMS 

microbeads. As seen in Figure 3-6, there is a dramatic density difference between the porogen-

loaded (i.e., unetched, Figure 3-6A) and macroporous (i.e., etched, Figure 3-6B) elastomeric 

microbeads. The lack of high density regions within the porous microbeads suggest that the 

etching process is successful in selective removal of the utilized solid porogen (silica), even from 

the core (center) of the PHMS microbeads. As shown in Figure 3-6B, the etched microbeads are 

primarily comprised of low-density void spaces while the silica-loaded PHMS microbeads 

possess high-density patches throughout the microbeads (Figure 3-6B). 
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Figure 3-6. Volume rendering of μCT stacked images for (A) porogen-loaded and (B) 

macroporous microbeads. Insets show single microbead cross-sections with identical colormaps. 

The microbeads were produced using Q1 = 10 μL min−1, Q2 = 10 μL min−1, and Q3 = 300 μL 

min−1 with 5:1 PHMS:hexadiene ratio and 5 μm silica. 

After confirmation of the complete selective removal of the solid porogen from the 

elastomeric microbeads using μCT imaging, we studied the effect of macropores on the effective 

modulus of the in-flow synthesized microbeads. The effective moduli of the synthesized 

microbeads were measured using the parallel plate test described above. A representative 

compression and relaxation data set is provided in Appendix B Figure B-4). Figure B-7A shows 

the measured force vs. microbead displacement tests for porogen-free (control), porogen-loaded, 

and macroporous microbeads. Figure 3-7B shows the calculated effective modulus of the 

microbeads from linear fits of force vs. displacement graphs (equation 3-2) similar to Figure 3-
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7A. As seen in Figure 3-7B, the porogen-free (control) microbeads had the highest effective 

modulus, followed by the porogen-loaded and macroporous microbeads. In addition, increasing 

the crosslinker concentration resulted in a more tightly bound network and thus a higher effective 

modulus. Furthermore, increasing the crosslinker length and elasticity (i.e., V03) resulted in a 

stronger and more durable network, while the shorter and stiffer crosslinker (i.e., hexadiene) 

resulted in more brittle microbeads. Particle composition (crosslinker type and ratio to the 

polymer) was kept constant across each group (control, silica-loaded, and etched particles) with 

the dripping regime maintained solely through flow rate variation. 
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Figure 3-7. (A) Low compression normalized stress vs. strain data for PHMS microbeads 

crosslinked using V03 crosslinker. (B) Effective elastic modulus for different crosslinker 

concentrations. A and B – Red: non-porous microbeads (control); green: silica-loaded PHMS 

microbeads; blue: PHMS macroporous microbeads. 3:1 hexadiene microbeads produced using 

Q1/Q2/Q3 = 10/6/300 (5 μm silica-loaded) and 9/18/120 (control). 5:1 hexadiene microbeads 

produced using Q1/Q2/Q3 = 10/10/300 (5 μm silica-loaded) and 5/10/200 (control). 5:1 V03 

microbeads produced using Q1/Q2/Q3 = 8/12/200 (5 μm silica-loaded) and 12/36/300 (control). 

All flowrates are in μL min−1. 

3.4 Conclusions 

In conclusion, we demonstrated the ability to continuously synthesize monodisperse 

elastomeric microbeads with tunable pore size and elastic modulus. The developed microfluidic 

platform enabled facile synthesis of porogen-loaded elastomeric microbeads with uniform 

loading and excellent size distribution. Increasing the size of mesoporous silica microspheres 

resulted in larger interconnected macropores within the elastomeric microbeads. In addition, 
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increasing the length of the crosslinker caused a significant increase in the degree of porosity. 

We expect that the method presented herein will be readily extended to other linear siloxanes and 

functional crosslinkers with applications in areas such as adsorbents148, 166 and enzyme 

immobilization149, catalysis147, and tissue engineering.151, 152 The developed microbead synthesis 

strategy could also be applied towards the synthesis of macroporous microbeads using other 

substrates that can only be crosslinked chemically rather than the conventional thermal or optical 

triggering techniques. 
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CHAPTER 4 

Continuous Ligand-Free Suzuki−Miyaura Cross-Coupling Reactions in a Cartridge Flow 

Reactor Using a Gel-Supported Catalyst 

J. A. Bennett, B. A. Davis, M. Ramezani, J. Genzer, K. Efimenko, and M. Abolhasani,  

Industrial & Engineering Chemistry Research,  2021, 60, 26, 9418-9428. 

4.1 Introduction 

Cross-coupling reactions play a vital role in the modern organic synthesis of fine 

chemicals and pharmaceuticals due to their robust and selective performance across a broad 

range of substrate classes.64, 171 Synthesis of fine chemicals is performed traditionally in a series 

of batch reactions that possess certain limitations at process scale, including lower transport 

rates, safety hazards related to large quantities of material, and purification steps that are both 

labor-intensive and costly.77, 88, 116 Thus, recent efforts in academia and industry have focused on 

transitioning the discovery, screening, and optimization of organic reactions from conventional 

batch formats to rapidly emerging continuous flow strategies.24, 38, 76, 77, 109, 112 Conducting 

chemical reactions in flow allows for more consistent results (precise process control), higher 

efficiency (process intensification), increased safety (small reactor footprint), and higher 

throughput (continuous synthesis)14, 172. Furthermore, continuous flow synthesis generally 

reduces the overall waste generation of a chemical process resulting in a greener chemical 

manufacturing scheme.97, 173, 174. 

Current methods of performing cross-coupling reactions in continuous flow involve 

either homogeneous or heterogeneous catalytic systems.175 Homogeneous catalysis primarily 

uses expensive air-sensitive ligands that require a costly catalyst recovery step. In contrast, 

conventional heterogeneous catalysis utilizes complex, multi-step catalyst immobilization on a 
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solid substrate. Heterogeneous systems have progressed from materials like Pd/C176 and 

graphene/graphite oxides177  to dense supports (e.g., silica79 and magnetic178 particles). Further 

work has included bulk supports like metal-organic frameworks (MOFs)179, covalent-organic 

frameworks(COFs)180 and polymer networks181 (e.g. poly NIPAM112, 182, cyclodextrin114, 183, and 

Polysiloxanes38, 76).  A significant amount of work has gone in to understanding the role of the 

Pd species in these various catalysts and the mechanism by which they proceed.184, 185  The 

heterogeneous catalysis approach does not require catalyst recovery but notoriously has lower 

reproducibility, accessibility, and selectivity compared to homogeneous catalysis.78, 83, 115, 186 

These drawbacks of continuous-flow organic synthesis necessitate developing alternative 

catalytic flow reactors with higher flexibility, modularity, and robustness. 

A recent approach in cross-coupling reactions has involved elastomeric polysiloxane 

networks as a flexible scaffold for loading the active transition metal catalyst.80-82, 183 Crosslinked 

polysiloxane polymers are of great commercial importance because of their unique properties 

and broad technological applications.101, 104, 172, 186-188 Previous studies have demonstrated poly-

(methylhydrosiloxane) (PHMS) to be an attractive candidate for the fabrication of gel-supported 

catalysts.{Stibingerova, 2016 #134} Palladium acetate, Pd(OAc)2, in the presence of PHMS 

forms Pd-nanoclusters (~ 40-60 nm) encapsulated in the polysiloxane matrix.189 The siloxane 

backbone serves as a stabilizing agent attached to the Pd nanoclusters. At the same time, it 

provides dual functionality, allowing for (i) crosslinking via catalytic hydrosilylation with 

various unsaturated bonds and (ii) in-situ reduction of the transition metal.190 This combination 

enables the entrapment of active metal catalysts in the form of nanoclusters within the bulk, 

while allowing the transport of reagents to the trapped active sites due to the PHMS network’s 

high free volume, promoting product formation and transport. 



   

84 

 

We recently reported on creating micro-packed-bed reactors (µ-PBR) made of spherical 

PHMS microparticles loaded with active Pd nanoclusters to perform continuous Suzuki-Miyaura 

cross-coupling reactions.38, 82 Crosslinker density, chemical composition, and chain length have a 

strong influence on the catalytic performance of the PHMS-supported Pd catalyst. Increasing the 

crosslinker density decreases the volume fraction of polysiloxane in the network, resulting in a 

scaffold with physicochemical properties closer to the crosslinking species. The crosslinker 

chemical composition plays an essential role in the final performance of the elastomeric scaffold; 

it regulates the ability of the network to swell in the presence of a reaction solvent media. This 

characteristic is critical for the start-up delay and network saturation with the reagents in gel-

supported µ-PBR. In addition to chemical composition, the crosslinker chain length affects the 

mechanical properties of the gel-supported catalyst (i.e., modulus and diffusion resistance of the 

polymer network). In our previous study, 1,5-hexadiene was used as the crosslinking agent for 

PHMS in the presence of Karstedt’s catalyst to form the elastomeric network.38, 82 Although the 

hexadiene serves as a convenient crosslinker for PHMS (due to its commercial availability and 

low cost), its short length and lipophilicity hinders reagent access to the active catalytic sites 

within the elastomeric network. The reduced reagent access to the active catalytic sites in the 

case of hexadiene can be attributed to the low degree of gel swelling in the Suzuki-Miyaura 

reaction media (i.e. ethanol and water). One can hypothesize that the introduction of higher 

polarity functional groups into the crosslinker chemical structure may enhance the network 

swelling, enhancing the delivery and access of the cross-coupling reagents to the active transition 

metal catalyst nanoclusters loaded within the bulk of the elastomeric scaffold. 

In this work, we present a highly active cartridge-like PBR to conduct cross-coupling 

reactions in flow using crosslinked elastomeric particles with tunable network chemistry in the 
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presence of an environmentally friendly solvent mixture of ethanol and water. We utilize a 

chemical crosslinker containing hydrophilic groups, i.e., tri(ethylene glycol) divinyl ether 

(VTEG), to promote the transport of cross-coupling reagents into the polymeric scaffolds and 

improve reaction rates and yields through more efficient access to active sites of the gel-

supported catalyst. VTEG, owing to its hydrophilic glycol functional groups and the longer chain 

length than 1,5-hexadiene will result in a network with a higher affinity for the polar reaction 

solvent leading to increased swelling as compared to the previously utilized 1,5-hexadiene. The 

ease of fabrication of the gel-supported catalyst combined with the modularity of the cartridge 

flow reactor and access to environmentally friendly solvents, makes the developed continuous 

flow chemistry strategy a versatile approach for conducting metal-mediated cross-coupling 

reactions. 

4.2 Experimental Methods 

4.2.1 Chemicals 

Toluene (anhydrous 99.8%), palladium (II) diacetate (≥99.9% trace metals), potassium 

carbonate, ethanol (EtOH, 100% Bioreagent grade), 4-iodotoluene (99%), phenylboronic acid 

(98%+), naphthalene (99%), 4-phenyltoluene (98%), biphenyl (99%), tri(ethylene glycol) divinyl 

ether (98%), and poly(methylhydrosiloxane) (average Mn: 1700-3200) were purchased from 

Sigma Aldrich. Acetone and 2-propanol (IPA) were purchased from VWR Analytical. 

Platinum(0)-1,3-divinyl-1,1,3,3-tetramethly-disiloxane (Karstedt’s catalyst) (in xylene, Pt-2%) 

was purchased from Gelest Inc. All chemicals were used as received. 

4.2.2 Packed-Bed Flow Reactor 

A range of packed bed flow reactors was created using gel-supported catalysts to 

investigate the catalytic performance across PHMS network compositions and process parameter 
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space (Appendix C Figure C-1). PHMS was crosslinked using different concentrations of VTEG 

(polymer monomer unit to vinyl ratio, RPC, in the range of 3:1 to 8:1) in the presence of toluene 

as a co-solvent to produce the bulk polymer gel (Figure 4-1A and Appendix Table C-1). After 

the completion of crosslinking reaction, the PHMS/VTEG gels were mechanically ground and 

sieved to produce a range of particle sizes between 100 µm and 500 µm. The 100 µm-500 µm 

particles result in more compact reactor packing than the >500 µm particles in the flow reactor 

with lower pressure drop than the <100 µm particles. The size-separated PHMS particles were 

then swollen in toluene followed by addition of a specific amount of Pd(OAc)2 salt in toluene 

(mc) to incorporate and reduce the Pd nanoclusters into the PHMS network. The reaction was 

allowed to proceed for 24 h. The Pd-loaded PHMS particles were then washed with water and 

acetone to remove unreacted Pd(OAC)2 salt.  The particles were dried under vacuum before 

being packed into a 10-cm long stainless steel tubing (1/4” outer diameter, OD, 3/16” inner 

diameter, ID) for testing (Figure 4-1B). The cross-coupling reactions were conducted in the 

presence of deoxygenated solvents and reagents at temperatures ranging from 65°C-95°C at 100 

psig backpressure to prevent vapor formation within the flow reactor.  
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Figure 4-1. (A) PHMS particle preparation using various crosslinker loadings (Rpc). (B) Pd 

reduction with initial loading mc and fabrication of cartridge-like PBR for continuous cross-

coupling reactions. (C) Schematic of the automated flow chemistry platform with precursor 

delivery and effluent sampling modules integrated with the PBR loaded with the PHMS-

supported Pd catalyst. 
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Before beginning each cross-coupling reaction in flow, the PBR was flushed with 

deoxygenated reaction solvent mixture (1:2 - water:ethanol) to remove any residual unbound 

surface Pd clusters, the gas in the void spaces, and the oxygen present in the reactor. The cross-

coupling reagents (Scheme 4-1) were then fed continuously into the packed bed reactor using 

computer-controlled high-pressure pumps (100DX, Teledyne ISCO).  

 

Scheme 4-1. Reaction scheme of the model Suzuki-Miyaura cross-coupling reaction of 

phenylboronic acid and 4-iodotoluene. 

The effluent leaving the PBR was diluted in-line with the reaction solvent and an internal 

standard (naphthalene), and automatically analyzed using an in-line high-performance liquid 

chromatography (HPLC) unit with an automated sampling valve module (Figure 4-1C). The 

amount of Pd leaching out during the cross-coupling reaction was monitored using inductively 

coupled plasma mass spectrometry (ICP-MS) on the reactor effluent of the PBR (Appendix C, 

Figure C-2). We established that the initial wash of the flow reactor resulted in elevated levels of 

Pd leachate that rapidly decreased to sub-ppm levels with a brief solvent rinse through the PBR. 

We determined the experimental flow rates and nominal residence time, tR, for each PBR based 

on the reactor void volume calculated using the density of the synthesized catalytic particles (see 

Appendix C, Section C-3) and their total mass loaded in the flow reactor. 
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4.3 Results 

4.3.1 PHMS Network Characterization 

Mechanical and chemical analysis on the crosslinked PHMS network was performed at 

each Rpc and nominal Pd loading, mc. The swelling studies were performed separately by 

preparing the PHMS networks within a fluoropolymer tubing (fluorinated ethylene propylene 

(FEP), 1/8” OD, 1/16” ID). After PHMS curing, the tubing was cut to approximately 1 cm 

length, and the crosslinked PHMS cylinders were removed (Figure 4-2A). After vacuum drying, 

the PHMS cylinders were imaged to determine the dry diameter of the cylinders, Dd. Next, the 

dried PHMS cylinders were placed in a vial containing the cross-coupling reaction solvent to 

swell at room temperature for 1 h, and the swollen PHMS cylinders diameter (Ds) was measured. 

Volumetric swelling, S, was calculated by measuring the average increase in cylinder diameter 

(Eq.1): 

𝑆 = (
𝐷𝑠

𝐷𝑑
)

2

 Eq. 1 

Swelling measurements were also carried out on crosslinked PHMS cylinders with in-situ 

reduced Pd at different nominal catalyst loading. Most swelling occurred in PHMS cylinders 

without Pd and higher crosslinker content (Figure 4-2B). Pd salt addition to the crosslinked 

PHMS and sequential reduction led to a substantial decrease in polymer swelling compared to a 

Pd-free material. We attribute this observation to the fact that the VTEG crosslinker promotes 

solvent uptake due to a higher polarity, which increases swelling due to its affinity for the 

aqueous solvent used in this study. This effect is in contrast to the swelling resistance caused by 

having a tighter network due to an increased crosslinking degree (RPC). Since silicon hydride (Si-

H) bonds in this system act as the crosslinking sites, the crosslink density affects how many Si-H 

bonds are available for reduction. Figure 4-2C shows the experimental and theoretical amounts 
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of Si-H remaining in a gel after crosslinking, XSi-H, for each tested RPC composition. The 

theoretical concentration of the remaining Si-H groups is lower than the amount measured 

experimentally. This observation reveals that the PHMS network has crosslinker molecules that 

do not contribute to network formation and remain within the bulk of the gel in the form of 

dangling chains or are not even attached at all.191 This information is critical in understanding the 

chemical composition of the network since Si-H is also employed as the reducing sites for Pd(II). 

The remaining amount of Si-H is paramount in determining the amount of Pd that can be reduced 

and anchored in the polymer network.  
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Figure 4-2. (A) Schematic of swelling experiments. Different crosslink ratios and nominal Pd 

loading were tested with a 2:1 (ethanol:water) solvent mixture. (B) Three-dimensional plot 

showing swelling ratios of gel cylinders at specified crosslink ratios and nominal Pd loading 

(mc). (C) FT-IR data showing the percentage of Si-H groups remaining after crosslinking 

reaction compared to the neat PHMS. (D) Dynamic mechanical analysis results show storage 

modulus (E’) of crosslinked PHMS gels with and without Pd loading. Different Si-H remaining 

(different crosslinker ratios RPC) are displayed for comparison. (E) Schematic of the preparation 

of PHMS cross-section for FTIR characterization of Si-H peak across PHMS cross-section. 
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In the next step, mechanical testing of the crosslinked PHMS gels with and without Pd 

was used to measure the network storage modulus at different gel compositions (Figure 4-2D). 

The storage modulus of the Pd-loaded PHMS particles increases as RPC increases, that is 

consistent with the inclusion of fillers and the formation of additional crosslinks within the 

network associated with Pd nanoclusters.104, 192 We used Fourier transform infrared spectroscopy 

(FTIR) to analyze the presence of Si-H moieties within the bulk of the PHMS network at various 

Pd salt loadings (Figure 4-2E). The consistent Si-H signal across the cross-section indicates 

homogeneous Pd reduction in the bulk polymer at the FTIR resolution. 

4.3.2 In-Situ Pd Reduction 

Transmission electron microscopy (TEM) imaging was used to elucidate the in-situ 

reduction process and the effect of nominal Pd loading on the catalytic activity of the PHMS-

supported Pd catalysts. TEM samples were prepared from microparticles at various nominal Pd 

loadings using focused ion beam (FIB) lift-out. The prepared samples were then analyzed using 

TEM to obtain size distributions of the in-situ formed Pd nanoclusters present within the PHMS 

network (Figure 4-3A). From TEM image analysis, Pd nanocluster sizes of 3.3 ± 0.7 nm, 2.4 ± 

0.4 nm, and 2.5 ± 0.4 nm were obtained for 10 mg/g, 20 mg/g, and 60 mg/g nominal Pd loading, 

respectively. The size of Pd nanoclusters was found to be independent of the nominal Pd loading 

for the range tested here. Further characterization with high-resolution TEM (HRTEM) and 

Energy Diffusive X-ray Spectroscopy (EDS) (Figure 4-3B and Appendix Figures C-3 & C-4) 

validate the presence of crystalline Pd nanoclusters dispersed through the bulk of the reduced 

PHMS particles. HRTEM images illustrate the lattice fringes of the reduced Pd nanoclusters, 

thereby supporting the presence of highly crystalline domains. A high magnification two-

dimensional EDS map shows strong localization of Pd in the crystalline domains (Figure 4-3B).  
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Figure 4-3. (A) TEM Images of samples prepared from crosslinked and reduced microparticles 

with various nominal Pd loadings (left to right, 10, 20 and 60 mg/g). Pd nanocluster size 

histogram extracted from TEM Images. (B) Dark field TEM and 2D EDS map showing 

localization of Pd inside the nanoclusters with HRTEM image of Pd Nanocluster lattice fringes 

indicating crystallinity. 

Line scan EDS was also performed on the cross-sections of PHMS:VTEG polymer 

networks with the reduction conditions of 20 mg and 60 mg Pd(OAc)2/g (Appendix Figures C-3 
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and C-4). A surface region of ~100 µm and ~50 µm for the 20 mg and 60 mg Pd(OAc)/g 

samples, respectively, exhibited a Pd/Si signal of ~1 at the particle surface and decreased 

towards the bulk value of 0.01 (Appendix Figures C-3 and C-4). The variable width of the 

surface region indicates a transport-dependent reduction process while still allowing Pd access to 

the entire bulk of the PHMS network (Appendix C-4). We hypothesize that the high nominal 

loadings of Pd produce a surface transport barrier to both Pd during reduction and reagents 

during reaction. 

4.3.3 Effect of Crosslinker: VTEG vs. Hexadiene 

Following the characterization of the physicochemical characterization of the gel-

supported catalyst, we compared the catalytic performance of the PHMS-supported Pd catalyst 

prepared using a hydrophilic (VTEG) and hydrophobic (1,5-hexadiene)38 crosslinker in the 

cartridge PBR for the model Suzuki-Miyaura cross-coupling reaction shown in Scheme 4-1. 

Utilizing the automated flow chemistry platform (Figure 4-1C), we evaluated the start-up time 

and steady-state yields for each PBR, shown in Figure 4-4 (VTEG: Figure 4-4A, and 1,5-

hexadiene: Figure 4-4B). The VTEG-crosslinked catalyst showed increased cross-coupling 

reaction yield and >50% reduction in start-up time compared to the hexadiene-crosslinked 

particles (VTEG: 27% yield, 6h start-up; hexadiene: 21% yield, 13h start-up) with the same 

nominal Pd salt loading. The hydrophilic nature of the VTEG-crosslinked network promotes the 

uptake of the cross-coupling precursors (4-iodotoluene and phenylboronic acid) in the presence 

of the polar solvent while simultaneously favoring the release of the non-polar product (4-phenyl 

toluene) from the bulk of the Pd-loaded PHMS particle back into the reaction mixture (i.e., faster 

start-up time). 
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Figure 4-4. Exemplary start-up plot for 16 h continuous time on stream (TOS) of Suzuki-

Miyaura cross-coupling reactions shown in Scheme 4-1 for (A) 5:1 PHMS/VTEG and (B) 

PHMS/ hexadiene. T=65°C, tR = 10 min. 

4.3.4 Pd Loading Characterization 

In the first set of cartridge PBR screening experiments with VTEG as the crosslinker, we 

investigated the effect of nominal Pd loading with RPC of 4:1 on the continuous Suzuki-Miyaura 

cross-coupling reaction (Scheme 4-1). For each PBR tested, the effluent was automatically 

sampled and analyzed using an in-line HPLC at every residence time. The results were analyzed 
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for both the start-up and steady-state periods of operation. The steady-state yield was calculated 

by averaging the cross-coupling reaction yields obtained from the in-line HPLC unit after the 

start-up stage (i.e., particle saturation period). The highest average steady-state reaction yields 

were obtained with the nominal Pd loadings of 20 mg/g and 40 mg/g beds, while PBRs with 10 

mg/g and 60 mg/g loadings showed lower activity (Figure 4-5).  

 

Figure 4-5. Observed continuous steady-state cross-coupling reaction yields for different 

nominal Pd loadings using 4:1 PHMS/VTEG particles. T=65°C, tR = 10 min. 

A few competing effects define the optimum in the nominal Pd loading. The total 

concentration of Pd nanoclusters in the network directly affects the overall catalytic 

performance, as an increase in the number of accessible reaction sites per unit volume of the 

catalyst leads to a rise in the reaction rate. It competes with a limiting amount of Pd that is 

capable of being supported by the elastomeric network, with excess reduced Pd in the 60 mg/g 

sample depositing out of solution onto the surface of PHMS particles, forming a metallic barrier 
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for diffusion into the network matrix. To reduce the formation of surface-bound Pd layers, we 

selected PBRs with the nominal Pd loading of 20 mg/g instead of 40 mg/g Pd loading for the 

subsequent reaction studies, as it produces nearly equivalent yield to 40 mg/g, while using half of 

the Pd during the reduction step. 

4.3.5 Polymer Network Density Characterization 

In the next set of screening experiments, we investigated the effect of RPC on the catalytic 

performance of the PHMS-supported Pd catalyst at the nominal Pd loading of 20 mg/g. The RPC 

ratio of 2:1 was not considered, as the polymer network precursors were not miscible without 

further addition of a significant amount of solvent, which would affect the crosslinking density. 

Additionally, PHMS gels with RPC values higher than 8:1 become softer and more difficult to 

handle in a PBR. In the high limit of RPC (~ 25, less than two crosslinks per polymer chain on 

average), the polymer network is unable to solidify into a gel and remains a liquid. We obtained 

the highest Suzuki-Miyaura cross-coupling yield with the RPC ratio of 4:1 (Figure 4-6). As RPC 

increases, (i) the amount of remaining Si-H sites to reduce and stabilize active Pd species 

increases, (ii) the network mesh size increases, and (iii) the bulk hydrophilicity of the PHMS 

network decreases. One expects that the increased amount of reduced Pd species due to the extra 

available Si-H sites and increased network size would improve the catalytic activity. However, 

this increased catalytic activity is mitigated by the decreased affinity of the aryl halide substrate 

for the PHMS network as the fraction of VTEG units is decreased. Thus, the RPC ratio of 4:1 was 

selected as the optimal value for the temperature and residence time screening experiments. 
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Figure 4-6. Continuous steady-state yields for different crosslink densities (RPC) at 20 mg/g Pd 

loading.  T = 65°C, tR = 10 min. 

4.3.6 Palladium Reduction Characterization 

Following the PHMS network composition screening experiments, we investigated the 

nature of surface- vs. bulk-based catalysis of the PHMS-supported Pd catalyst by comparing 

three reduction methods for three sets of catalytic particles (RPC of 4:1, 10, 20, and 60 mg/g).  In 

set 1 and 2, Pd was reduced in 500+ µm particles and 100 µm-500 µm, respectively. In set 3, Pd 

was initially reduced in 500+ µm particles, and then the particles were crushed to obtain 100 µm-

500 µm particles. For the same total mass of PHMS, particles in set 1 have a lower surface area 

available for Pd reduction than those in set 2. Particles in set 3 have a similar size as those in set 

1 but have a lower initial surface area with reduced Pd. Particles in sets 2 and 3 have the same 

packing characteristics inside the PBR.  
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Figure 4-7. Steady-State reaction yields of PBRs loaded with particles of RPC = 4:1 and mC = 10-

60 mg/g with Pd loading reduction performed at different particle sizes. Reduced at >500 µm, 

100-500 µm, and >500 µm followed by crushing to 100-500 µm. 

Both the trends of the increased surface area of Pd reduction and increased transport rate 

enhance the carbon-carbon cross-coupling reaction yield (Figure 4-7), indicating that there is 

both a surface and bulk component to the PHMS-supported Pd catalyst activity. The surface 

reaction effect can be observed by comparing the particles reduced at 100 µm-500 µm (set 2) 

with the particles reduced at 500+ µm (set 1).  The former has a significantly increased surface 

area during the Pd reduction. The bulk reaction effect is evident when comparing the Pd-reduced 

500+ µm particles (set 1), and particles crushed to 100 µm-500 µm after Pd reduction (set 3). 

The particle surface that was initially reduced with Pd remains the same, while set 3 has a lower 

average particle size and characteristic diffusion length scale with the interior of particles 

exposed after crushing the original catalytic particles. Crushed particles of the high concentration 

nominal Pd loading of 60 mg/g underperformed the large particles. The high initial concentration 
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of Pd during the reduction resulted in rapid deposition onto the surface of the gel particles, 

creating a shell-like barrier, making it difficult for Pd salt to diffuse into the particles for further 

reduction. At these higher nominal Pd loading concentrations, exposing the internal parts of the 

particle via crushing decreases the efficacy due to the lower availability of active Pd nanoclusters 

inside the catalytic particles. 

In a separate set of experiments, we investigated the effect of initial Pd(OAc)2 solution 

concentration used for the Pd reduction at the same nominal Pd loading on the catalytic 

performance of the PHMS-supported Pd catalyst (Figure 4-8).  

 

Figure 4-8. Steady-state reaction yields for PBRs loaded with particles reduced from 

concentrated (4 mg Pd(OAc)2/mL toluene) vs. dilute (1 mg Pd(OAc)2/mL toluene) Pd(OAc)2 

solutions.  T = 65°C, tR = 10 min. 

Higher concentration reduction of Pd (4 mg of Pd(OAc)2 per 1 mL of toluene) resulted in 

a higher steady-state cross-coupling reaction yield than the lower concentration Pd solution (1 

mg of Pd(OAc)2 per 1 mL of toluene). We attribute the higher reaction yield observed with a 

higher initial concentration of Pd(OAc)2 to the fact that the higher concentration Pd solution 
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forms a larger amount of Pd(0) close to the particle surface (Appendix C, C-3 and C-4). In 

contrast, the lower concentration of Pd solution results in Pd(0) dispersed more uniformly 

throughout the PHMS particles due to the reduced rate of reduction as compared with diffusion. 

At high nominal loading concentrations of Pd(OAc)2, Pd(0) forms promptly at the surface of the 

particles, and this layer reduces the diffusion rate of Pd(OAc)2 inside the particle. Most of the 

catalytic activity occurs in the near-surface region of the particles. 

4.3.7 Cross-Coupling Reaction Condition Screening 

Following the studies of the PHMS composition and nominal Pd loading on the catalytic 

performance of the PHMS-supported Pd catalyst, we investigated the effect of reaction 

temperature and nominal residence time (tR) on the model Suzuki-Miyaura cross-coupling 

reaction (Scheme 4-1) using a set of cartridge PBRs prepared with RPC ratio of 4:1 and nominal 

Pd loading of 20 mg/g. Suzuki-Miyaura cross-coupling reactions have previously exhibited 

higher reaction yields at temperatures between 75°C and 95°C in batch reactors.114, 193 For 

reaction temperature screening experiments, we evaluated the catalytic performance of the 

PHMS-supported Pd catalyst in the cartridge PBR at temperatures ranging from 65°C - 95°C and 

at a nominal residence time of 10 min (Figure 4-9).  
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Figure 4-9. Steady-state reaction yields of the model Suzuki-Miyaura cross-coupling reaction 

(Scheme 4-1) at temperatures from 65℃ to 95℃ with RPC = 4:1, mc = 20 mg/g, and tR = 10 min 

The measured increase in reaction yield with increased temperature follows the reaction 

trends expected for the Suzuki-Miyaura cross-coupling mechanism.73 Still, our findings highlight 

the advantage of a continuous flow synthesis system that allows for an increased range of 

reaction temperatures to be accessed for a gel-supported catalyst due to the presence of a 

backpressure regulator (at atmospheric pressure, the solvent mixture would evaporate at 

temperatures >70 ℃). 

Residence time in a PBR describes the average length of time chemical species spend 

within the flow reactor. A common strategy to maximize the reaction yield in catalysis is to 

increase the reaction time, thereby giving each reagent molecule a higher probability of 

completing the catalytic cycle using the active catalyst species.78 As shown in Figure 4-10, a 

75% reaction yield for the model Suzuki-Miyaura cross-coupling reaction (4-iodotoluene and 

phenylboronic acid) was obtained with a 10 min nominal residence time at 95°C. Increasing the 

residence time to 25 min resulted in 97% yield, respectively (Figure 4-10). Increasing the 
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nominal residence time in a fixed-length PBR has the obvious trade-off of decreasing the 

reaction throughput with increased reaction yield.  

 

Figure 4-10. Steady-state reaction yields of the model Suzuki-Miyaura cross-coupling reaction 

(Scheme 4-1) at different nominal residence times at T= 95°C with RPC = 4:1 and mc = 20 mg/g 

Next, to examine the stability of the PHMS-based Pd catalyst, we conducted a continuous 

80-h time on stream run of the model Suzuki-Miyaura cross-coupling reaction between 4-

iodotoluene and phenylboronic acid in a cartridge PBR with RPC of 4:1 and mc of 20 mg/g at a 

nominal residence time of 30 min (combined precursor flow rate of 25 µL/min) and reaction 

temperature of 95°C (Figure 4-11). Even with operation over extended periods at extreme 

reaction conditions (i.e., 95°C), only a mild reduction in catalyst yield (99% peak yield to 92% 

yield after 80 h) was observed, indicating good catalyst stability. 
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Figure 4-11. 80 hours of continuous operation of the PBR for the model Suzuki-Miyaura cross-

coupling reaction at tR=30 min, T=95°C, RPC = 4:1, and mc = 20 mg/g. 

4.4 Conclusions 

In this work, we designed and developed a modular flow chemistry strategy to rapidly 

investigate the fundamental and applied characteristics of gel-supported catalysts in a plug-and-

play cartridge-like packed bed flow reactor. Utilizing the robust flow chemistry platform, we 

explored the design space of a readily synthesizable network-supported Pd catalyst and 

investigated the critical parameters of polymer catalyst synthesis controlling the catalyst 

performance in a model Suzuki-Miyaura cross-coupling reaction. We systematically explored the 

effects of intrinsic (e.g., polymer network composition) and extrinsic (e.g., reaction temperature, 

residence time) process parameters on the start-up and steady-state yield of the model carbon-

carbon cross-coupling reaction. The automated in-line reaction monitoring of the developed flow 

chemistry platform enabled rapid exploration of the complex chemical interactions during 

synthesis and reaction of the PHMS-supported Pd catalyst. The automated in-line reaction 

sampling enabled the collection of up to 144 HPLC chromatograms per day during continuous 
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operation. This approach allowed us to examine the start-up and steady-state behavior of the gel-

supported Pd catalyst during cross-coupling reaction in a way that would be prohibitively labor-

intensive for manual sampling techniques. The accessible design space of possible catalyst 

systems in the crosslink-able polymer is vast, not to mention any functionalization or post-

synthetic modifications possible. With such a large parameter space, the developed cartridge 

PBR integrated within the automated flow chemistry workflow makes it possible to rapidly 

identify an optimal combination of intrinsic and extrinsic parameters for a specific metal-

mediated catalytic reaction using the gel-supported catalyst approach.  

The parameters investigated here also lead to further questions addressing a deeper 

fundamental understanding of the metal interactions with the polymer network support and the 

microstructure of these nanoparticle-filled networks. Further research should focus on designing 

new mechanisms for catalyst immobilization and polymer networks interaction with the reduced 

catalytic nanoclusters. 
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CHAPTER 5 

On-Demand Regioselectivity Tuning of Aldehyde Branching with a Cyclic Fluorophosphite 

Ligand 

Malek Y. S. Ibrahim, Jeffrey A. Bennett, Dawn Mason, Jody Rodgers, and Milad Abolhasani  

Under Review,  2021. 

 

5.1 Introduction 

Hydroformylation is one of the most widely practiced homogeneous catalyzed reactions 

in industry. Aldehydes produced by hydroformylation are routinely used in commodity 

chemicals, fragrances, and pharmaceuticals.194-196 The degree of branching of the aldehydes and 

their derivatives, including alcohols, amines, and acids affect the final product properties and 

functions. The precious metal rhodium (Rh) is the most widely accepted catalyst of choice, 

owing to its high reactivity at relatively low syngas pressure (<500 psia).194, 197 Bidentate 

electron-rich phosphine ligands, including Xantphos and BISBI have previously been utilized to 

control the aldehyde selectivity towards the more valuable linear aldehydes at turnover 

frequencies (TOF) on the order of 1,000 mol ald.mol Rh-1.h-1 with C6-C10 olefins (Scheme 5-

1).198-205 It has previously been demonstrated that π-acceptor, bulky, monophosphite ligands 

accelerate the rate of hydroformylation reactions by more than 10 times (i.e., on the order of 

10,000 mol ald.mol Rh-1.h-1) with tris(2-tert-butyl-4-methylphenyl) phosphite being the most 

reactive ligand as demonstrated by Van Leeuwen et al..206, 207 Despite the high TOF values, the 

obtained aldehyde regioselectivity (i.e., linear to branched ratio, l/b) remained relatively low 

(~2).206, 207 On the other hand, bidentate, π-acceptor ligands show high selectivity towards linear 

aldehydes but at much slower rates than their monodentate counterparts (e.g., TOF = 1160 with 

PyXANT,208 and 730 with BiPhePhos209 at 80°C). A highly linear-selective ligand for 
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hydroformylation of olefins that can achieve TOF values on the order of 10,000 mol ald.mol Rh-

1.h-1 has not been reported to date. Such a ligand is much needed when rapid hydroformylation is 

necessary as in the example of the synthesis of the short-lived isotopically labeled molecules.210, 

211 

Despite the increasing demand for branched aldehydes and their derivatives, including 

branched amines212 and alcohols,213 a highly branched-selective ligand for the hydroformylation 

of terminal olefin is still yet to be discovered.214-218 Ideally, the selective hydroformylation of 

internal olefins should result in zero linear aldehyde regioselectivity (i.e., l/b=0). However, 

achieving a regioselectivity below 0.1 at high TOF remains extremely challenging, because of 

the competing double bond migration. A few highly engineered ligand structures have been 

developed for the regioselective hydroformylation of the unbiased internal olefins (e.g., 

BOBPHOS,214 phosphobarrlene,219 phosphabenzene,220 tripyridylphosphine plus Zn-tpp 

encapsulation,221-223 calixarene-based diphosphites,224 and Xantphite225) with variable levels of 

success (Scheme 5-1). Aside from isomerization of long chain olefins, the selective formation of 

isobutyraldehyde from propene also remains a challenging task.226-228 In an industrial setting, the 

aldehyde products are often separated from the catalyst by distillation or extraction, and the 

solution containing the ligand and Rh is recycled. Ligand/Rh separation to shift the catalyst duty 

from linear- to branched-selective is more challenging and thus, it is beneficial to discover a 

flexible ligand that allows for tunable regioselectivity without the need for ligand-Rh 

disengagement.  

Comprehensive exploration of a new ligand performance at a wide range of reaction 

conditions can be notoriously difficult when performing pressurized gas-liquid reactions in batch 

reactors (autoclave), involving toxic and flammable gaseous species (e.g., syngas). Flow 
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chemistry platforms have recently emerged as a time- and resource-efficient strategy for rapid 

fundamental and applied studies of gas-liquid reactions, including hydrogenation, carbonylation, 

and hydroformylation.3, 5, 10, 12, 229, 230 

In this work, we systematically study the reactivity and mechanism of regioselective 

hydroformylation of alkenes using a bulky, cyclic fluorophosphite ligand (L), 12-(tert-butyl)-6-

fluoro-2,4,8,10-tetrakis(2-phenylpropan-2-yl)-12H-dibenzo[d,g][1,3,2]dioxaphosphocine 

(Scheme 5-1) in flow. This study leads to the discovery of the unprecedented capability to tune 

the hydroformylation regioselectivity on demand with L. We demonstrate that through precise 

tuning of the hydroformylation reaction conditions, TOF values as high as 75,000 mol ald.mol 

Rh-1.h-1 at 75°C can be achieved with L in flow, while aldehyde regioselectivity, for the first 

time, can be tuned from 0.27 to 15 with 1-octene and from 0.74 to 7.7 with propylene. The 

ability of the pre-activated ligand to catalyze the hydroformylation reaction, but not 

isomerization, at low temperatures (<60°C) allows for the hydroformylation of 2-octene at >93% 

selectivity towards the positional aldehyde isomers, while keeping the l/b at 0.02. Furthermore, 

utilizing the accelerated Rh-catalyzed olefin isomerization by L at high temperatures (>80°C), 

we develop a one-pot, 2-step isomerization-hydroformylation process that allows for an all 

branched hydroformylation pathway (l/b=0.06 for 1-octene).  

Kinetics study reveals that the reaction is first order in hydrogen (H2), substrate, and 

catalyst. The reaction is inhibited by carbon monoxide (CO) as indicated by the increase in 

activity at low CO pressure. When the reaction is limited by CO availability, the bis-ligated Rh 

species are stabilized and result in a sharp increase in the selectivity towards linear aldehyde. 

Increasing the reaction temperature lowers the l/b ratio by accelerating isomerization over 

hydroformylation and destabilizing the bis-ligated Rh species. 
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Scheme 5-1. Linear- and branched-selective hydroformylation ligands. 

5.2 Results 

The hydroformylation of 1-octene in toluene was performed in a continuous flow and a 

batch reactor at four different temperatures (65°C, 75°C, 95°C, and 110°C). The developed flow 

chemistry platform, utilizing a continuous segmented flow reactor for accelerated fundamental 

studies of hydroformylation of olefins is presented in Fig. 5-1.  
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Figure 5-1. Schematic illustration of the flow chemistry platform utilized for mechanistic studies 

of olefin hydroformylation reactions. 

The rhodium dicarbonyl acetylacetonate catalyst (Rh(CO)2acac) concentration was 0.25 

mM or 0.05 mol% of 1-octene and L was added to achieve a 10:1 L:Rh ratio. The initial partial 

pressure of CO and H2 was set at 100 psia each. The gas to liquid volumetric ratio was 3:1 in 

flow and 17:1 in batch. The reaction time in flow was varied from 5 min to 50 min (via changing 

the total gas and liquid flow rate) and the batch reaction time was set at 2 h. Product analysis 

showed that four aldehydes (l, b1, b2, and b3) were formed in addition to 2-, 3-, and 4-octene 

isomers and n-octane (Scheme 5-2). 
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Scheme 5-2. Hydroformylation of 1-octene with the cyclic fluorophosphite ligand. 

In the first set of experiments, we investigated the difference in hydroformylation activity 

and selectivity with L in batch vs. flow. The total aldehyde yield, internal isomer yield, and 

aldehyde regioselectivity, i.e., l/b = l/(b1+b2+b3), at different residence times, tR, in the flow 

reactor and at a 2 h reaction time in the batch reactor are presented in Fig. 5-2 and Appendix D 

Table D-1. The maximum aldehyde yield is achieved at 95°C for both batch and flow reactors 

(Fig. 5-2A). The catalyst reactivity was significantly decreased as the reaction temperature was 

decreased from 75°C to 65°C with only 75% 1-octene conversion at 50 min. The total aldehyde 

yield did not significantly change as the reaction temperature was increased from 75°C to 110°C 

at tR>30 min in flow, as well as in the 2 h batch experiments. However, the aldehyde yields of 

the 2 h batch reactions were obtained in the flow reactor in only 30 min reaction time at 95°C 

and 110°C, and in 40 min at 65°C to 75°C. This accelerated kinetics is attributed to the enhanced 

heat and mass transfer rates of the continuous flow reactor (process intensification) compared 

with the batch reactor. 
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Figure 5-2. (A) Total aldehyde yield, (B) internal octene isomer yield, and (C) regioselectivity 

of 1-octene hydroformylation in the continuous flow (0<tR<50 min) and the batch (2 h) reactors 

with L. Reaction conditions: [1-Octene]=0.5 M, [Rh]=0.05 mol. %, L:Rh= 10, Ptotal =200 psia, 

H2/CO=1. 
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S-shaped yield vs. time curves were observed at 75°C and 65°C with a decrease in 

reactivity between 5 min and 7 min (Fig. 5-2A). This behavior is likely attributed to the catalyst 

activation period. The experiments at 75°C were repeated with a pre-activated catalyst and the 

ligand mixture (see Appendix D for the pre-activation protocol). Pre-activation significantly 

increased the total aldehyde yield at the low tR and eliminated the S-shape behavior associated 

with the catalyst activation period in flow (Fig. 5-2A). 

Reaction temperature had a more significant effect on accelerating the olefin 

isomerization than hydroformylation (Fig. 5-2B). Increasing the reaction temperature from 75°C 

to 95°C increased the yield of internal octenes from 10% to 55% in 5 min (Fig. 5-2B).  Full 

conversion of 1-octene was achieved in the flow reactor at 6 min and 37 min at reaction 

temperatures of 110°C and 75°C, respectively (see Table D-1 for detailed 1-octene conversion 

and isomerization). Rapid olefin isomerization was also observed with the catalyst pre-

activation, as demonstrated by the increase in the yield of internal octene isomers from 10% to 

40% at 75°C. At 110°C, the olefin isomerization yield was between 65% and 70%, and did not 

change significantly with the catalyst pre-activation. The olefin isomerization yield decreased at 

longer reaction times (Fig. 5-2B) as the internal olefins underwent hydroformylation to the 

branched aldehydes. 

Despite achieving similar total aldehyde yields at 30 min for reaction temperatures of 

75°C, 95°C, and 110°C, the l/b ratio decreased from 1.5 to 0.75 in flow (and from 1.7 to 0.76 in 

batch) as the reaction temperature increased (Fig. 5-2C). The l/b for the same reaction 

temperature decreased upon catalyst pre-activation both in batch and flow reactors. The catalyst 

pre-activation did not impact the aldehyde yield when the hydroformylation was performed at 

110°C, indicating a rapid in-situ catalyst pre-activation at this temperature. Based on 1-octene 
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hydroformylation results with L, shown in Fig. 5-2, the aldehyde regioselectivity can be tuned 

from 0.75 to 2.5 by changing the reaction temperature with a pre-activated catalyst. 

5.2.1 Mechanistic Studies of 1-Octene Hydroformylation in Flow 

To understand the effect of reaction parameters on the aldehyde regioselectivity and the 

observed mismatch between batch and flow reactors in the presence of the cyclic fluorophosphite 

ligand L, we systematically investigated the effects of reaction parameters, including CO 

pressure (PCO), ligand concentration [L], and reaction temperature (T) on the hydroformylation 

of 1-octene at fractional conversion. 

Under experimental condition shown in Fig. 5-3, only l and b1 aldehydes were formed, 

the total aldehyde yield and the CO consumption remained less than 30% and 15%, respectively. 

The effect of PCO was investigated at 75°C with a pre-activated catalyst at Rh loading of 1 

mmol%. The L:Rh ratio was increased to 2000 (or [L] = 10 mM) to keep the [L]:[CO] ratio at a 

reasonable value at this low Rh loading. The hydroformylation TOF sharply increased as PCO 

decreased from 60 psia to 12 psia (Fig. 5-3A). This trend could be attributed to the inhibition of 

olefin coordination to Rh by CO. At PCO below 12 psia, a decrease in the TOF was observed, 

indicating that the reaction at these conditions is limited by CO. Interestingly, the l/b ratio also 

increased with the increasing TOF to reach 11.1 (91.7% linear) at the TOF of 75,000 mol ald.mol 

Rh-1.h-1. To the best of our knowledge, this is the highest reported TOF for a linear-selective Rh 

catalyst in hydroformylation reactions. 
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Figure 5-3. (A) TOF and l/b of 1-octene hydroformylation at variable PCO. Conditions: T=75°C, 

[L]=10 mM. (B) TOF and l/b of 1-octene hydroformylation at variable ligand concentration. 

Conditions: T=75°C, PCO=7 psia. (C) TOF and l/b of 1-octene hydroformylation at variable T. 

Conditions: PCO =7 psia, [L]=10 mM. For plots A, B, and C, [1-octene]=0.5 M, Ptotal=350 psia, 

tR=20 min, preactivated Rh + L catalyst : [Rh]=1 mmol.%. 
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Hydroformylation with a pre-activated Rh catalyst in the presence of L at variable [L] 

and at PCO = 7 psia demonstrated a monotonic increase in the l/b selectivity with [L], shown in 

Fig. 5-3B. The increase in l/b suggests a change in the Rh coordination sphere as L:Rh increases 

up to 2,000. The activation effect of L on the Rh catalyst is also manifested in the 4.5-fold 

increase in the TOF as [L] was increased from 0.17 to 2.8 mM. Beyond this ligand concentration, 

no significant increase in the TOF was observed and TOF reached a maximum of 45,000 mol 

ald.mol Rh-1.h-1. In a control experiment without the addition of L, the highest activity achieved 

with the pre-activated Rh(CO)2acac in flow was only 1,700 mol ald.mol Rh-1.h-1 (Appendix D 

Fig. D-1), indicating a 28-fold increase in the TOF enabled by L at concentrations equal or 

higher than 2.8 mM. Ligand concentration screening experiments of L at higher PCO and reaction 

temperature (135 psia and 80°C) resulted in a lower induction in the TOF and l/b (Appendix D 

Fig. D-2), indicating that the ligand effect on activity and selectivity is amplified at low PCO. 

Fig. 5-3C presents the effect of reaction temperature on the TOF and aldehyde 

regioselectivity at a constant PCO and [L]. Interestingly, both TOF and l/b decreased with 

increasing the reaction temperature. At 65°C, the TOF was 77,700 mol ald.mol Rh-1.h-1, and the 

l/b was 13.9. For all hydroformylation reaction conditions tested in Fig. 5-3, only l and b1 

aldehydes were formed. Therefore, the observed decrease in l/b at higher reaction temperatures 

cannot be attributed to olefin isomerization or hydroformylation of the internal olefins. The 

decrease in TOF and l/b by increasing the reaction temperature could instead be explained by the 

destabilization of the bis-ligated L-Rh-L complex at higher temperatures. Next, we studied the 

dependence of TOF and l/b on the catalyst loading at a constant [L], PCO =7 psia, and T=75°C 

with a pre-activated catalyst (Appendix D Fig. D-3). The TOF slightly decreased with increasing 

Rh loading (best fit power = 0.8), indicating the possibility of the formation of the less active Rh 
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dimers under this condition. The l/b remained unchanged at varying Rh loading. Based on these 

findings, it can be concluded that in addition to the reaction temperature, the l/b in the presence 

of L can be varied at a much larger range (0.75 - 13) by varying PCO and [L]. 

 

Figure 5-4. (A) The effect of PCO on the isomerization of 1-octene with Rh/L catalyst at tR=20 

min in flow and 1 h in batch reactions. Conditions: T=110°C, [Rh] = 0.05 mol. %, L:Rh=10. [1-

octene]=0.5 M. (B) The effect of PH2 at PCO=85 psia and 110°C on the hydroformylation of 1-

octene with Rh/L catalyst in flow. Conditions: T=110°C, [Rh]=0.05 mol. %, L:Rh=5, tR=11 min, 

[1-octene]=0.5 M. The catalyst was pre-activated. (C) The effect of PCO on the hydroformylation 

of 0.5 M 2-octene (cis+trans). Conditions: Ptotal=200 psia, [Rh]=0.02 mol.%, L:Rh=7, tR=6.8 

min, T=75°C, pre-activated catalyst. 
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5.2.2 Branched-Selective Hydroformylation in Flow 

The results shown in Figs. 5-2B and 5-3A suggest that both high PCO and high reaction 

temperature are needed to maximize the regioselectivity towards branched aldehydes with L. To 

study the olefin isomerization activity under variable CO pressure, 1-octene was reacted with 

Rh/L at 110°C without H2 to halt the hydroformylation reaction. Interestingly, rapid 

isomerization occurred in the absence of H2, and the isomerization activity went through a 

maximum between 50 psia and 150 psia of PCO in both flow and batch reactors, shown in Fig. 5-

4A. The isomerization activity of Rh(CO)2acac was tested without L at PCO of 85 psia in the 

batch reactor, and the total aldehyde yield was less than 7% after 1 h at 110°C. This result 

indicates the accelerating effect of L on the Rh-catalyzed olefin isomerization under CO 

atmosphere.  

Next, the effect of H2 pressure (PH2) on the yield of each produced aldehyde was studied 

at the maximum observed 1-octene isomerization PCO (85 psia) in flow. Under these conditions, 

simultaneous hydroformylation of octene isomers occur and the yield of all aldehydes increased 

in an apparent first order trend with PH2 up to 115 psia. At pressures higher than 115 psia, a 

slight increase in the yield of l was observed, but not for b2 and b3 (Fig. 5-4B). The l/b ratio for 

the variable PH2 experiments at PCO of 85 psia remained between 0.92 and 1.05 across the tested 

pressure range. 

A varying PCO experiment was also performed on the hydroformylation of a mixture of 

cis and trans 2-octene at 75°C to investigate the effect of PCO on the hydroformylation of the 

internal olefins with L (Fig. 5-4C). Interestingly, in contrast to what was observed with 1-octene 

(Fig. 5-3A), the TOF increased with PCO up to 40 psia and did not show significant inhibition at 

higher PCO values. The TOF was 10 times lower than that obtained in the hydroformylation of 1-
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octene at PCO of 40 psia (compare Fig. 5-3A and Fig. 5-4C). The increase in PCO also resulted in 

a decrease in l/b from 0.54 to 0.38 as PCO was increased from 25 psia to 100 psia. Next, we 

studied the effect of 1-octene concentration at the pro-branched hydroformylation reaction 

condition (i.e., PCO = 100 psia and T=110°C), shown in Appendix D Fig. D-4, and found the 

apparent reaction order in 1-octene concentration to be 1 for both linear and branched aldehyde 

rate of formation, however, the l/b remained relatively unchanged at 1. 

5.2.3 On-Demand Aldehyde Regioselectivity Tuning in Flow 

After discovering the pro-linear and pro-branched hydroformylation conditions with L, 

we demonstrated the on-demand aldehyde regioselectivity tuning from a predominantly linear 

(l/b = 13) to a predominantly branched (l/b = 0.28) aldehyde in the continuous flow reactor. For a 

total time on stream (TOS) of 12 h in 1-octene hydroformylation, the aldehyde throughput is 

maintained constant with a pre-activated Rh catalyst in the presence of L (Fig. 5-5). High l/b was 

obtained by setting the reaction temperature at 75°C and PCO at 7 psia. The inlet gas to liquid 

volumetric ratio was set at 2 to allow for reasonable conversion and minimize the undesired 

olefin isomerization and hydrogenation in the preheat coil. In order to shift the aldehyde 

regioselectivity towards branched aldehydes (i.e., l/b=0.28), the reaction temperature of both the 

flow reactor and the preheat coil was raised to 100°C and the PCO was raised from 7 psia to 220 

psia (at TOS of 8 h in Fig.5-5). The inlet gas to liquid volumetric ratio was also increased from 2 

to 4 and the Rh loading from 0.5 mol% to 1 mol% to maintain the same total aldehyde 

throughput. Total reaction pressure, 1-octene concentration, and ligand loading were maintained 

constant across the entire continuous flow hydroformylation operation shown in Fig 5-5. 
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Figure 5-5. Continuous, on-demand switching from predominantly linear to branched aldehyde 

in the flow reactor. Ptotal=350 psia, tR=15 min, [1-octene]=0.05 M in toluene, and [L]=10 mM. 

5.2.4 Tunable Aldehyde Regioselectivity in a Batch Reactor 

1-Octene. Following the in-flow aldehyde regioselectivity tuning studies in the presence 

of L, we investigated the capability of L for regioselectivity tuning in a batch reactor with 1-

octene and a pre-activated Rh/L catalyst at the ligand to Rh ratio of 40. For the pro-linear 

experiments, based on the results shown in Fig. 5-3, PCO and reaction temperatures were set at 6 

psia and 75°C, respectively. After 2 h reaction, the total aldehyde yield was 50% (TOF 5000 mol 

ald.mol Rh-1.h-1), and l/b was 14.7 (93.6% linear), confirming the applicability of the identified 

rapid, pro-linear conditions from flow reactors in batch reactors (see Scheme 5-3, entry (1)). 

Next, we investigated the effect of ligand loading in the batch reactor with 0.05 mol% Rh where 

all catalysts, including the non-ligated control experiment, were pre-activated before the 

hydroformylation reaction. The total aldehyde yield was between 35% and 50% for all reactions, 

except the reaction with the non-ligated Rh catalyst where less than 5% aldehyde yield was 

achieved confirming the accelerating effect of L in the batch reactor (Appendix D Table D-2). 
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At [L] less than 10 mM, a decrease in the l/b was observed with a minimum of l/b=2 at L 

concentration of 1 mM. A relatively high n-octane formation and complete 1-octene conversion 

occurred for all experiments, except the non-ligated reaction. To demonstrate the ability of 

ligand L to promote 1-octene hydroformylation at low l/b in the batch reactor, the reaction was 

performed at 110°C to facilitate 1-octene isomerization to internal octenes that results in the 

formation of b1, b2, and b3. Hydrogen partial pressure was maintained at 35 psia to slow down 

the hydroformylation reaction to l relative to the isomerization. This approach resulted in an l/b 

ratio of 0.51 at 69% total aldehyde yield after 5 h (Scheme 5-3, entry 2). An alternative one-pot, 

2-step reaction to obtain lower l/b was devised based on the discovery that rapid olefin 

isomerization occurs under CO with ligand L (Fig. 5-4A). In this experiment, the substrate, 

catalyst, L, and solvent were heated to 110°C under a CO atmosphere at 85 psia and maintained 

at this temperature for 3 h. Next, the reaction was cooled down to 75°C and H2 was introduced 

into the batch reactor at 315 psia. After introduction of H2 into the batch reactor, the reaction was 

continued for another 2 h. This approach results in 80.5% aldehyde yield and l/b of 0.11. Further 

decrease in the l/b ratio to 0.06 was obtained with cooling the second step temperature to 45°C 

and allowing the reaction to proceed for 12 h at a total aldehyde yield of 87.3%. These reaction 

conditions allowed, for the first time, for a 94.3% branched aldehyde selectivity from 1-octene 

(Scheme 5-3, entry 3). 
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Scheme 5-3. High and low l/b with L in the hydroformylation of 1-octene in a batch reactor. 

In the next set of experiments, the flexibility of L was tested against representative mono 

and bidentate phosphine and phosphite ligands. Triphenylphosphine (L-2), tris(2,4-di-t-

butylphenyl)phosphite (L-3), trioctylphosphine (L-4), BISBI (L-5), and BiPhePhos (L-6) were 

tested under the identified linear- and branched-selective reaction conditions in Fig. 5-6. The Rh 

loading was set at 0.05 mol % for all the ligands to allow for appreciable product formation with 

the less activating ligands. The obtained l/b flexibility range was limited to 0.96 - 5.27, 1.07 - 

3.57, and 1.32 - 2.58 for L-2, L-3 and L-4, respectively (Fig. 5-6). The total aldehyde yield was 

53.8% and 46.2% for L-2 and L-3 under the pro-linear conditions, respectively, while L-4 

resulted in only 6.8% total aldehyde yield under this condition. The superior performance of L 

when compared to L-2, L-3, and L-4 under the pro-branched conditions can be attributed to the 

accelerating effect of L on the hydroformylation of the internal olefins as indicated by the higher 
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content of aldehydes b2 and b3 with L. Despite the high reaction temperature, the l/b remained 

high at 28.66 and 84.77 for the bidentate L-5 and L-6, respectively (Appendix D Table D-3). 

Therefore, the L:Rh ratio was lowered to 1.1 (2.2 P:Rh) for the tested bidentate ligands. At this 

L:Rh, the l/b spanned from 1.01 - 2.73 for L-5 and from 1.23 - 4.29 for L-6, indicating that 

bidentate ligands cannot be made branched aldehyde-selective under the developed pro-branched 

condition. 
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Figure 5-6. Aldehyde regioselectivity flexibility ranges for 1-octene hydroformylation with Rh 

catalyst preactivated with different ligands. High l/b conditions: PCO=7 psia, T=75°C, [Rh]=0.05 

mol. %, L:Rh=40 for L, L-2, L-3, and  L-4, and L:Rh=1.1 for L-5 and L-6, tR=60 min. Low l/b 

conditions: PCO=150 psia, T=110°C, [Rh]=0.05 mol.%, L:Rh = 2 for L, L-2, L-3, and L-4, and 

L:Rh=1.1 for L-5 and L-6,  tR=120  min. Ptotal=300 psia for both conditions. The 2-step 

hydroformylation reaction with L is at Scheme 5-3, entry 3 condition. 
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Propylene. The selective formation of the commercially valuable isobutyraldehyde from 

propylene hydroformylation remains a challenge.224-226 Using the knowledge obtained in this 

study, we explored flexible hydroformylation of propylene in a batch reactor with a pre-activated 

Rh with L. The branched-selective propylene hydroformylation experiment (PCO=255 psia, 

PH2=30 psia, and T= 120oC) resulted in a relatively high selectivity towards isobutyraldehyde 

(l/b=0.74, 57.5% selectivity), presented in Table 5-1. The pro-linear hydroformylation to n-

butyraldehyde (PCO=6 psia, PH2=264 psia, and T=75oC) resulted in high selectivity towards n-

butyraldehyde (l/b = 5.01 and 6.60 at L:Rh = 10 and 100, respectively). Increasing the propylene 

pressure (PC3H6) to 60 psia resulted in a further increase in the aldehyde regioselectivity towards 

n-butyraldehyde (l/b = 7.79). Aldehyde regioselectivity flexibility comparison of l/b in propylene 

hydroformylation using the cyclic fluorophosphite ligand L against other tested ligands shown in 

Fig. 5-6, demonstrates that L provides the widest accessible l/b range (Appendix D Fig. D-5). 

 

Table 5-1. Aldehyde regioselectivity tunability of the ligand L using propylene in a batch 

reactor. 

 
 

 

 

 

 

 

5.2.5 Regioselective Hydroformylation of Internal Olefins  

Encouraged by the high activity of the preactivated Rh/L catalyst towards the 

hydroformylation of internal olefins, we investigated the efficacy of L in the regioselective 

hydroformylation of a mixture of cis- and trans- 2-octene (70:30). The reaction temperature was 

 T(oC) PC3H6 

(psia) 

PCO 

(psia) 

PH2 

(psia) 

L:Rh l/b Hydroform. TOF  mol 

ald.mol Rh-1.h-1 

1 120 15 255 30 10 0.74 511 
2 75 30 6 264 10 5.01 214 
3 75 30 6 264 100 6.60 236 
4 75 60 6 234 100 7.79 361 
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set at 50°C, PCO at 75 psia, PH2 at 200 psia, and L:Rh = 10 to allow for high rate of 2-octene 

hydroformylation to b1 and b2 relative to isomerization to 1-, 3-, and 4-octenes. This condition 

resulted in regioselective hydroformylation of 2-octene to b1 and b2 without a significant 

isomerization at 61.5% total aldehyde yield after 4 h (entry 1, Table 5-2). Extending the reaction 

time to 12 h increased the total aldehyde yield to 91.4% with a 93% selectivity of b1+b2 (entry 2, 

Table 5-2) which is the highest selectivity reported in literature for regioselective 

hydroformylation of unbiased internal olefins. The l/b ratio in this case was as low as 0.02 (i.e., 

98% of the produced aldehydes were branched). The unique effect of ligand L on the 

regioselective hydroformylation of internal olefins is presented in entry 3, Table 5-2, where the 

l/b ratio increased to 0.11 at a total aldehyde yield of 28.3% without L. High olefin isomerization 

to 3- and 4-octenes also occurred in the absence of L, which resulted in an increase in the 

selectivity to b3.  

Table 5-2. Aldehyde regioselectivity tuning with a mixture of cis- and trans- 2-octene. 

 
 T 

(oC) 

PCO 

(psia) 

L:Rh Time 

(h) 

Aldehyde 

yield (%) 

l:b1:b2:b3 (l/b) Hydroform. TOF 

mol.mol-1.h-1 

Isomer 

yield (%) 

1 50 75 10 4 61.5 1:23:15:1 

(0.03) 

297 38.3 

2 50 75 10 12 91.4 1:29:22:3 

(0.02) 

147 2.53 

3 50 75 0 12 28.3 3:21:6:1 

(0.11) 

46 20.40 

4 100 6 40 1 39.1 18:8:2:1 

(1.62) 

377 11.85 

 

Interestingly, ligand L can be made linear-selective for the hydroformylation of 2-octene 

by altering the reaction conditions (100°C, PCO=6 psia, PH2=200 psia, and L:Rh=40). This 
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reaction condition was selected specifically to promote the formation of l through 2-octene 

isomerization to 1-octene at the high reaction temperature and the selective formation of l at high 

ligand loading and low PCO. Hydroformylation at the aforementioned reaction conditions 

resulted in a high l/b (1.62= 62% selectivity to l) at 39.1% total aldehyde yield (Table 5-2, entry 

4). The results in Table 5-2, entries 1 and 3, illustrate the flexibility of ligand L in tuning of 

regioselective aldehyde formation from internal olefins.  

5.3 Discussion 

5.3.1 In-Flow Hydroformylation vs. Batch 

Traditionally, hydroformylation reactions are studied in pressurized autoclaves that have 

relatively large volumes on the order of 10-100 ml for bench scale units.215, 219 Autoclaves are 

often pressurized before heating to minimize evaporation, and the time needed to reach the target 

temperature is relatively long (30 min-60 min). This limitation hampers the ability of batch 

reactors to elucidate the effect of reaction temperature on the catalyst/ligand activity and 

aldehyde selectivity. Furthermore, accurate pressure control in autoclaves can be challenging 

because of the gas thermal expansion upon heating and pressure change as reaction consumes or 

produces gaseous species. 

The developed flow chemistry platform in this work, equipped with a continuous gas-

liquid segmented flow reactor, allows for the rapid reaction parameter space mapping on the 

catalyst activity and aldehyde regioselectivity. The utilized flow reactor allows for the gas-liquid 

segmentation at the target reaction conditions with high surface area to volume ratios, thereby 

accelerating both heat and mass transfer rates. These intensified heat and mass transport rates, in 

combination with the precise control over reaction conditions, allow for accurate investigation of 

reactivity and selectivity at early reaction times (5 min-10 min), which is challenging in batch 
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reactors. Such early-time monitoring and analysis of the hydroformylation reactions in the flow 

reactor can facilitate understanding of the change in reactivity attributed to the catalyst 

activation. These advantages make the developed flow chemistry platform a suitable tool for 

accurate mechanistic investigations of high pressure/temperature gas-liquid reactions, 

particularly hydroformylation of olefins.  

Cyclic fluorophosphites are strong acceptor ligands and 8-membered cycles exhibit 

reasonable stablitiy.231, 232 However, their performance as a hydroformylation ligand is not well 

explored and understood yet. The hydroformylation mechanism and the active catalyst species 

depend heavily on the ligand structure and the reaction conditions. In this work, we observed a 

higher catalytic activity in the flow reactor relative to the batch reactor (Fig. 5-2A). This 

enhanced activity in the flow reactor can be attributed to the rapid heating and gas dissolution in 

flow and the temperature-dependency of the catalyst activation (Fig. 5-2A, 75°C and 110°C, 

with and without catalyst pre-activation). The relatively low l/b ratio observed in the flow reactor 

when compared to the autoclave experiments can be attributed to the longer time needed for the 

batch reactions to reach the desired reaction temperature. During the time needed for a batch 

reactor to heat up from room temperature to the desired reaction temperature (15 min to 30 min), 

olefin hydroformylation is relatively faster than isomerization which results in high l/b ratios in 

batch as described in the section below.  

5.3.2 Effect of Reaction Temperature on the Catalyst Reactivity and Aldehyde 

Regioselectivity 

With a H2:CO ratio of 1, the maximum total aldehyde yield was achieved at 95°C (Fig. 5-

2A). At higher temperatures, rapid isomerization of 1-octene occurred relative to 

hydroformylation (Fig. 5-2B). While internal octenes can undergo hydroformylation in the 
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presence of L, their rate of hydroformylation is 10 times slower than that of 1-octene (Fig. 5-3A 

and 5-4C). This shift in the double bond position lowers the total aldehyde yields as temperature 

increases above 95°C. Olefin isomerization is also the reason for the change in the slope of the 

yield vs. time curves at tR>30 min in Fig. 5-2A. 

The catalyst pre-activation with L appears to be more sensitive to temperature than the 

hydroformylation reaction. At 75°C, the effect of the catalyst pre-activation can be observed up 

to tR of 30 min. However, it is hardly noticeable at 110°C, even at residence times as low as 5 

min (Fig. 5-2A). It should be noted here that the catalyst pre-activation accelerates the olefin 

isomerization as well which results in a slight decrease in the l/b ratio at tR>30 min (i.e., l/b = 

0.96 vs. 1.35 without the pre-activation). Olefin isomerization results in a decrease in the l/b 

ratio; therefore, reaction temperature, residence time, and catalyst pre-activation are all factors 

that promote the formation of branched products from terminal olefins.  

Aside from olefin isomerization, higher reaction temperatures appear to favor the 

branched aldehyde formation from terminal olefins in the presence of L by destabilizing the bis-

ligated L-Rh-L species and convert them to the mono-ligated L-Rh carbonyl species. This effect 

is likely the reason for the decrease in the l/b and TOF observed in Fig 5-3C with 1-octene and 

the decrease in l/b with propylene in Table 5-1. Indeed, when reaction temperature screening 

experiments were performed at higher PCO, (65 psia and 107 psia), the TOF increased with the 

reaction temperature and activation barriers of 44.4 kJ.mol-1 and 55.7 kJ.mol-1 were measured for 

the two pressures, respectively (Appendix D Fig. D-6). This result indicates that the measured 

activation barrier increases with increasing the CO pressure when the hydroformylation 

conditions favor the formation of the branched aldehyde.  
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5.3.3 Effect of Syngas Composition on the Catalyst Activity and Aldehyde Regioselectivity 

A drastic increase in the l/b ratio in the presence of L occurs in the low PCO range (7 psia 

– 60 psia) where an l/b ratio as high as 14 can be obtained in both flow and batch reactors (Fig. 

5-5 and Scheme 5-3). We attribute this shift in the aldehyde regioselectivity to the shift in the L 

ligation mechanism from the mono-ligated species (L-Rh-CO) to the bis-ligated (L2-Rh) species. 

Because of the high steric hindrance provided by L around the Rh atom, the bis-ligated species 

favor the formation of l over b1. However, the steric hinderance is also responsible for the 

destabilization of these species at high CO pressures (> 60 psia). The unique ability of L to 

switch between the two ligation modes gives it the largest l/b span reported to date, when 

compared to other ligands (Fig 5-6). At CO pressures below 12 psia, increasing the ligand 

concentration has the strongest impact on the aldehyde regioselectivity and the catalyst activity 

(Fig 5-3B), indicating that the equilibrium between the two catalyst ligation modes with L is 

strongly dependent on the CO pressure as well as the ligand concentration in the solution or the 

[L]/[CO] ratio and less dependent on the L:Rh ratio.  

Carbon monoxide inhibits the formation of the linear aldehyde at PCO>12 psia. Similar 

inhibition was observed in the olefin isomerization experiment with no H2 at PCO>100 psia (Fig. 

5-4A). The inhibition of both terminal olefin hydroformylation and isomerization by CO can be 

attributed to the competitive coordination of CO to Rh with either the olefin or the ligand or both 

(see mechanism section below). At CO pressures below 12 psia in the flow reactor, 

hydroformylation becomes limited by CO availability in the liquid phase as indicated by the 

decrease in the aldehyde formation at PCO=7 psia (Fig. 5-3A).  

The rate of formation of all aldehydes appeared to be first order in H2 up to PH2 of 115 

psia, when PCO was remained constant at 85 psia. The rate dependence on PH2 suggests that the 
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reaction is limited by either the oxidative addition of molecular H2 to the Rh acyl or the reductive 

elimination of the aldehyde (see mechanism section below). At higher PH2, the formation of l and 

b1 appears to increase, while the formation of b2 and b3 remains constant. As olefin 

isomerization occurs at PH2 of zero, higher PH2 promotes hydroformylation of olefin over 

isomerization and results in higher l/b ratios at a constant total aldehyde yield, Fig. 5-5. The 

findings of the hydrogen pressure and reaction temperature from the experiments conducted in 

the flow reactor are directly applicable to batch reactions as demonstrated by (1) the low l/b ratio 

of 0.59 in one-step batch reaction at high reaction temperature (110°C) and low PH2 (35 psia), 

and (2) the unprecedented low l/b ratio of 0.06 with a two-step, single batch process with an 

inter-stage cooling (Scheme 5-3, entries 2 and 3).  

The role of high PCO (75 psia) on stabilizing the mono-ligated L-Rh species are found to 

promote the selective hydroformylation of 2-octene to b1 and b2 with minimum formation of the 

undesired l and b3 isomers. The reaction temperature was maintained at 50°C to minimize olefin 

isomerization. However, this PCO was efficient in preventing the formation of bis-ligated, linear-

selective species even at L:Rh ratios as high as 10 (Table 5-2). 

5.4 Proposed Reaction Mechanism 

Based on the results of the hydroformylation reactions with the pre-activated catalyst 

with L at short reaction times, we propose the reaction mechanism shown in Scheme 5-4 for the 

hydroformylation of terminal olefins. Under catalyst pre-activation conditions, the catalyst 

Rh(CO)2(acac) is transformed to the monomeric hydride complex (step 1). In the presence of L, 

the mono-ligated species, i1, is formed. The reaction cycle commences with olefin coordination 

to the Rh catalyst (step 2). This step is reversible and is accompanied by the loss of one 

coordinated carbonyl group, and thus can be inhibited by high PCO.231 The hydride transfer to the 
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coordinated alkene results in the formation of rhodium alkyl species that can be either linear or 

branched (steps 3 and 3’). The linear alkyl species, i3a, results in the formation of the linear 

aldehyde at l/b > 10 and is favored by low PCO (< 12 psia) and high [L] (> 0.7 mM). It is 

reasonable to propose that species i3a is formed through the coordination of an additional L and 

loss of one carbonyl group from the data in Fig. 5-2A and 5-2B. The mono-ligated rhodium alkyl 

species, i3b, can be linear or branched (l/b =2 to 3, branched is shown for simplicity) and are in 

equilibrium with species i2. The hydride abstraction from the branched alkyl species results in 

the formation of the internal olefin isomer (olefin isomerization is not shown).  

The migratory insertion of one coordinated carbonyl results in the formation of the metal 

acyl intermediate (steps 4 and 4’).233 This step is reversible and accompanied by the coordination 

of L or CO to the Rh atom depending on the reaction conditions. Oxidative addition of the 

molecular H2 to the acyl intermediate results in the formation of rhodium acyl dihydride (steps 5 

and 5’), followed by the reductive elimination of the aldehyde and the regeneration of the 

coordinatively unsaturated rhodium monohydride (steps 6 and 6’).234, 235 Steric hinderance 

around the Rh atom can facilitate the reductive elimination and thus the high catalyst activity at 

increasing [L] in Fig. 5-2A can be attributed to the increased steric hinderance in species i5a vs. 

i5b.  

Due to the first order rate dependence on PH2 up to 115 psia, the rate limiting step appears 

to be either the oxidative addition or reductive elimination (step 5 or 6). At higher PH2, the 

reaction becomes limited by the olefin coordination to the Rh catalyst. In both cases, the reaction 

exhibits a first order power in 1-octene and Rh concentration, and a negative order in PCO. The 

deviation from these conditions occurs at PCO < 12 psia in the flow reactor (Fig. 5-3A). Under 

the latter conditions, the rate becomes positively dependent on PCO and thus, the reaction could 
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potentially be limited by the CO coordination to the rhodium alkyl (step 4) or the 

undercoordinated Rh species, resulting from the reductive elimination of the aldehyde (catalytic 

formation of i1). The switch in the rate limiting step between reactions conducted under PCO at 

higher or lower than 12 psia could explain the change in the response in TOF with the reaction 

temperature. At PCO < 12 psia, the TOF does not increase with the reaction temperature, unlike 

the TOF that increases with the reaction temperature at higher PCO. This behaviour can be 

attributed to reduced solubility of CO at high reaction temperatures under low CO environment. 

It is also reasonable to assume that CO binding to Rh (steps 1 and 4) is less energy-demanding 

than the hydrogen oxidative addition or reductive elimination (steps 5 and 6 in Scheme 5-3) and 

that could explain the change in temperature dependency in Fig. 5-3C. The same argument 

regarding the limited CO coordination at PCO <12 psia can explain the high TOF observed in 

flow over batch at this pressure, where CO dissolution is enhanced in the flow reactor. 

Scheme 5-4. Proposed olefin hydroformylation mechanism with L. 
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The drastic increase in the l/b ratio at low PCO (< 60 psia) in the presence of L and the 

amplification of the effect of ligand concentration on the l/b ratio at low PCO suggests that the 

bis-ligated Rh species are stabilized under this reaction condition. The high TOF under this 

condition suggests that the bis-ligated species are more reactive than the mono-ligated ones. This 

observation is in contrast to what was observed with tri(o-tert-butylphenyl)phosphite and 

phosphoramidite where the mono-ligated species were the most reactive for 

hydroformylation.226, 234, 235 From these results, it can be proposed that the competitive 

coordination of CO and L affects the formation of the bis-ligated Rh, but not the mono-ligated 

ones. The bis-ligated species that are stabilized at low CO pressure exhibit high steric hinderance 

around the Rh atom, and thus can selectively catalyze the formation of the linear aldehyde, but 

not the branched ones. This effect can be observed even with a smaller alkyl chain length olefin, 

propylene, where the l/b ratio increases from 0.74 to 7.79, when L is added under PCO = 6 psia. 

Additionally, the reactivity of Rh/L catalyst towards the hydroformylation of internal olefins 

diminishes at low PCO (7 psia), because of the high steric hinderance around the Rh atom. 

The TOF data presented in Fig. 5-3A was fitted with different models and Appendix D Eq. D-1 

gives the best fit. This equation assumes that all steps are reversible except the hydrogenolysis of 

the rhodium acyl (steps 5 and 6). The model assumes that the overall TOF (branched + linear) for 

species i5a and i5b are equal and that the reactivity of the non-ligated species is negligible under 

reaction conditions tested in this work. The developed model (Appendix D Eq. D-1) describes 

the first order dependence on 1-octene, Rh, and H2 concentration across the entire range tested in 

this work. It also accounts for the inhibition by CO. 
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5.5 Ligand-Free Hydroformylation using a Gel-Supported Catalyst 

In the next step, in an effort to expand the scope of reactions available to the developed 

poly(hydromethylsiloxane) (PHMS)-triethylene glycol divinyl ether (VTEG) gel-supported 

catalyst, metals other than palladium were explored as candidates for in-situ reduction by the 

silicon hydride (Si-H) moieties present in the crosslinked polymer network. Building on our 

previous work in hydroformylation of alkenes to aldehydes using a rhodium (Rh) catalyst, we 

were interested in studying how the ligand-free Rh species supported by the PHMS-VTEG 

network compare with homogeneous Rh/ligand catalysts in terms of activity and aldehyde 

regioselectivity. Additionally, we were interested in investigating how the polymer network 

would perform at the elevated temperatures (up to 110°C) and pressures (up to 400 psig) of the 

hydroformylation reactions. 

5.5.1 Experimental 

PHMS-VTEG particles were prepared as previously reported with a 3:1 - 20:1 PHMS 

monomer to VTEG vinyl unit crosslinking ratios (RPC). Tri(acetylacetonato) rhodium(III) was 

used as the rhodium source and dissolved in methanol. PHMS:VTEG particles ranging from 250 

µm -500 µm were immersed in solution containing 2.5 mol% Rh to polymer material and the 

solvent was removed using a Heidolph rotary evaporator. The Rh-loaded PHMS particles were 

reduced under H2 (100 psi) and CO (100 psi) at 110℃ for 1 h before using in batch 

hydroformylation experiments. 

The 1-octene was added to the solution containing the Rh-loaded PHMS particles at a 

concentration of 0.5 M and 1 mL of the final solution was transferred to a glass vial. The glass 

vials containing the liquid mixture, Rh-loaded PHMS particles, and a magnetic stir bar were 

placed in a Buchiglas Tinyclave (35 mL). The autoclave was connected to the gas supply 



   

137 

 

manifold and the lines were purged three times with nitrogen prior to each experiment. The 

autoclave was then opened and purged an additional three times with nitrogen and two times 

with hydrogen. Carbon monoxide and hydrogen pressures (65 psig and 335 psig, respectively) 

were then sequentially introduced into the autoclave. The autoclave was sealed under pressure. 

The manifold was then purged with nitrogen and the autoclave was disconnected and placed in 

an oil bath on a hot plate at 110℃. Upon reaction completion, the autoclave was removed from 

the oil bath and cooled in a water bath until it reached room temperature. After the autoclave was 

cooled down to room temperature, it was then reconnected to the gas manifold. The autoclave 

was vented through the manifold and purged three times with nitrogen before opening. Aliquots 

were taken from the liquid mixture inside the vial and diluted with toluene for analysis. Product 

analysis was performed by GC-MS as described in Appendix D Section D-6.  

The Rh-loaded PHMS particles were washed three times with 4 mL of toluene to remove 

products and unreacted starting material then were again dried using the rotary evaporator before 

adding a reaction mixture for subsequent recycle experiments. 

5.5.2 Results 

The first run in the batch autoclave was a 2h reaction time at 110℃ with 65 psig CO and 

335 psig H2 using freshly reduced Rh-loaded PHMS particles with RPC = 3:1, 4:1, 6:1, 8:1, 10:1, 

15:1, and 20:1. The aldehyde yield showed an optimum of ~25% yield between  RPC = 6:1 and 

8:1 (Figure 5-7A), indicating analogous behavior to the Pd-loaded particles where the network 

stiffness is competing with the affinity of the reagents for the network. The 1-octene conversion 

shows a similar trend but the peak conversion of ~92% indicates isomerization of the 1-octene to 

the internal 2- and 3- octenes with some n-octane also being formed by hydrogenation (Figure 5-
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7B). The selectivity for linear to branched aldehydes (l/b) remained around 2.5 (~70% linear) for 

the range of RPC tested (Figure 5-7C). 

  



   

139 

 

Figure 5-7. A) Aldehyde yield vs. RPC. B) 1-Octene conversion vs. nominal Si-H remaining after 

crosslinking. C) Aldehyde selectivity vs. nominal Si-H remaining after crosslinking. All 

reactions run at 110℃, 65 psig CO, 335 psig H2.  



   

140 

 

 

 

0

20

40

60

80

100

3 4 6 8 10 15 20

A
ld

eh
yd

e 
Y

ie
ld

 (
%

)

RPC

Aldehyde Yield

Fresh Catalyst

Recycle - 2h

Recycle - 17h

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0.60 0.70 0.80 0.90 1.00

l/
b

Nominal Si-H Remaining

Selectivity vs. Si-H Remaining

Recycle - 17h

Recycle - 2h

Fresh Catalyst - 2h

0

20

40

60

80

100

0.6 0.7 0.8 0.9 1

1
-O

ct
en

e 
C

o
n

ve
rs

io
n

 (
%

)

Nominal Si-H Remaining

1-Octene Conversion vs. Si-H Remaining

Recycle - 2h

Fresh Catalyst - 2h



   

141 

 

After the first recycle, the aldehyde yield increased (indicating a lack of severely leached 

Rh in the first reaction solvent) while the selectivity remained roughly similar for the sample 

taken at 2h. Allowing the hydroformylation reaction proceed to completion after 17h resulted in 

the expected decrease of l/b as the slower internal olefins are converted to branched aldehydes. 

Interestingly, at the higher aldehyde conversion, the RPC = 6:1 and 8:1 particles show increased 

selectivity towards the branched aldehyde. 

These results indicate that while the Rh supported by the PHMS polymer is active, the 

support is non-innocent under hydroformylation and requires longer conditioning of both initial 

reduction and subsequent hydroformylations before a steady state is reached. The PHMS:VTEG 

network is likely active towards several side reactions including hydroformylation of any 

unreacted vinyl bonds present from the initial crosslinking producing aldehyde moieties within 

the material, as well as Rh catalyzed hydrosilylation allowing the introduced olefins to 

functionalize the PHMS backbone at the unreacted Si-H sites. This functionalization will 

continue changing the catalyst environment until both Si-H and vinyl species have been fully 

reacted within the network. 

The Rh-loaded PHMS particles show similar selectivity vs. conversion results at high 

conversion as compared to other heterogeneous supports such as Rh on silica (SiO2), shown in 

Figure 5-8. 
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Figure 5-8. Comparison of selectivity vs. aldehyde yield for Rh on PHMS:VTEG and Rh on 

SiO2  

The PHMS:VTEG shows successful preliminary utilization of the network-supported 

catalyst to include Rh-catalyzed reactions under elevated temperatures and pressures in a gas-

liquid reaction. The results shown in Figures 5-7 and 5-8 demonstrate the broad applicability of 

the developed network-supported catalysis strategy in this work for producing heterogeneous 

catalysts for a wide range of synthetically important chemistries. Specifically, for PHMS:VTEG 

networks, these results raise interesting questions about the effect of network composition on 

aldehyde selectivity for ligand-free hydroformylation. 

 

 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0 20 40 60 80 100

l/
b

Aldehyde Yield

Selectivity vs. Conversion

SiO2

PHMS:VTEG Polymer



   

143 

 

5.6 Conclusions 

Eight-membered, cyclic monofluorophosphite ligand L exhibits high hydroformylation 

reactivity and aldehyde regioselectivity tunability in flow and batch hydroformylation reactions. 

Increasing the reaction temperature suppresses the l/b ratio in hydroformylation of terminal 

olefins by destabilizing the bis-ligated Rh species and catalyzing olefins isomerization. High CO 

pressure inhibits the reaction and destabilizes the bis-ligated species, resulting in branched-

selective hydroformylation without the need for ligand replacement. For the first time, an 

aldehyde regioselectivity tuning over a range of 0.27 to 15 was obtained for 1-octene 

hydroformylation in a one-step reaction with the same catalyst/ligand system. The 

regioselectivity of the produced aldehyde can be further lowered to 0.06 in a one-pot, 2-step 

tandem isomerization, hydroformylation reaction without the addition of a co-catalyst. 

Furthermore, it was discovered that the regioselective hydroformylation of 2-octene can be 

achieved with L at low reaction temperature (< 60 °C) and relatively high CO pressure (75 psia) 

with the mono-ligated Rh species. Hydroformylation kinetic investigations revealed that the 

identity of the rate-limiting step and the stable Rh species depend on H2 and CO pressures. The 

hydroformylation reaction of olefins in the presence of L is limited by the hydrogenolysis of the 

acyl intermediate up to a H2 pressure of 115 psia. At higher pressures, the reaction becomes 

limited by the olefin coordination. At low CO pressure (< 12 psia), the bis-ligated rhodium 

species are stable, and the reaction is limited by CO coordination to Rh species. Testing other 

ligands at the extreme aldehyde regioselectivity reaction conditions illustrated that L is superior 

to traditional mono and bidentate phosphine and phosphite ligands. These findings allow for 

tuning the hydroformylation reaction conditions to meet a wide range of product selectivity 

demands without the need for ligand separation or co-catalyst addition. The selective formation 
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of branched aldehydes widens the range of the hydroformylation applications to include life 

science products, flavors, fragrances, and asymmetric organic synthesis intermediates. 

5.7 Experimental Section 

5.7.1 Flow Reactions 

Ligand L was synthesized by the procedure described in Appendix D Section D-2. 8 mL-

stainless steel syringes containing the desired concentration of 1-octene, ligand L, and Rh 

catalyst in toluene were prepared under inert atmosphere and then connected to the stainless steel 

flow reactor coil (1/8” outer diameter, OD, × 1/16” inner diameter, ID) with a 40-cm long 

fluorinated ethylene propylene tubing (Microsolv, 1/16” OD × 0.02” ID), and 1/16” OD nuts and 

ferrules (IDEX H&S). Liquid flowrates were controlled by Harvard PhD ULTRA syringe pumps 

and gas flowrates were controlled by individual Bronkhorst mass flow controllers (EL-Flow® 

Select MFCs). Flow reactor temperature was controlled through a hotplate and oil bath with a 

temperature probe. Flow reactor pressure was controlled with a nitrogen pressure connected to 

the control port of a backpressure regulator (Equilibar) integrated at the outlet of the flow reactor 

coil. The flow reactor effluent was passed through a 10-way selector valve (VICI, EUHB) and 

directed to a custom-designed waste collection chamber equipped with an exhaust line for CO 

and H2. After changing reaction conditions, the flow reactor was allowed to stabilize for twice of 

the residence time for a given reaction condition or to flow twice of the total liquid volume of the 

system including the back pressure regulator, whichever was longer, before a sample was taken 

by directing the selector valve towards a collection vial for an amount of time enough to collect 

0.25 ml liquid. Following the sample collection, the flow reactor effluent was directed to the 

waste vial during the transient period of the next hydroformylation reaction condition. Product 
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analysis was performed by gas chromatography-mass spectrometry (GC-MS) as described in 

Appendix D, section D-6. 

5.7.2 Catalyst Pre-activation with the Cyclic Monofluorophosphite Ligand 

The desired amount of ligand L was weighed in a glass vial and the corresponding 

amount of dicarbonyl 2,4-pentanedionato rhodium(I) was added from a 1 mg/ml stock solution in 

toluene. The solution was diluted with toluene to the target Rh concentration. The glass vial 

equipped with a magnetic stir bar was then placed in a Buchiglas Miniclave (280 mL) under inert 

atmosphere. The autoclave was connected to the gas supply manifold and the lines were purged 

three times with nitrogen. The autoclave was then opened and purged an additional three times 

with nitrogen and two times with hydrogen. Carbon monoxide and hydrogen pressures were then 

introduced sequentially each at 75 psia (total pressure of 150 psia). The autoclave was sealed 

under pressure. The gas manifold was then purged with nitrogen and the autoclave was 

disconnected and placed in an oil bath at 85°C. After 1 h, the autoclave was removed from the oil 

bath and cooled in a water bath until it reached room temperature. After the autoclave was 

cooled down to the room temperature, it was then reconnected to the gas manifold. The 

autoclave was vented through the gas manifold and purged three times with nitrogen before 

opening.  

5.7.3 Batch Reactions 

The desired amount of ligand L was weighed in a glass container and the corresponding 

amount of dicarbonyl 2,4-pentanedionato rhodium(I) was added from a 1 mg/ml stock solution in 

toluene. The solution was diluted with toluene to achieve Rh concentration of 0.25 mM. The 

olefin (1- or 2-octene) was added to the solution at a concentration of 0.5 M and 2 mL of the 

final solution was transferred to a glass vial. No octene was added in the propylene 
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hydroformylation experiment. The glass vial containing the liquid mixture and a magnetic stir 

bar was placed in a Buchiglas Tinyclave (35 mL) — except for experiments with PCO of 6 psia 

which were conducted in a Buchiglas Miniclave (280 mL) — under inert atmosphere. The 

autoclave was connected to the gas supply manifold and the lines were purged three times with 

nitrogen prior to each experiment. The autoclave was then opened and purged an additional three 

times with nitrogen and two times with hydrogen. Carbon monoxide and hydrogen pressures 

were then sequentially introduced into the autoclave. The autoclave was sealed under pressure. 

The manifold was then purged with nitrogen and the autoclave was disconnected and placed in 

an oil bath on a hot plate. Upon reaction completion, the autoclave was removed from the oil 

bath and cooled in a water bath until it reached room temperature. After the autoclave was 

cooled down to the room temperature, it was then reconnected to the gas manifold. The 

autoclave was vented through the manifold and purged three times with nitrogen before opening. 

Aliquots were taken from the liquid mixture inside the vial and diluted with toluene for analysis. 

Product analysis was performed by GC-MS as described in Appendix D Section D-6.  
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CHAPTER 6 

Conclusions and Outlook 

6.1 Network-Based Catalyst Outlook  

The network-supported catalysts utilizing flexible and robust host scaffolds have been 

demonstrated to provide an ideal reaction environment for next-generation sustainable, metal-

mediated chemical transformations. An ideal network-supported catalyst should provide strong, 

leaching-free, confinement of the active metal sites while maintaining high activity and substrate 

transport through the network for catalyst site accessibility. The network-supported catalyst 

should be easily separated from the reaction mixture or stream and be durable at reaction 

conditions throughout many catalytic cycles.193 

Current heterogeneous catalyst systems generally involve complex immobilizations on 

solid, impermeable supports, which can lead to a decrease in activity in comparison to the 

confinement within a flexible support network. Additionally, the synthesis of many network-

supported catalysts is a simple one-step network formation either around preformed catalyst sites 

or followed by a simple metal reduction into an active form. Options for network-based catalyst 

systems range from encapsulated nanoparticle methods to bound single-atom metal sites. Many 

different support materials have been successfully attempted, including hydrogels (e.g., 

pNIPAm, polyaniline), elastomers (e.g., polysiloxanes),80 and COFs (e.g., cross-linked 

cyclodextrin, nitrogen heterocycle linkers). Although flexible network catalysts have higher 

diffusion resistance than MOFs, they generally allow for better tuning of both the catalyst and 

the support. The flexible network materials can be further functionalized either through direct 

chain functionalization, copolymerization, or the addition of functional linkers.236, 237 Given the 

vast array of potential network materials and catalytic sites, network-supported catalysts can be 
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adapted to provide a robust, facile, and tunable candidate for a diverse selection of chemical 

reactions and reaction conditions. Although network-supported catalysts usually underperform 

compared to homogeneous catalysts in yield and conversion, the drawbacks of homogeneous 

catalysis (e.g., multistep ligand synthesis, catalyst sensitivity, catalyst recovery, and deactivation) 

are significantly improved or eliminated in network-supported catalysts. The network-supported 

catalysts often outperform heterogeneous catalysts, providing a tunable and stable platform for a 

wide range of metal-mediated chemical reactions. Further research into network-supported 

catalysts will allow for better performance and a larger reaction scope to realize the full potential 

of this category of catalysts. 

Despite the advantages of network-supported catalysts (vide supra), these systems face 

some challenges concerning mechanical strength needed to withstand the forces in a packed bed 

reactor at relatively high volumetric flowrates, while trying to maintain a high degree of 

transport of reagents and solvents throughout the bulk of the network. Attempting to maintain the 

accessibility and activity of the catalyst while making it durable enough for repeated reactions 

and recycling is an area of considerable interest in the field. One other limitation that must be 

considered when selecting a polymer system for a given reaction is that the network may 

collapse in a given solvent at a given temperature (e.g., PNIPAm in water collapses at 

temperature >32 °C). This behavior would lead to a dramatic increase in transport resistance. 

Another major area of active investigation in the field of network-supported catalysis is 

determining how the network is interacting with the metal sites for stabilization and confinement. 

Furthermore, the effect of the network properties and morphology on the interactions with the 

reaction substrates, intermediates, and products need to be further evaluated for designing the 

next generation network-supported catalysts. Little is known about the detailed reaction 
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mechanisms within such complex network materials, making them prime targets for further 

studies. The interactions between network material and reaction species can be strictly bulk 

interactions such as affinity and transport behavior or chemical interaction with the catalytic 

cycle (e.g., steric effects, direct participation, or metal coordination). Especially crucial for 

flexible networks is the need to explore the network–metal interactions through high-resolution 

characterization techniques, including nuclear magnetic resonance and diffuse X-ray scattering. 

Another potential area of research in network-based catalysts is extending the library of metals 

that can be utilized by this unique class of catalysts to either perform metal-mediated catalytic 

reactions at a lower cost or to widen the reaction scope for novel syntheses. 

The heterogeneous nature of the network-supported catalysts and minimal leaching 

behavior allow for multistep reactions to be conducted in series in a telescopic manner through a 

continuous flow platform for the streamlined synthesis of complex chemicals. The flow reactors 

containing the network-based catalysts can take the form of (i) packed beds loaded with particles 

of the network material, (ii) an in situ-formed porous monolithic structure with pores for flowing 

reaction mixture, or (iii) deposited on the surface of the channel walls.238 

Once a broad-strokes network-supported catalyst family has been selected for a given 

application, the versatility of the network support material can be utilized for minor chemical and 

compositional adjustments to further optimize the catalyst for the unique requirements of each 

metal-mediated catalytic system. Utilizing the discussed network-supported catalysis strategy in 

this minireview article, process chemists will have the ability to standardize reactors for better 

reproducibility, characterization, and reaction development. Opportunities are available to make 

more versatile, easy to synthesize, robust, and tunable network materials with effective metal 

catalyst confinement. Polymer-supported gas–liquid catalytic reactions are also a future step for 
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these catalytic systems, opening opportunities for other important catalytic reactions such as 

carbonylation, amination, hydroformylation, and hydrogenation. We are confident a significant 

number of important metal-mediated catalytic reactions can be developed to perform in a 

network-based catalytic system and receive the unique benefits offered by the tunable network 

support material.  

6.2 Flow Chemistry Outlook 

Among the most promising research in flow synthesis is the integration of flow reactors 

with predictive algorithms to facilitate organic synthesis reactions. These autonomous material 

discovery and reaction optimization technologies239-243 constitute one of the most exciting 

developments in flow chemistry technology in the 21st century and present an extremely 

intriguing route through which numerous green chemistry principles might be applied. When 

combined with automation and flow reactors, predictive material synthesis and reaction 

optimization methods will ideally be applied to repeatably, rapidly, and safely produce the 

chemical process and products with minimal time and material investment (waste minimization). 

Currently, when target compounds are identified as candidates for certain pharmacological 

purposes (through ad-hoc manual search), it is necessary for research chemists and engineers to 

test abroad range of synthetic routes (often in batch) to find a suitable synthetic route to produce 

the desired chemical. Manual molecule discovery, reaction optimization, and manufacturing 

scale-up all require substantial investment of resources, including time and materials, and can 

result in massive amounts of chemical waste. By employing machine learning and predictive 

models to identify the most promising synthetic routes, it is possible to intelligently survey the 

massive chemical reaction parameter space and focus on a few green synthetic processes, thereby 

dramatically reducing chemical waste generated during the API discovery and chemical reaction 
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optimization process. One of the requirements for strategies involving machine learning to work 

is the availability of large, accurate reaction datasets. As such, flow chemistry strategies, 

particularly those used for screening, are ideally suited for integration with these techniques, 

primarily to produce the high-quality datasets necessary to train and test accurate machine 

learning algorithms. Further-more, green chemistry principles (e.g. atom economy, hazards in 

chemical synthesis, solvent safety, energy efficiency, renewable feedstocks, derivatization, and 

catalysis) can be programmed into the algorithm used to develop the synthetic techniques or can 

be considered by the chemists and engineers responsible for selecting the syntheses that will 

ultimately be used for production. In this way, machine learning combined with flow chemistry 

can be used to address many of the green chemistry principles first proposed by Anastas and 

Warner. Once suitable synthetic routes are identified utilizing machine learning methods, it is 

possible to interface such technologies with reconfigurable telescoped reaction platforms59, 244-

246. These reconfigurable flow reactors will enable end-to-end continuous manufacturing of 

desired APIs or specialty chemicals by automatic selection of the most efficient (green) synthetic 

pathway utilizing sustain-able feedstocks and (green) solvents, followed by autonomous 

modification/reconfiguration of the multi-step reaction platform resulting in safe process 

operation with minimal waste production. 
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Appendix A 

A-1. Flow Focusing Microreactor 

Figure  A-1  shows  a  cross-section  of  both  T-junctions  at  each  end  of  the  flow-

focusing microreactor.  The  glass  capillaries  were  purchased  from  Friedrich  and  Dimmock  

and  used  as received  after  cutting  to  length  and  cleaning,  except  for  the  flamed-tip  exit  

capillary  which  requires minor  modification  by  heating and O2  plasma  treatment.  Fittings  

were  purchased  from  IDEX  and tubing  was  purchased  from  McMaster-Carr  and  used  

without  modification.  Inner  1.0  mm  OD capillaries  were  threaded  all  the  way  through  the  

T-junctions  on-axis  with  the  1.5  mm  OD  outer capillary.  The  two  inner  capillaries  were  

placed  such  that  a  1.5  mm  gap  is  left  between  the  tips  for reactive jet mixing and 

narrowing. 
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Figure A-1. Schematic of the fitting diagram showing the cross-section of the 3D flow-focusing 

microreactor at each of the T-junctions. Top inset is the dispersed phase inlet junction and the 

bottom inset is the continuous phase inlet and microparticle outlet junction. 
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A-2. PHMS Crosslinking 

Figure  A-2A  shows  the  microdroplet  polymerization  and  entrapment  of  Pd  

nanoclusters. Figure  A-2B  shows  the  mechanism  for  hydrosilylation  cross-linking  with  

alkene  functional  groups. Hydrosilyation  proceeds  by  oxidative  addition  of  the  silicon  

hydride  (Si-H)  bond  to  the  metal  in the  catalyst  (1),  followed  by  ligand  substitution  of  

one  of  the  catalyst  ligands  for  the  double  bond functional  group  on  the  cross-linker  (2).  

After  complexing  with  the  double  bond,  the  catalyst performs  a  hydride  shift  of  the  Si-H  

hydrogen  to  the  double  bond  (3)  followed  by  a  reductive elimination  of  the  newly  

formed  C-Si  bond  and  regeneration  of  the  catalyst  (4).  Hydrosilyation generally  produces  

anti-Markovnikov  addition  of  the  Si-H  bond  with  Si  attaching  to  the  terminal carbon and  

H attaching  to the secondary carbon. 
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Figure A-2. (A)  Schematic of microdroplet with reaction precursors reacting to form an 

idealized polymer network via hydrosilylation cross-linking of PHMS with 1,5-hexadiene. (B)  

Catalytic hydrosilyation cycle using Karstedt’s Catalyst (Platinum(0)-1,3-divinyl-

1,1,3,3tetramethyldisiloxane). 
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A-3. Pd-Loaded PHMS Microparticles: EDS 

Figure A-3 shows energy  dispersive x-ray spectroscopy traces for  the Pd-loaded (A) and 

control (B) PHMS microparticles. 

 

Figure A-3. EDS spectra confirming the presence of Pd nanoclusters in the Pd-Loaded PHMS 

microparticles by comparison with unloaded microparticles. Figures obtained using the Verios 

FESEM at the Analytical Instrument Facility. Figures are in units of counts/s (cps) and electron 

volts (eV). 
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A-4. Suzuki-Miyaura Cross-Coupling Reaction 

Figure A-4 shows a general Suzuki-Miyaura cross-coupling reaction scheme.  

 

Figure A-4. General Suzuki-Miyaura cross-coupling reaction. Aryl halide in green and 

arylboronic acid in blue. (1)  Oxidative addition of aryl halide to Pd. (2) substitution of halide 

with the base. (3)  Transmetalation with the base activated boronate. (4)  Reductive elimination 

of cross-coupling product and recovery of Pd catalyst. 

A-5. MATLAB-Based Image Processing: Microdroplet Formation 

Figure  A-5  shows  the  image  processing  steps  taken  in  MATLAB  to  extract  the  

droplet information.  (A)  is  the  raw  video  cropped  to  the  jet  as  the  region  of  interest;  (B)  

is  the  greyscale video  after  background  subtraction;  (C)  a  Canny  edge  detection  algorithm  

is  applied  to  frames  of (B);  (D)  small  image  artifacts  (less  than  30  pixels)  in  (C)  are  
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removed;  (E)  dilates  the  edges  to close  gaps  left  by  improper  edge  detection  before  

filling.  The fully  processed  image  after  filling and erosion to invert the dilation operation is 

shown in (F). 

 

Figure A-5. Different image processing operations taken in  MATLAB to convert greyscale  

video into a binary video for jet and droplet analysis. 

A-6. Flow  Regime Characterization 

Figure  A-6  shows  the  binary  value  of  the  fluid  jet  and  droplets  (1  represents  the  

jet  or  a droplet  while  0  represents  background/continuous  phase  fluid)  within  the  

microreactor  at  the centerline of the reactor for each  frame that was analyzed in the video. This 

map allows  the tip of the  jet  and  the  locations  of  the  droplets  to  be  recorded  and  tracked  

for  every  frame  in  the  video. 
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Figure A-6. Jet and droplet position, along the jet enter axis, extracted per frame from a binary 

high-speed video. The jet or detected droplets are assigned a value of one (red) and background 

is assigned zero (blue).  Position is counted from the opening of the exit capillary tip. Flow 

conditions: Q1=10 µL/min, Q2=10 µL/min (R2  = 2:1), and Q3=60 µL/min. 

A-7. Flow  Regime Characterization 

Figure  A-7  shows  examples  of  the  wealth  of  data  that  can  be  extracted  from  the  

binary  high-speed video.  The  jet  length  (Figure  A-7A)  and  jet  tip  velocity  during  the  

breakup  process  (Figure  A-7B)  were obtained  through  edge  detection  and  finite  difference  

approximation.  Additionally,  the  droplet  production frequency  can  be  calculated  by  

analyzing  the  number  of  jet  length  peaks  detected  within  a  specific  time period. 
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Figure A-7. Time-evolution of the measured (A)  jet length and (B)  jet velocity during the 

periodic PHMS microdroplet breakup process. Flow conditions:  Q1=10 µL/min, Q2=10 µL/min 

(R2  = 2:1), and Q3=60 µL/min. 

A-8. Flow  Regime Characterization 

Figure  A-8  shows  the  droplet  formation  during  three  different  flow  regimes:  

squeezing, dripping,  and  jetting.  The  flow  regime  transitions  as  the  ratio  of  QD  to  QC  
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decreases.  The  flow regime  is  also  influenced  by  the  total  dispersed  phase  flow  rate  

through  the  opening.  Increasing QD  increases  the  size  of  the  droplets  formed  by  the  flow-

focusing  microreactor  as  more  of  the dispersed  phase  must  flow  through  the  opening  to  

satisfy  mass  conservation.  When  the  produced droplets  get  large  enough  they  will  be  

confined  to  a  slug  shape  by  the  geometry  of  the  exit  capillary. 

 

Figure A-8. Plug flow regime (QC  = 100 µL/min, QD  = 100 µL/min, RPC  = 1:1). Dripping flow 

regime (QC  = 60 µL/min, QD  = 16 µL/min, RPC  = 1:1). Jetting flow regime (QC  = 250 µL/min, 

QD  = 16 µL/min, RPC  = 1:1). 
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A-9. Droplet Contraction after Cross-Linking 

Figure A-9 shows the fractional change in radius between the droplet during formation 

and the final cross-linked microparticle in the collection vial for different cross-linker ratios. 

 

Figure A-9. Fractional change in radius between the droplet during formation (after droplet 

breakup) and the final cross-linked microparticle in the collection vial for different cross-linker 

ratios (2:1, 4:1, and 10:1). 

A-10. MATLAB-Based Image Processing: Elastomeric Microparticle Characterization 

Figure  A-10  shows  the  custom-developed  MATLAB  code  for  the  automated  

microparticle size  detection  from  bright-field  images  in  water  and  toluene.  The  

polydispersity  and  swelling  ratio can  be  calculated  using  the  histogram  for  each  pair  of  

images  for  the  microparticles  in  both solvents.. 
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Figure A-10. PHMS microparticles detected by the custom-developed MATLAB-based image 

processing code in water (A) and toluene (B). Scale bars are 500 µm. 

A-11. Swelling of Various Sizes of PHMS Microparticle in Ethanol and Water 

Figure  A-11  shows  the  microparticle  diameter  for  three  different  absolute  particle  

sizes  after swelling  in  80%  ethanol/water  solution.  Ethanol does not swell the microparticles 

significantly compared to water, as they are both poor solvents for PHMS.  
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Figure A-11. Microparticle diameter for three different absolute particle sizes after swelling in 

80% ethanol and water. 
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Appendix B 

B-1. Flow Focusing Microreactor 

Figure  B-1  shows  the  schematic  of  the  off-the-shelf  fittings,  capillaries,  and  fluidic 

connections  utilized for constructing  the coaxial flow-focusing  microreactor.   

 



   

188 

 

Figure B-1.  The capillary-based flow focusing microreactor constructed using off-the-shelf 

components. The bottom inset shows a bright-field image of the  coaxial inner capillaries 

inserted  inside  the  outer capillary.   

Inlet-side T-junction (Left) connections listed clockwise from  the left:  

Polymer/crosslinker  inlet  line:  1  mm  OD  ×  0.75  mm  ID  ×  4  cm  long  inner  glass  

capillary  inserted into 1/16’’  OD 0.04’’ ID FEP tubing and threaded through  the long axis  of  

the T-junction.    

Solvent/catalyst  inlet  line:  1/16’’  OD  FEP  tubing  connected  to  the  perpendicular  inlet  of  

the  Tjunction.    

Outlet  of  first  T-junction:  1.5  mm  OD  ×  1.12  mm  ID  ×  6  cm  long  outer  glass  

capillary  with  1/8’’ OD  x  1/16’’  ID  Tygon  sleeve  fastened  coaxially  around  inner  

capillary  as  it  protrudes  from  the outlet of the  T-junction.  

Outlet side  T-junction (Right) connections listed clockwise  from  the left:  

Inlet  of  second  T-junction:  Other  end  of  1.5  mm  OD  ×  1.12  mm  ID  x  6  cm  long  

outer  glass capillary  with  another  1/8’’  OD  ×  1/16’’  ID  Tygon  sleeve  to  fasten  to  the  

long  axis  of  the  outlet T-junction.    

Continuous  phase  inlet  line:  1/16’’  OD  FEP  tubing  connected  to  the  perpendicular  inlet  

of  the  Tjunction.    

Reactor outlet:  1 mm  OD × 0.75 mm ID × 10 cm  long flamed-tip glass  capillary with 1/16’’ 

OD 0.04’’ ID FEP sleeve fastened such  that  the two  inner capillaries are separated by ~ 1.5 

mm. 
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B-2. Non-Porous Microbeads (Control) 

Figure  B-2  shows  the  high  degree  of  monodispersity  obtained  for  the  crosslinked  

nonporous  PHMS  microbeads  (3:1  PHMS:hexadiene  ratio)  synthesized  using  the  capillary-

based microfluidic platform  described  in the  paper. 

 

Figure B-2.  Bright-field  monolayer  image  of  the  PHMS  microbeads  synthesized  using  the  

developed  3D  flow focusing microreactor with PHMS:hexadiene ratio of 3:1.  
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B-3. Silica-Loaded PHMS Microbeads 

Figure  B-3  shows  the  high  degree  of  monodispersity  obtained  for  the  (crosslinked)  

silicaloaded  PHMS  microbeads  (5  µm  silica  microspheres,  5:1  PHMS:hexadiene  ratio)  

synthesized using the  capillary-based microfluidic platform  described in  the paper. 

 

Figure B-3.  Bright-field  monolayer  image  of  the  silica-loaded  PHMS  microbeads  

synthesized  using  the  developed  3D flow-focusing microreactor with 5µm  silica  

microspheres  and PHMS:hexadiene  ratio  of  5:1. 
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B-4 Example Rheometer Compression Data 

Figure  S4  shows  an  example  of  data  obtained  for  a  non-porous  PHMS  microbead  

(control) from  the compression test using  the  rheometer in  parallel plate  configuration. 

 

Figure B-4.  Measured  normal  force  vs.  the  parallel  plate  gap  for  an  in-flow  synthesized 

dense PHMS  microbead  with PHMS:hexadiene  ratio  of  3:1.  The  overlay  of  the  

compression/relaxation  curves  demonstrate  the  elasticity  of  the PHMS microbeads without  

hysteresis. 
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Appendix C 

C-1. Experimental Procedures 

Experimental Setup. 

 The constructed packed bed flow reactor is connected to the reagent pumps (Teledyne 

Isco 100DX for reagent supply, and Harvard 33 DDS for HPLC Injection) using 1/16” outer 

diameter (OD) × 0.03” inner diameter (ID) Teflon (fluorinated ethylene propylene, FEP) tubing 

with PEEK Fittings (IDEX Health & Science). The cross-coupling reagents and base solution are 

mixed at a T-junction (0.05” thru-holes) and then fed along with oxygen-free solvent into a four-

port diagonal flow valve connected to the flow reactor and the in-line HPLC sampling system. 

To ensure that the precursors reach the reaction temperature before entering the cartridge flow 

reactor, a 1 m-long section of FEP tubing is submerged in the heated oil bath (Corning Hot Plate) 

to preheat the cross-coupling reagents and base solution before the reaction in the flow reactor. A 

100 psig backpressure regulator (IDEX H&S) attached to the outlet stream is used to mitigate 

any potential gas bubble formation within the cartridge flow reactor (reduced gas solubility at 

elevated temperatures) and ensure smooth and reliable flow within the reactor. The progress of 

the cross-coupling reaction is monitored automatically using a computer-controlled sampling 

system, where 5 µL of the reactor effluent at the desired residence time is injected automatically 

into a High-Performance Liquid Chromatography (HPLC) unit. 

Gel-Supported Catalytic Microparticles. 

This work aims toward reducing the complexity and increasing the accessibility of the 

gel-supported catalyst. We used bulk production of the unloaded elastomer network with 

different polymethylhydrosiloxane (PHMS):VTEG ratios, RPC, (3:1, 4:1, 5:1, and 6:1). The 

formed polymer material was crushed into particles with mechanical breakup and mechanical 
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size separation by sieving (<100 µm, 100-500 µm, and >500 µm). After crushing, the particles 

were loaded with Pd (10, 20, 60 mg Pd(OAc)2/g crosslinked elastomer) by reduction in toluene 

to produce the gel-supported catalytic microparticles that make up the packed bed flow reactor. 

RPC PHMS (mL) Toluene (mL) VTEG (mL) Karstedt’s 

Catalyst (µL) 

3:1 1 1 0.56 2.5 

4:1 1 1 0.43 2.5 

5:1 1 1 0.34 2.5 

6:1 1 1 0.29 2.5 

8:1 1 1 0.22 2.5 

Table C-1. Compositions of different PHMS gels used in this study. Toluene was used to 

solubilize VTEG and PHMS.  Toluene was removed via vacuum after gels were cured before Pd 

reduction. 

Cartridge Packed Bed Flow Reactor. 

Following the reduction of Pd nanoclusters within the crosslinked elastomeric network, 

the gel-supported catalytic microparticles were loaded into a tubular stainless-steel reactor (10-

cm long, 1/4" OD x 0.18” ID) to be used as the cartridge flow reactor (Figure C-1). The catalytic 

microparticles were compressed into the tubular flow reactor with a solid steel rod of 0.18” 

diameter (McMaster Carr). A 2-µm frit and column fitting (VICI Valco Inc. CEF413.0F) was 

placed at each end of the cartridge flow reactor to allow solvent flow while retaining the 

microparticles in the cartridge flow reactor. The cross-coupling solvent (2:1 volume ratio of 

ethanol:water) was flowed at 100 µL/min at 65 °C to flush any loosely bound Pd particles 

reduced at the surface of PHMS microparticles packed inside the cartridge flow reactor. The 

cartridge flow reactor with all its components was weighed both with and without particles to 

determine the mass of gel-supported catalytic microparticles that are loaded in the flow reactor. 

The void volume was calculated for each bed (dry particle basis) using the weight and density of 

the loaded microparticles. 
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Figure C-1. Exploded view of the stainless-steel packed bed flow reactor. 1/16“ OD FEP inlet 

and outlet lines are shown. 10 cm 1/4" OD stainless steel flow reactor cartridge with particles 

immobilized by 1/16“ to 1/4" fritted HPLC column fittings. 1/4" circular frits are not seen here, 

but they are present inside the large nuts on either side of the packed bed reactor to ensure that 

the catalyst particles remain within the reactor during pressurized reactions and reagents, 

products, and solvent are able to flow in and out of the packed bed reactor during operation. 

Swelling Characterization. 

Elastomer precursors with different crosslink densities (RPC) were mixed in a vial and 

withdrawn into a length of FEP tubing (1/8” OD and 1/16” ID) using a 10-ml syringe. The 

precursors were crosslinked into a gel inside the FEP tubing. Next, the FEP tubing was manually 

cut into 1-cm long segments, and crosslinked PHMS slugs were extruded from the tube. 

Following the formation of PHMS slugs with different RPC compositions, the crosslinked slugs 

were dried to remove any trapped solvent (toluene) from the microparticles. The dried PHMS 

slugs were then loaded with Pd (0, 20, 40, and 60 mg Pd/g gel). The volumetric swelling of the 

crosslinked PHMS slugs was then measured using bright-field microscopy. The diameter of the 

PHMS slugs before (dry) and after (swollen) uptaking the cross-coupling reaction solvent were 
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used to evaluate the effect of network density and Pd loading on the volumetric swelling of the 

PHMS microparticles.  

Mechanical Characterization.  

Modulus of the elastomeric networks were determined by operating a TA Rheometer in 

dynamic mechanical analysis (DMA) mode. DMA mode measures force required vs. 

displacement of the flat-plate rheometer spindle allowing for direct calculation of the elastic 

modulus when placing disc-shaped samples of the elastomeric material between the two plates of 

the rheometer. DMTA measurements were performed on cylindrical gel samples using a TA 

Instruments RSA-G2 Solids Analyzer. Samples were prepared with and without Pd, and their 

corresponding storage modulus (E’) was obtained at 25°C. Compression frequency sweeps were 

performed under isothermal conditions using parallel plate geometry. The dried gels were 

formed in cylinders 18 mm in diameter with a thickness of approximately 2 mm. The storage 

modulus is a measurement of the network’s bulk properties, which is important in these studies 

to provide details about how the modulus changes at different crosslink densities and Pd 

loadings. 

Fourier Transform Infrared (FTIR) Spectroscopy.  

FTIR spectroscopy in the attenuated total reflection mode (FTIR-ATR) was employed to 

characterize chemical modifications after crosslinking and Pd reduction.  All spectra were 

collected using a Bio-Rad/Digilab FTS-3000 FT-IR spectrometer using a mounted crystallin 

Germanium ATR sampling attachment (Pike Technologies Inc., MIRacle™ Single Reflection 

ATR) with a normal spectral response of 650-5500 cm-1. For each sample, 64 scans were 

collected and analyzed using Bio-Rad-IR software.  FTIR spectra were collected on gels with 

different crosslink ratios, revealing the extent of the hydrosilylation crosslinking reaction for 
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each ratio. FTIR was also performed on cross sections of Pd-reduced thin cylinders where the 

reduction of Si-H moieties is directly correlated to the reduced Pd amount at a specific position 

within the gel. 

Pd Nanoclusters.  

Transmission electron microscopy (TEM) samples of Pd-loaded PHMS microparticles 

were prepared using a focused ion beam-scanning electron microscope (FIB-SEM, 

ThermoFisher Quanta 3D FEG, NCSU AIF) to perform hog-out and lift-out of a 10x5x2 µm 

slice to be analyzed using the TEM mode of the Verios SEM machine. Samples prepared for 

TEM analysis include a control PHMS sample with no loaded Pd, a sequence of different 

crosslinker ratios (RPC=4:1, 5:1, 6:1), a sequence of different Pd loadings (10, 20 and 60 mg/g), 

and a set of post-reaction microparticles (4:1-20mg/g and 4:1-60mg/g) 

Suzuki-Miyaura Cross-Coupling Reaction.  

The effectiveness of the developed cartridge flow reactor using the gel-supported 

catalytic microparticles for continuous organic synthesis was demonstrated using a model 

Suzuki-Miyaura cross-coupling reaction of phenylboronic acid and 4-iodotoluene in the presence 

of potassium carbonate in 66.7% ethanol in water. Solutions of 0.2M 4-iodotoluene in 80% 

ethanol in water, 0.3M phenylboronic acids in 80% ethanol in water, and 0.6M potassium 

carbonate (base) in 40% ethanol in water were prepared under an inert atmosphere (argon) using 

a Schlenk line. The prepared precursors were then loaded into three air-tight stainless-steel 

syringes and connected to the cartridge flow reactor. Each of the precursors were introduced to 

the cartridge flow reactor at equal flow rates using a cross-junction (0.05” thru hole, IDEX 

Health and Sciences) for each pre-defined nominal residence time. The cross-coupling 

conversion and yield were measured using HPLC with an internal standard (naphthalene).  
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Multiple bases were investigated in batch including Potassium Carbonate, Cesium 

Carbonate, Sodium tert-butoxide, 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN), 1,4-

diazabicyclo[2.2.2]octane (DABCO), 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), and 7-Methyl-

1,5,7-triazabicyclo[4.4.0]dec-5-ene (mTBD). Potassium carbonate was the most effective base 

we investigated and was used for the flow results presented in this work. 

HPLC Analysis.  

Reaction analysis was performed using an Agilent 1220 Infinity II HPLC with DAD 

detector and Poroshell 120 EC-C18, 2.7µm, 4.6 x 100 mm column. The method was isocratic at 

75% acetonitrile in water while linearly varying the flow rate from 0.5 mL/min to 1.25 mL/min 

over 6 minutes, returning to 0.5 mL/min over 1 minute, and holding at 0.5 mL/min for 30 

seconds, resulting in a 7.5 minute method. The column oven was held at 40℃ over the entire 

analysis. The column effluent was analyzed with the DAD detector at 260-300 nm with peak 

areas being measured at 260 nm for the starting material (4-iodotoluene) and 290 nm for the 

product (4-methyl biphenyl) to prevent detector saturation. Elution Times: Boronic Acids (t = 

1.5-2.5 min), Naphthalene internal standard (t = 3 min), 4-iodotoluene precursor (t = 3.75 min), 

4-methyl biphenyl product (t = 4.1 min), biphenyl and 4,4’-dimethylbiphenyl homocoupling side 

products (t = 3.5 min and t = 5 min respectively) 

Example HPLC Chromatogram (290 nm): 
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C-2. Catalyst Leaching Characterization 

ICP-MS.  

In order to evaluate the catalyst leaching from the reduced catalytic microparticles, 

inductively coupled plasma mass spectrometry (ICP-MS, Thermo Scientific ELEMENT XR) 

was performed on samples of clean reaction solvent (66.7% EtOH, 33.3% H2O) that were flowed 

through the packed bed flow reactor at 65°C to quantify Pd leaching from the cartridge flow 

reactor (Figure C-2). The particles from the packed bed flow reactor were not rinsed with solvent 

before being placed into the packed bed tubing. The flow rate of the solvent was set at 50 

µL/min. Samples were collected in 1-h intervals. Analysis was conducted on three Pd-loaded 

cartridge flow reactors with crosslinker ratios of 4:1, 5:1, and 6:1. Each sample was diluted 10x, 

and the instrument was calibrated from 0.5 ppb Pd to 1.0 ppm. Although the initial samples had 

large amounts of Pd, the results show that 10 h to 15 h of solvent flush is sufficient to wash loose 

Pd from the packed bed reactor, and operational Pd leaching concentration will be between 0 and 

20 ppb. 



   

199 

 

 

Figure C-2. Palladium concentration in the flow reactor effluent during initial flushing of the 

packed bed reactor with clean solvent at reaction conditions for three different RPC ratios (4:1, 

5:1, and 6:1). 

The reaction effluent from a prepared RPC = 4:1 bed with a residence time of 10 minutes 

was collected and analyzed by HPLC and allowed to continue reacting without quench in the 

collection vial. The yield of the collected sample remained the same after one week, indicating 

minimal leached Pd species in the reactor effluent after reaction. 

Naphthalene 
Area 

4-
Iodotoluene 
Area 

4-methyl-
biphenyl 
Area 

A* Precursor A* Product Product/ 
Precursor 

2254.2 346.9 797.9 0.154 0.354 2.300 

2118.2 211.1 485.4 0.100 0.229 2.299 
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C-3. Void Volume Verification 

The void volume of the cartridge flow reactor is crucial for accurate nominal residence 

time calculations. The void volume calculations of each cartridge flow reactor in the dry state 

was used to set reagent feed flowrates through the reactor for a specified residence time. The 

volume occupied by the dry, Pd-loaded gel particles was obtained using the dry particle mass and 

density. The void volume was calculated using Equation C-1: 

𝑉0 = 𝑉𝑒𝑚𝑝𝑡𝑦 𝑏𝑒𝑑 −  
𝑚𝑝𝑎𝑐𝑘𝑒𝑑 𝑏𝑒𝑑 (𝑑𝑟𝑦)−𝑚𝑒𝑚𝑝𝑡𝑦 𝑏𝑒𝑑

𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
         Eq. C-1 

where Vempty bed is the internal volume of the empty, cylindrical bed, mempty bed is the mass of the 

unpacked reactor and fittings, and mpacked bed(dry) is the mass of the packed reactor and fittings.  

The density of the PHMS particles was measured by adding a specified mass of particles 

to a graduated cylinder and recording the volume displacement in a liquid that is less dense than 

the particles and in which the particles do not swell. Silicone oil (viscosity 10 cSt) was used with 

a density of 0.93 g/mL as the host liquid for the density measurements. To confirm that the gel 

particles do not swell in silicone oil, a gel cylinder (diameter=2 cm, height=2 mm) was created, 

submerged in silicone oil, and microscope images were taken of the cylinder at time 0-15 min 

submerged. The diameter of the gel cylinder (measured in pixels) did not change over the course 

of 15 min, signifying that no swelling occurred in the silicone oil, and density measurements 

would not be negatively impacted by solvent swelling. The reduced gel particle density was 

found to be 1.25 ± 0.04 g/mL. 

C-4. EDS Characterization and Analysis 

EDS Line Scan.   

Energy-dispersive X-ray (EDS) spectroscopy was conducted on sliced disks of 1-cm 

thick Pd-reduced PHMS samples. Samples were prepared by mixing RPC = 4:1 gel precursors 
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(PHMS, toluene, VTEG, Karstedt’s catalyst), shown in Figures C-3 and C-4.  While still in the 

liquid form, a standard 10 mL Luer centric plastic syringe was used to pull up the gel mixture 

that was about 1-cm in thickness. The syringe was flipped upside down (where the liquid was in 

contact with the plunger) and allowed to gel overnight. The plastic syringe was cut away from 

the disk-shaped PHMS gel, where it was subsequently reduced with Pd at nominal loadings of 20 

mg/g and 60 mg/g. These disks were dried, cut into slivers, and analyzed via EDS line scan. The 

line scan is conducted on the axis of the height/thickness of the disk (cross-section), where the 

Pd distribution is measured going from the top edge to the middle to the bottom edge. Si and Pd 

counts are displayed on the y-axis, and the position on the disk sliver is on the x-axis. The middle 

of the disk is represented by approximately 600 µm. 
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Figure C-3. EDS line scan performed on cross-section of a Pd-reduced disk of 4:1 PHMS:VTEG 

gel with 20 mg/g loading. Raw measured (A) Pd and (B) Si signals. (C) Pd signal normalized 

with respect to the Si signal. (D) The EDS line scan. 

D 
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Figure C-4. EDS line scan performed on cross-section of a Pd-reduced disk of 4:1 PHMS:VTEG 

gel with 60 mg/g loading. Raw measured (A) Pd and (B) Si signals. (C) Pd signal normalized 

with respect to the Si signal. (D) The EDS line scan. 

C-5. XPS Characterization and Analysis 

X-ray photoelectron spectroscopy (XPS) was performed on samples of the palladium 

loaded PHMS polymer particles (100-500 µm) on the PHOIBOS 150 detector with sub 1eV 

resolution. Some Pd3Si species were seen at 336.7 eV for the Pd 3d peaks (Figure C-5), although 

we expect that the bulk of the Pd is physically trapped within the polymer network and the Pd-Si 

D 
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interactions are primarily occurring at the surface of the nanoclusters as they interact with the 

backbones of the polymer support. 

 

Figure C-5.  XPS Pd 3d Spectra performed on Pd-loaded PHMS particles of 4:1 PHMS:VTEG 

gel with 20 mg/g loading. 
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Appendix D 

D-1. Chemicals 

Toluene (99.8% Anhydrous), 1-Octene, nonanal (95%), butyraldehyde (99.5%), 

isobutraldehyde (+99%), and 1,3,5-trimethoxybenzene, 2,4-Bis(α,α-dimethylbenzyl)phenol, 

trioctylphosphine, and 3 M ethylmagnesium bromide in ether were purchased from Sigma 

Aldrich. 2-Methyl octanal was purchased from BOC chemicals. Dicarbonyl 2,4-pentanedionato 

rhodium(I) 97% and 75% trimethylacetaldehyde in t-BuOH were purchased from Alfa Aesar. 2-

octene (mixture of cis + trans isomer) (+98%) was purchased from TCI. Deuterated DCM was 

purchased from Fisher Scientific. Carbon monoxide, hydrogen, and nitrogen were purchased from 

Airgas at 99.9% purity. Propylene was purchased from Airgas at 99.95% purity. 1-octene and 2-

octene were purified over silica gel columns before use. Octene isomers were degassed with 

argon before use. 

D-2 Synthesis of the Cyclic Monoflourophosphite Ligand (L) 

6,6'-(2,2-Dimethylpropane-1,1-diyl)bis(2,4-bis(2-phenylpropan-2-yl)phenol): 850 g (2.6 

moles) of 2,4-bis(α,α-dimethylbenzyl)phenol and 1.8 L of toluene were combined under nitrogen 

in a 5 liter 3-neck round bottom flask equipped with boiling stones, Dean-Stark trap, and glycol-

cooled condenser. The mixture was heated to reflux for a sufficient period of time to collect 200 

mL of liquid in the Dean-Stark trap, after which the flask was allowed to cool naturally to 

ambient temperature. The Dean-Stark trap was replaced by an addition funnel containing 800 mL 

of 3 M ethylmagnesium bromide in ether (2.4 moles), followed by dropwise addition of the 

Grignard reagent (caution: exothermic gas evolution will occur). Once complete, the mixture was 

allowed to cool to ambient temperature for 1 h, after which a clean addition funnel containing 

165 g of the 75% trimethylacetaldehyde/t-BuOH (1.4 moles) was attached to the flask and added 
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all at once. After removal of all addition funnels, a clean reflux condenser was attached, and the 

reaction mixture was heated to reflux for 2 days (color was initially a bright green that slowly 

transitioned to brown). After cooling to ambient temperature, a magnetic stir bar was added, and 

the reaction was quenched with slow addition of 1.25 L of 2 M HCl followed by rapid stirring 

overnight. The organic phase was then washed with 2 × 500 mL of DI water followed by slow 

evaporation of solvent with nitrogen gas flow. The crude solid was transferred to a 4 L beaker 

containing 1 L of MeOH and stirred mechanically until a white powder precipitates, after which 

the slurry was heated to boiling for 5 min and then allowed to cool naturally to ambient 

temperature. The white precipitate was the filtered and washed with 2 × 500 ml of MeOH, after 

which the final product was dried in vacuo to give 699 grams (80% isolated yield) of white 

powder. Conversion to the fluorophosphite 12-(tert-butyl)-6-fluoro-2,4,8,10-tetrakis(2-

phenylpropan-2-yl)-12H-dibenzo[d,g][1,3,2]dioxaphosphocine (ligand L) was accomplished as 

described previously,1 shown in Scheme D-1.  

1H NMR (600 MHz, CD2Cl2): δ 8.14 – 6.64 (m, 24H, ArH), 4.21 (s, 1H, bridge C-H), 2.09 – 

1.28 (m, 24H, 4 x C(CH3)2), 0.74 (s, 9H, bridge C(CH3)3). 

13C NMR (151 MHz, CD2Cl2): 150.61-150.40 C(1), 149.07-148.94 C(2),  146.40 - 145.80 C(3), 

138.84 - 122.80 C(4), 46.27 - 45.41 C(5), 42.80 - 41.93 C(6), 35.96 - 35.82 C(7), 33.26 - 27.88 

C(8). 

31P NMR (243 MHz, CD2Cl2): δ 130.18 (d, J = 1305.7 Hz), 127.47 (d, J = 1296.3 Hz), 98.01 (d, 

J = 1269.1 Hz). 

19F NMR (564 MHz, CD2Cl2): δ -67.25 – -70.30 (m), -69.55 (d, J = 1269.9 Hz), -70.40 (d, J = 

1305.8 Hz). 
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Three isomers of L are observed by NMR: 

Isomer % (31P) % (19F) 

A 76 75.9 

B 18.5 19.1 

C 5.5 5 

 

HRMS: (EI) m/z: [M]+ Calcd for C53H58FO2P: 776.42; Found: 776.42 

Scheme S1. Synthesis of ligand L. 

 

D-3 Batch Reactions 

The desired amount of ligand L was weighed in a glass container and the corresponding 

amount of dicarbonyl 2,4-pentanedionato rhodium(I) was added from a 1 mg/ml stock solution in 

toluene. The solution was diluted with toluene to achieve a Rh concentration of 0.25 mM. The 
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olefin (1- or 2-octene) was added to the solution at a concentration of 0.5 M and 2 mL of the 

final solution was transferred to a glass vial. No octene was added in the propylene 

hydroformylation experiment. The glass vial containing the liquid mixture and a magnetic stir 

bar was placed in a Buchiglas Tinyclave (35 mL) — except for experiments with PCO of 6 psia 

which were conducted in a Buchiglas Miniclave (280 mL) — under inert atmosphere. The 

autoclave was connected to the gas supply manifold and the lines were purged three times with 

nitrogen prior to each experiment. The autoclave was then opened and purged an additional three 

times with nitrogen and two times with hydrogen. Carbon monoxide and hydrogen pressures 

were then sequentially introduced into the autoclave. The autoclave was sealed under pressure. 

The manifold was then purged with nitrogen and the autoclave was disconnected and placed in 

an oil bath on a hot plate. Upon reaction completion, the autoclave was removed from the oil 

bath and cooled in a water bath until it reached room temperature. After the autoclave was 

cooled down to the room temperature, it was then reconnected to the gas manifold. The 

autoclave was vented through the manifold and purged three times with nitrogen before opening. 

Aliquots were taken from the liquid mixture inside the vial and diluted with toluene for analysis.  

D-4 Flow Reactions 

8 mL-stainless steel syringes containing 0.5 M 1-octene in toluene, 0.25 mM Rh in 

Toluene, and 10:1 L:Rh were prepared under inert atmosphere and then connected to the 

stainless steel flow reactor coil (1/8” outer diameter, OD, × 1/16” inner diameter, ID) with a 40-

cm long fluorinated ethylene propylene tubing (Microsolv, 1/16” OD × 0.02” ID), and 1/16” OD 

nuts and ferrules (IDEX H&S). Liquid flowrates were controlled by Harvard PHD ULTRA 

syringe pumps and gas flowrates were controlled by individual Bronkhorst mass flow controllers 

(EL-Flow® Select MFCs). Flow reactor temperature was controlled through a hotplate and oil 
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bath with a temperature probe. Flow reactor pressure was controlled with a nitrogen pressure 

connected to the control port of a backpressure regulator (Equilibar) integrated at the outlet of 

the flow reactor coil. The flow reactor effluent was passed through a 10-way selector valve 

(VICI, EUHB) and directed to a custom-designed waste collection chamber equipped with an 

exhaust line for CO and H2. After changing reaction conditions, the flow reactor was allowed to 

stabilize for twice of the residence time for a given reaction condition, before a sample was taken 

by directing the selector valve towards a collection vial for 30 min. Following the sample 

collection, the flow reactor effluent was directed to the waste vial during the transient period of 

the next hydroformylation reaction condition. 

 

D-5 Catalyst Pre-activation with the Cyclic Monofluorophosphite Ligand 

The desired amount of ligand L was weighed in a glass vial and the corresponding 

amount of dicarbonyl 2,4-pentanedionato rhodium(I) was added from a 1 mg/ml stock solution in 

toluene. The solution was diluted with toluene to the target Rh concentration. The glass vial 

equipped with a magnetic stir bar was then placed in a Buchiglas Miniclave (280 mL) under inert 

atmosphere. The autoclave was connected to the gas supply manifold and the lines were purged 

three times with nitrogen. The autoclave was then opened and purged an additional three times 

with nitrogen and two times with hydrogen. Carbon monoxide and hydrogen pressures were then 

introduced sequentially each at 75 psia (total pressure of 150 psia). The autoclave was sealed 

under pressure. The gas manifold was then purged with nitrogen and the autoclave was 

disconnected and placed in an oil bath at 85°C. After 1 h, the autoclave was removed from the oil 

bath and cooled in a water bath until it reached room temperature. After the autoclave was 

cooled down to the room temperature, it was then reconnected to the gas manifold. The 
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autoclave was vented through the gas manifold and purged three times with nitrogen before 

opening.  

D-6 Characterization 

Product Analysis by GC: 100 µL of the reaction samples collected from either batch or flow 

reactor were diluted with 1 mL of toluene and 100 µL of 0.05 M 1,3,5-trimethoxybenzene in 

toluene as an internal calibration standard. 1 µL of GC mixture was injected into Shimadzu 

GCMS-2010 with a Zebron ZB-5MSi column 30m × 0.25mm × 0.25µm. GC method: 7 min at 

40℃ then 20℃/min to 5 min at 85℃ and 20℃/min to 210℃. Product calibrations were 

performed on 1-octene, cis-2-octene, trans-2-octene, trans-3-octene, trans-4-octene, cis-4-octene, 

nonanal, 2-methyl octanal, isobutyraldehyde, and n-butyraldehyde. The ratio of 2-

propylhexanal/2-ethylheptanal/2-methyl octanal/nonanal in the hydroformylation product was 

calculated from peak area ratio and verified by NMR. 

NMR: 30 mg of L was dissolved in 1 mL of deuterated DCM and the 1H, 19F, and 31P spectra 

were collected with a Bruker Avance NEO 600 MHz NMR. 

D-7 Supporting Tables and Figures 

Table D-1. Summary of 1-octene consumption and hydroformylation, isomerization, and 

hydrogenation yields in flow (Fig. 6-2). 

         

tR (min) 5.1 6.82 10.2 20.4 29.2 40.1 51.1 

T (°C) 110 110 110 110 110 110 110 

l/b 1.38 1.21 1.02 0.81 0.75 0.74 0.75 

Aldehyde yield (%) 30 33 44 62 69 76 84 

Isomerization yield (%) 70 67 56 38 31 24 16 

Hydrogenation yield (max) 

(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

% Unreacted 1-Octene 0.51 0.28 0.32 0.21 0.25 0.22 0.21 

TOF (mol ald. mol Rh-1.h-

1) 6937 5818 5175 3617 2815 2271 1965 
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T (°C) 95 95 95 95 95 95 95 

l/b 2.39 2.32 1.56 0.97 0.90 0.86 0.81 

Aldehyde yield (%) 35 39 46 65 75 82 86 

Isomerization yield (%) 57 57 53 34 24 18 14 

Hydrogenation yield (max) 

(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

% Unreacted 1-Octene 8.7 4.4 0.4 0.3 0.3 0.1 0.1 

TOF (mol ald. mol Rh-1.h-

1) 8162 6792 5448 3834 3092 2439 2025 

         
T (°C) 75 75 75 75 75 75 75 

l/b 2.91 2.85 2.63 2.38 2.01 1.50 1.35 

Aldehdye yield (%) 15 13 19 43 70 77 83 

Isomerization yield (%) 9 10 17 39 29 23 16 

Hydrogenation yield (max) 

(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

% Unreacted 1-Octene 76 77 64 18 0.5 0.3 0.3 

TOF (mol ald. mol Rh-1.h-

1) 3591 2245 2256 2513 2877 2293 1953 

         
T (°C) 65 65 65 65 65 65 65 

l/b 2.16 2.83 2.62 2.33 2.23 2.14 2.09 

Aldehyde yield (%) 8 3 4 13 21 35 49 

Isomerization yield (%) 10 5 7 13 23 26 25 

Hydrogenation yield (max) 

(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

% Unreacted 1-Octene 81 92 89 74 56 39 25 

TOF (mol ald. mol Rh-1.h-

1) 1957 524 470 749 872 1042 1160 

         

  Pre-activated 

T (°C) 75 75 75 75 75 75 75 

l/b 2.70 2.58 2.47 1.86 1.37 1.06 0.96 

Aldehyde yield (%) 25.51 27.58 35.05 59.25 67.89 75.96 80.45 

Isomerization yield (%) 39.52 39.78 44.81 40.21 31.79 23.75 19.37 

Hydrogenation yield (max) 

(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

% Unreacted 1-Octene 34.96 32.64 20.14 0.54 0.32 0.29 0.18 

TOF (mol ald. mol Rh-1.h-

1) 5994 4846 4118 3480 2786 2270 1886 

         

  Pre-activated 

T (°C) 110 110 110 110 110 110 110 

l/b 1.38 1.2 1.03 0.78 0.75 0.72 0.69 

Aldehyde yield (%) 33 35 43 58 68 75 79 

Isomerization yield (%) 65 64 56 42 32 25 20 
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Hydrogenation yield (max) 

(%) 0 0 0 0 0 0 0 

% Unreacted 1-Octene 1.64 1.2 0.7 0.4 0.4 0.3 0.5 

TOF (mol ald. mol Rh-1.h-

1) 7733 6074 5088 3401 2788 2235 1860 

 

Table D-2. Linear-selective hydroformylation of 1-octene at low CO pressure and temperature in 

the batch reactor. 

 
 L:Rh Aldehyde 

yield (%) 

l/b Unreacted 1-

octene (%) 

Hydroform. TOF 

mol.mol-1.h-1 

Isom 

(%) 

Hydrogen. (%) 

1 0 4.8 2.64 7.3 94 74.3 13.5 

2 4 44.9 1.92 0.3 866 31.0 23.9 

3 10 37.3 4.88 0.6 721 35.1 26.9 

4 20 36.3 9.72 0.7 700 37.0 26.1 

5 40 49.2 14.74 0.6 950 29.6 20.6 

6 100 39.1 15.05 0.5 754 36.3 24.1 
 

Table D-3. Bidentate L-5 and L-6 hydroformylation of 1-octene under branched-selective 

conditions. 

 
L L:Rh Aldehyde 

yield (%) 

l/b 

L-5 10 22.6 28.66 

L-6 10 79.9 84.74 
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Figure D-1. TOF and l/b of 1-octene hydroformylation without ligand under variable PCO. 

Conditions: T=75°C, [1-octene] in toluene=0.5 M, Ptotal=200 psia, tR=6.8 min, pre-activated 

Rh(CO)2acac catalyst, [Rh]=0.05 mol.%. 

 

 
Figure D-2. TOF and l/b of 1-octene hydroformylation at variable [L] under PCO=135 psia. 

Conditions: T = 80°C, [1-octene] in toluene=.5 M, Ptotal=200 psia, tR=4.5 min, pre-activated 

Rh/L catalyst : [Rh]=0.01 mol.%. 
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Figure D-3. Dependence of the aldehyde yield on the Rh loading in the hydroformylation of 1-

octene in toluene with Rh/L catalyst in the flow reactor at PCO=7 psia. and Ptotal=350 psia. 

Conditions:  T=75°C, [L]=10 mM, tR= 21.8 min, pre-activated catalyst. 

 
Figure D-4. Dependence of the aldehyde yield on the [1-octene] concentration in the 

hydroformylation of 1-octene in toluene with Rh/L catalyst in the flow reactor, Conditions: 

T=110°C, PCO=100 psia, [Rh]=0.05 mol. %, L:Rh=10, tR=20 min. 
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Figure D-5. Regioselectivity flexibility ranges for propylene hydroformylation with Rh pre-

activated with different ligands. High l/b conditions: PCO=7 psia, T= 75°C, [Rh]=0.05 mol. %, 

L:Rh=40 for L, L-2, L-3, and L-4, and L:Rh=1.1 for L-5, and L-6, tR=60 min. Low l/b 

conditions: PCO=150 psia, T=110°C, [Rh]=0.05 mol. %, L:Rh=2 for L, L-2, L-3, and L-4, and 

L:Rh = 1.1 for L-5, and L-6, tR=120  min. Ptotal=300 psia for both conditions.  

 
Figure D-6. Ln(TOF) vs 1/T for 1-octene hydroformylation at PCO=107 psia and 65 psia. 

Conditions: [1-octene] in toluene=0.5 M, Ptotal=200 psia, tR=6.8 min, pre-activated Rh/L catalyst: 

[Rh]=0.01 mol.%. 
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Equation D-1:   

TOFald = 
k.[𝑃𝐻2][PCO][1−oct]

𝐾𝑎[𝑃𝐻2][PCO]+𝐾𝑏[P𝐻2][1−oct] +𝐾𝑐[P𝐶𝑂][1−oct]+ 𝐾𝑑[PCO][𝑃𝐻2][1−oct] + 𝐾𝑒[1−oct][𝑃𝐶𝑂]2  

where k = 1757, ka = -0.157 L, kb = 0.4*10-4, kc = 0.224, kd = 0.09, ke = -0.0357 
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D-9 NMR Spectra 

 
1H NMR of L 
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13C NMR of L 
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31P NMR of L 
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19F NMR of L 

 

 

 

 

 

 

 

 

 


