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Abstract

This dissertation explores the integration of photochemistry with flow systems, demonstrating
significant advancements in organic synthesis, nanomaterial production, and quantitative
analysis. The research encompasses four key areas: reduction of nitro compounds with a
heterogeneous catalyst in a flow system, development of a flow actinometer, scalable synthesis

of silver nanoparticles (AgNPs) in flow, and selective semi-oxidation of tetrahydroisoquinoline

(THIQ).

The second chapter investigates the catalytic reduction of nitro compounds to amines using
palladium nanoparticles supported on glass wool (Pd@GW) under flow conditions. This work
demonstrates the potential of heterogeneous catalysis in flow systems for efficient and selective
organic transformations, highlighting the advantages of continuous-flow processes in terms of
reaction control and scalability.

The third chapter addresses a critical gap in flow photochemistry by developing a simple
Norrish Type Il actinometer based on valerophenone photochemistry. This tool enables accurate
measurement of light absorption in flow systems, a parameter often overlooked in photochemical
reactions. The actinometer's design allows for easy implementation in organic chemistry

laboratories, facilitating more rigorous and comparable studies in flow photochemistry.

The fourth chapter focuses on the scalable synthesis of AgNPs using flow photochemistry.
Various Norrish Type | photoinitiators are evaluated for their efficiency in reducing silver ions to
nanoparticles. The flow system allows for rapid, continuous production of AgNPs with
controlled size and morphology, demonstrating the potential for industrial-scale synthesis of
nanomaterials through photochemical methods.

In the fifth chapter, the selective oxidation of THIQ to dihydroisoquinoline (DHIQ) is
achieved through a singlet oxygen-mediated process. Utilizing both homogeneous (Ru(bpy)sCl.)
and heterogeneous (RUB@GW, MoCo@GW) catalysts, the reaction demonstrates exceptional
selectivity due to the vastly different singlet oxygen quenching rates of THIQ and DHIQ. The
use of glass wool-supported catalysts facilitates easy separation and reusability while being

compatible with flow systems.



Collectively, these studies display the synergistic benefits of combining photochemistry
with flow systems and heterogeneous catalysis. They demonstrate improved reaction efficiency,
enhanced control over reaction parameters, and potential for scalability across various chemical
processes. The use of visible light, recyclable catalysts, and in some cases molecular oxygen as
an oxidant aligns with green chemistry principles. These advancements open new pathways for
more sustainable and efficient chemical manufacturing processes, from organic molecule
synthesis to nanomaterial production.
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in water comparing benzoin (totally inefficient) with a-methylbenzoin, the latter showing intermediate

efficiency; (B) benzoin in water showing that at long residence times, there is a slow growth of the
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Chapter 1. Introduction

1.1 Opening remark

This dissertation explores the increasing importance of flow methods in modern chemistry,
especially in discovering new reactions, developing methods, scaling up processes, production,
and fast screening and optimization. The growing field of photochemical processes has gained a
lot of attention in the scientific community, and the recent use of flow methods in these
processes shows the many benefits of flow chemistry. This integration highlights its vital role in

advancing chemistry and technology worldwide.

The thesis is structured around four peer-reviewed publications, which form the core of
Chapters 2-5. Each chapter presents the original manuscripts and supporting information,
supplemented with additional commentary and modifications. The introductory chapter serves as
a foundation, helping readers with essential background knowledge and setting the stage for the
subsequent chapters. It also highlights key advancements in the photochemistry process,

heterogeneous photocatalysts, singlet oxygen, and flow photochemistry.

1.2 Photochemistry and photocatalysis

In recent decades, synthetic organic chemistry has undergone significant changes, with light-
driven processes gaining prominence in the creation of important molecules, including
pharmaceuticals, agrochemicals, and materials. This growing interest in photochemistry and
photocatalysis stems from the new possibilities they offer and their favorable reaction conditions.
Key advantages include the use of visible light, the elimination of hazardous redox reagents, and
the ability to perform reactions at room temperature, making these methods both efficient and

environmentally friendly.?

Photochemistry focuses on chemical reactions, processes, and mechanisms initiated by the
absorption of light. When molecules absorb photons, they become excited to higher energy
states, potentially leading to various chemical transformations in competition with their return to
their ground state. Light-induced chemical reactions are fundamental to many natural and

artificial processes, including photosynthesis in plants, vision, and the synthesis of vitamin D in
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humans. In industrial applications, photochemistry is utilized in areas such as the development of

new materials, photodynamic therapy for cancer treatment, and the utilization of solar energy.?®

The absorption of a photon by a molecule initiates a series of photophysical processes, which

can be visualized using a Jablonski diagram (Figure 1.1). Named after Polish physicist

Alexander Jablonski, this diagram illustrates the various electronic states of a molecule and the

transitions between them.* The key processes involved in photoexcitation and relaxation are:

1.

Absorption: The molecule absorbs a photon, promoting an electron from the ground state
(So) to an excited singlet state (S1, Sz, etc.). This process occurs on an extremely fast
timescale, typically 10°° seconds.>

Internal Conversion (IC): This non-radiative transition occurs between electronic states of
the same spin multiplicity (e.g., Sz to S1). It happens rapidly, usually within 102 to 101
seconds, and is often followed by vibrational relaxation to the lowest vibrational level of

the lower electronic state.®

Fluorescence: This radiative transition from the lowest excited singlet state (S1) back to
the ground state (So) typically occurs on a timescale of 10° to 10~ seconds. It results in
the emission of a photon with lower energy (longer wavelength) than the absorbed

photon due to energy loss through vibrational relaxation.’

Intersystem Crossing (ISC): This non-radiative transition occurs between electronic states
of different spin multiplicity, typically from an excited singlet state (S1) to a triplet state
(T1). ISC is generally slower than internal conversion, occurring on a timescale of 10® to
107 seconds.®

Phosphorescence: This radiative transition from the lowest triplet state (T1) back to the
ground state (So) is spin-forbidden, making phosphorescence much slower than

fluorescence, with lifetimes ranging from microseconds to seconds or even longer.°
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Figure 1.1. Jablonski diagram alongside the orbital occupancy and energy levels

Understanding these photophysical processes is crucial in photochemistry and
photocatalysis, as they determine the fate of excited molecules and the pathways available for
chemical reactions. For instance, longer-lived excited states (such as triplet states) often play key
roles in photocatalytic reactions due to their increased probability of interacting with other

molecules before relaxing back to the ground state.1%!!

The first law of photochemistry, also known as the Grotthuss-Draper law, states that only
absorbed photons can initiate a photochemical process.*? This principle is fundamental to the
activation of photocatalysts, which are typically activated by absorbing UV or visible light,
depending on their electronic structure. In semiconductor photocatalysts, this excitation promotes
electrons from the valence band to the conduction band, creating electron-hole pairs.*® For
molecular photocatalysts, such as metal complexes or organic dyes, the excitation often involves

transitions between molecular orbitals.
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Figure 1.2. lllustration of a photocatalytic process on a semiconductor photocatalyst
initiated by light absorption

The efficiency of photocatalyst activation depends on several factors, including the light
absorption coefficient, quantum yield, charge carrier lifetime, and charge separation and
migration efficiency.!® Strategies such as doping, creating heterojunctions, and surface
modifications aim to enhance light absorption, extend the usable light spectrum, and improve

charge separation, ultimately leading to more effective photocatalytic systems.*

Semiconductor photocatalysts are among the most widely studied and utilized. Titanium
dioxide (TiO) is the classic example, known for its high stability, low cost, and effectiveness in
environmental remediation and water splitting.!” Other semiconductor photocatalysts include
zinc oxide (Zn0), cadmium sulphide (CdS), and tungsten trioxide (WQO3). These materials
generate electron-hole pairs upon light absorption, which can then participate in redox reactions
at the catalyst surface.!8

Metal-based photocatalysts form another important category. Palladium (Pd), platinum
(Pt), and gold (Au) nanoparticles exhibit plasmonic effects, enhancing light absorption and
charge separation when combined with semiconductors.!® These noble metals are particularly
effective in hydrogenation reactions and C-C coupling. Transition metal oxides, such as iron
oxides and cobalt oxides, also show promising photocatalytic activity, especially in water

oxidation reactions.°

Organic photocatalysts have gained significant attention in recent years. These include

organic dyes like Eosin Y and Rose Bengal, as well as more complex structures such as graphitic
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carbon nitride (g-CsN4).?* Organic photocatalysts often offer advantages in visible light

absorption and can be easily tuned through structural modifications.

Metal-organic frameworks (MOFs) represent a unique class of photocatalysts that bridge
the gap between homogeneous and heterogeneous systems. These highly porous materials
combine metal nodes with organic linkers, offering significant structural versatility and high
surface areas.?? MOFs have shown promise in applications ranging from CO2 reduction to

organic transformations.

Composite photocatalysts combine two or more materials to overcome the limitations of
individual components. For instance, graphene-TiO, composites show enhanced charge
separation and increased adsorption of organic pollutants.? Similarly, Z-scheme systems mimic
natural photosynthesis by coupling two semiconductors to achieve wider light absorption and
more efficient charge separation. In a Z-scheme system, two different semiconductors with
complementary band structures are combined, allowing for spatial separation of photogenerated
electrons and holes. This arrangement enables the system to maintain strong redox capabilities
while utilizing a broader spectrum of light, thus potentially improving overall photocatalytic

efficiency.?*

Quantum dots, such as CdS and CdSe nanocrystals, represent another emerging class of
photocatalysts. Their size-dependent optical and electronic properties allow for fine-tuning of

band gaps and redox potentials.?

Lastly, biohybrid photocatalysts integrate biological components, such as enzymes or
whole cells, with synthetic materials. These systems aim to combine the selectivity of biological

catalysts with the robustness of inorganic materials.?

Each type of photocatalyst offers unique advantages and faces distinct challenges.
Ongoing research focuses on improving visible light absorption, enhancing charge separation
efficiency, and increasing stability and reusability. The diverse landscape of photocatalysts
provides a rich toolbox for addressing a wide range of applications, from environmental

remediation to solar fuel production and fine chemical synthesis.
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1.2.1 Heterogeneous catalysts

Catalysts are classified into two main categories based on the phase of the catalyst,
heterogeneous and homogeneous. Homogeneous photocatalysts are in the same phase as the
reactants, usually dissolved in a solution. Examples include metal complexes like Ru(bpy)s*>" and
organic dyes. Although homogeneous catalysts offer advantages such as uniform reaction
environments and faster reaction rates due to better molecular interaction, they often pose

challenges in separation and reuse, which can limit their practical applications.?’

In contrast, heterogeneous photocatalysis involves catalysts that are in a different phase
than the reactants, usually a solid catalyst in contact with liquid or gaseous reactants.
Heterogeneous photocatalysts are widely favored in industrial applications due to their ease of
separation, reusability, and stability. Common examples include titanium dioxide (TiOz), zinc
oxide (ZnO), and various metal-loaded materials. These catalysts can be easily recovered from
the reaction mixture by filtration or centrifugation, making the process more sustainable and

economically viable.?

The supports for heterogeneous catalysts can be categorized into two main types based on
their physical form and handling characteristics: powder and fibrous. Powder supports typically
consist of fine particles or granules, such as metal oxides, activated carbon, and zeolites. They
often provide high surface areas but can be challenging to separate from reaction mixtures.
Fibrous supports, on the other hand, are composed of long, thin fibers or filaments, like glass
wool, carbon fibers, or polymer fibers. These supports offer easier handling and separation and

show potential for use in flow chemistry applications.?®

In recent decades, the development of various supported nanoparticles has been an active
area of research, aiming to enhance the reactivity, recoverability, and selectivity of
heterogeneous catalysts. For example in the field of reduction of nitro compounds a
breakthrough in selective nitro group reduction using nanoparticle catalysts was achieved in
2006.% They demonstrated that gold nanoparticles, when supported on TiO2 or Fe,O3, could
selectively reduce functionalized nitroarenes under the reaction conditions (9 bar, 120°C)
without producing hazardous hydroxylamine intermediates. Another research came in 2008 and
introduced a new heterogeneous catalyst consisting of palladium (0) stabilized by nanocrystalline

magnesium oxide. This catalyst, synthesized from commercial NAP—Mg—PdCl4. The reaction
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was done in THF as a solvent through a two-step process with quantitative yield in few hourse of
reaction time.>! The catalyst could be recovered by filtration and reused multiple times.
Researchers developed an alternative catalytic system using platinum and palladium
nanoparticles supported on carbon nanofibers (CNFs) for nitroarene reduction. The system
reduced halogen-substituted nitroarenes in 3 to 10 atm H, and 50 °C with high yields and
selectivity in 2-4 h reaction time, while also showing chemoselectivity by reducing nitro groups
without affecting terminal alkenes, nitriles, amides, esters, and benzylic alcohols. The catalyst's
effectiveness was found to depend on the graphite layer orientation in the support material, with

perpendicular (CNF-P) and stacked oblique (CNF-H) arrangements providing optimal results.*

In a separate development, a heterogeneous hydrogenation catalyst was created using Pd(0)
nanoparticles stabilized on polyphenol-grafted collagen fibers. While this catalyst showed
improved activity compared to traditional catalysts supported on inorganic materials, its
selectivity was limited. This limitation was particularly evident in the reduction of 4-

nitrochlorobenzene, which only achieved a modest 48% yield.>®

Another research in this field developed a novel iron-based catalyst. Their catalyst
consisted of Fe,O3 prepared through controlled pyrolysis of iron-phenanthroline (Fe-Phen)
complexes supported on carbon. This catalytic system demonstrated versatility in reducing a
broad range of nitroarenes with the reaction condition of 50 bar Hz, 120 °C, the mix of H,O and
THF as a solvent, and 12 to 24 h reaction time with yields ranging from 86% to 99%. The
formation of FeNx centers occurs during the catalyst synthesis when Fe-Phen complexes
undergo pyrolysis on the carbon support. These critical active centers only form at temperatures
of 800°C and are essential for catalytic activity - the carbon-supported material shows no
catalytic activity without this pyrolysis step. The researchers found that nanoparticle size played

an important role in relation to these generated active centers.3*

Glass wool offers a combination of high surface area, chemical inertness, thermal stability,
inexpensive, flexible shaping and adaptation to various reactor designs, and potential for flow
chemistry applications which can be beneficial in laboratory-scale experiments or specialized
industrial applications.® However, glass wool does have limitations as a catalyst support. It lacks
the additional functional properties often provided by supports like metal oxides or zeolites,

which can contribute to the overall catalytic process. To overcome this limitation, glass wool can
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be treated with chemicals like APTES (3-Aminopropyltriethoxysilane) to modify its surface
properties and enhance its functionality as a catalyst support. This treatment is a form of surface
functionalization that can significantly alter the characteristics of glass wool.®® APTES
introduces amine groups onto the glass surface, which can serve as anchoring points for
catalysts. The amine groups can coordinate with metal ions, allowing for better dispersion and
anchoring of metal catalysts.® Various metal and metal oxide nanoparticles synthesized on glass
wool (GW) supports and used to catalyze different organic reactions in batch reactors, such as
Palladium (Pd@GW) used for reductive dehalogenation of aryl halides and Sonogashira C-C
coupling reactions, Copper (Cu@GW) used for N-C hetero-cycloaddition "click" reactions,
Cobalt oxide (Co@GW) used for reductive dehalogenation of aryl halides, Gold (Au@GW) used

for reduction of nitrobenzene to azobenzene and C-C coupling (sp3-sp®) dimerization reactions.®

Photocatalysts can facilitate the generation of singlet oxygen under light irradiation,
enabling green and sustainable chemical processes. These reactions often proceed under mild
conditions, reducing energy input and environmental impact. Studying helps optimize the design
of photocatalysts, such as transition metal complexes, organic dyes, and semiconductor
materials, to enhance their efficiency and selectivity. Therefore in the next section we are going

to talk about the singlet oxygen
1.2.2 Singlet oxygen

Singlet oxygen ('O2) is a higher energy state of molecular oxygen, distinct from its triplet
ground state (°0O2). Discovered by Kautsky in 1931, singlet oxygen has since become a crucial
species in photochemistry, biology, and medical applications. Defined by its unique electronic
configuration where all electron spins are paired, singlet oxygen exists primarily in two states:

'Ag (22.5 kcal.mol™* above ground state) and 'Sg+ (31.5 kcal.mol ™ above ground state).®

The properties of singlet oxygen are noticeably different from its ground state. With a
lifetime ranging from nanoseconds in cells to about 45 minutes in the gas phase, singlet oxygen
exhibits high reactivity, particularly with electron-rich organic compounds.®® Its characteristic
phosphorescence emission at 1270 nm, corresponding to the 'Ag — *Eg— transition, serves as a

key identifier in both natural and experimental settings.*°
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Figure 1.3. production of singlet oxygen via triplet-state photosensitization initiated by
absorption of photons.® (reproduced with permission from Royal Society of Chemistry)

In photochemistry, singlet oxygen plays a pivotal role, often generated through
photosensitization. This process involves the excitation of a photosensitizer molecule, which
then transfers energy to ground state oxygen, producing singlet oxygen.*! Common
photosensitizers include porphyrins, phthalocyanines, rose bengal, and xanthon. The efficiency
of singlet oxygen generation depends on factors such as the photosensitizer's quantum yield,

oxygen concentration, and the surrounding medium.

Singlet oxygen's high reactivity makes it a potent oxidizing agent in photochemical
reactions. It participates in various transformations, including [4+2] cycloadditions (forming
endoperoxides), [2+2] cycloadditions, and ene reactions. These reactions have found applications
in organic synthesis, particularly in the production of complex natural products and

pharmaceuticals.*?

Beyond synthetic chemistry, singlet oxygen's role extends to environmental

photochemistry. In natural waters, singlet oxygen formation through the interaction of dissolved
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organic matter with sunlight contributes to the degradation of pollutants and the overall aquatic

ecosystem dynamics.*

Singlet oxygen, with its unique properties and reactivity, continues to be a subject of
intense research in photochemistry. To study the mechanism of singlet oxygen in photoreactions,

it is essential to understand the relevant analytical techniques.

Laser flash photolysis coupled with Near-Infrared (NIR) detection has emerged as a
powerful analytical technique for clarifying singlet oxygen-mediated oxidation mechanisms and
determining associated rate constants. This method combines the high temporal resolution of
laser excitation with the specificity of NIR detection, providing robust evidence for singlet

oxygen involvement and detailed kinetic information.®

The technique typically employs a short, intense laser pulse to generate singlet oxygen via
a photosensitizer. The subsequent detection of the characteristic 1270 nm emission of singlet
oxygen using NIR-sensitive detectors offers direct proof of its formation and decay. This
emission, resulting from the 'Ag — 3Xg— transition, serves as a unique "fingerprint" for singlet

oxygen, allowing its identification in complex reaction systems.*

By monitoring the time-resolved intensity of this emission, researchers can quantify singlet
oxygen lifetime and concentration changes. The addition of substrates often leads to a reduction
in singlet oxygen lifetime, enabling the determination of quenching rate constants. Furthermore,
by simultaneously tracking substrate consumption or product formation, complete kinetic studies

of singlet oxygen-mediated oxidations can be achieved.*

By offering direct observation of singlet oxygen and enabling detailed kinetic analysis, this
technique has become indispensable in fields ranging from fundamental photochemistry to

biomedical applications.

1.3 Flow photochemistry

Flow photochemistry offers several advantages over traditional batch photochemistry

methods, making it a better approach in many cases. Here are the key benefits:
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1.3.1 Optimized photon utilization

One of the key advantages of flow photochemistry over traditional batch methods is the
significant improvement in light penetration and utilization. The Beer-Lambert law is a
fundamental principle that describes the attenuation of light as it travels through a material, and it
is vital for reactor design considerations in photochemistry. The law is expressed as:

T=r= 1074 = 10781 JA=¢ecd (1)
0

The transmission of photons (T) is correlated to the absorption of photons (A). The law
states that absorbance (A) is directly proportional to the molar extinction coefficient (¢), the
concentration of the absorbing species (c), and the path length (1).#> According to this equation,

as the light path length increases, light transmittance decreases exponentially.
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Figure 1.4. Attenuation of light irradiance with distance from light source.
Transmission of light as a function of distance (mm) in a photocatalytic reaction using
Ru(bpy)sCl2 (¢ = 0.5 (blue), 1 (green), and 2 mM (red), £ =13000 cm M™%, A = 460 nm)*®

Tris(2,2'-bipyridine) ruthenium (11) chloride (Ru(bpy)sCly), is widely used in
photochemistry. It exhibits strong absorption in the visible region, this intensely orange-red color
and high extinction coefficient are due to metal-to-ligand charge transfer (MLCT) transitions.*’
[Ru(bpy)sCl2], with its high molar extinction coefficient, absorbs a significant amount of incident
light within a short distance, Figure 1.3.4¢48 In fact, 50% of light is absorbed within just 0.5 mm.

11
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This property highlights the importance of small dimensions of reactors and high surface-to-

volume ratios in achieving nearly uniform illumination.

This is a crucial factor to consider when selecting the reaction vessel. In batch reactors,
light penetration can be uneven, particularly in large volumes, as the intensity decreases
exponentially due to absorption and scattering effects. This leads to inefficiencies, with only
molecules near the light source receiving sufficient energy. In contrast, flow reactors are
designed with narrow channels, ensuring all parts of the reaction mixture are uniformly exposed
to light, thus maximizing light utilization.*® The short and controlled path length in flow reactors
allows light to reach reactant molecules more effectively, minimizing losses. This uniform
exposure results in consistent reaction kinetics throughout the reactor, leading to higher

efficiency, better yields, and fewer side reactions.

Decreasing path length is more beneficial in specific contexts where light penetration,
mass transport, or diffusion is a limiting factor. Then in highly absorbing species, concentrated
solutions, fast photochemical steps, and the reactions in which products are light sensitive and

unstable, path length optimization becomes crucial.
1.3.2 Efficient mixing and temperature control

Enhanced mass and heat transfer is another significant benefit of flow systems in
photochemistry. The continuous flow creates turbulent mixing, which improves mass transfer
between reactants. Additionally, the high surface area-to-volume ratio in flow reactors allows for
efficient heat transfer. This prevents local overheating and ensures uniform temperature
throughout the reaction mixture. Better temperature control can lead to improved selectivity and

yield, especially in temperature-sensitive reactions.%%>
1.3.3 Enhancing throughput in photochemical processes

Increased productivity is achieved through the continuous operation of flow systems,
allowing for higher throughput compared to batch processes. Once optimized, these systems can
run for extended periods without interruption. Steady-state conditions are easier to maintain,
leading to consistent product quality over time. This continuous production model is particularly
advantageous for large-scale manufacturing or when dealing with high-demand products. is

12



Chapter 1. Introduction

achieved through the continuous operation of flow systems, allowing for higher throughput

compared to batch processes.*
1.3.4 Fine-tuning reaction conditions in continuous flow photoreactors

Better control over reaction parameters is a hallmark of flow chemistry. Flow rate can be
precisely controlled to adjust residence time, while pressure and temperature control are more
precise due to the smaller volumes being heated or cooled at any given time. Reactant
concentrations can be fine-tuned by adjusting individual feed rates. This level of control allows
for rapid optimization of reaction conditions, enabling researchers and process engineers to
quickly find and maintain ideal reaction parameters.>

1.3.5 Improving reaction selectivity

Flow photochemistry often leads to improved selectivity compared to batch processes. The
precise control over reaction parameters such as light intensity, exposure time, and temperature
allows for fine-tuning of reaction conditions. This can favor desired pathways and minimize side
reactions, leading to higher yields of the target product and reduced formation of unwanted by-
products.>** For example, in the photocatalytic oxidation of citronellol to rose oxide, a key
fragrance compound, running the biphasic mixture in a narrow channel allowed for precise
control of oxygen concentration and light exposure. This resulted in a selectivity increase to over

90% in flow, significantly improving the yield of the desired product.®®
1.3.6 Reducing risks in large-scale photochemistry

Improved safety is a crucial aspect of flow photochemistry. Only small amounts of
reactants are present in the reactor at any given time, reducing risks associated with large
volumes of hazardous materials. The improved heat transfer reduces the risk of thermal runaway
reactions, while closed systems minimize exposure to potentially toxic or volatile compounds.®’
These safety features make flow photochemistry an attractive option for handling dangerous or

sensitive reactions.>®
1.3.7 Scalability of photochemical reactions

Scalability is a significant advantage of flow systems. Once a reaction is optimized at a

small scale, it can often be scaled up by simply increasing flow rates or running time.

13
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Alternatively, increasing the reactor length or operating multiple reactors in parallel maintains
optimal light conditions, even at larger scales. "Numbering up" - running multiple identical
reactors in parallel - maintains the benefits of small-scale reactions while increasing output. This
approach often requires less re-optimization compared to traditional batch scale-up, making the

transition from lab to production more straightforward.>%
1.3.8 Real-time monitoring and integrated purification

Compatibility with in-line analysis and purification is another benefit of flow systems.
Spectroscopic techniques such as UV-Vis, IR, or Raman spectroscopy can be integrated for real-
time monitoring of the reaction progress. Automated feedback loops can adjust conditions based
on this in-line analysis, ensuring optimal performance. Moreover, purification steps like
extraction, crystallization, or chromatography can be directly coupled to the reaction output,

streamlining the overall process.® %3
1.3.9 Green chemistry aspects

Flow photochemistry can often be carried out under milder conditions (e.g., ambient
temperature and pressure) and can make use of less toxic reagents and solvents. Reduced solvent
usage is an environmental and economic advantage of flow photochemistry. More efficient
reactions by increasing the concentration require less solvent per unit of product. Additionally,
continuous processes allow for easier solvent recycling, reducing waste. This aligns with the
principles of green chemistry by reducing energy consumption and minimizing waste. The result
is improved environmental sustainability and reduced costs, making the process more

economically viable and environmentally friendly.5+66
1.3.10 Efficient mixing of immiscible phases

Easier handling of multiphasic systems is facilitated by specialized flow reactors. These
can efficiently mix immiscible liquids or gases and liquids, which is particularly useful for
reactions involving gaseous reagents or products. The improved interfacial area can dramatically
increase reaction rates in mass-transfer limited systems, opening possibilities for reactions that

might be challenging in batch mode.®"¢8
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1.3.11 Streamlining chemical synthesis

Finally, flow photochemistry offers the potential for process intensification. Multiple
reactions or purification steps can be integrated into a single, continuous process. This can
reduce overall processing time, equipment footprint, and intermediate handling steps. It enables
novel reaction sequences that might be impractical in batch mode, potentially leading to more
efficient synthetic routes or even new chemical transformations. This integration of multiple
steps can significantly streamline production processes, leading to more efficient and cost-

effective manufacturing.5%7°
1.3.12 Enhancing efficiency with immobilized photocatalysts

Flow systems are particularly well-suited for reactions using immobilized catalysts.
Photocatalysts can be immobilized on the reactor walls or solid supports packed into the reactor.
This approach offers several benefits such as easy catalyst recovery and reuse, reduced product
contamination by the catalyst, the potential for longer catalyst lifetimes due to controlled
exposure conditions, and the possibility of using higher catalyst loadings without separation

issues.’t"?

The transition from batch to flow processes in photochemistry represents a significant
advancement in chemical synthesis and processing. As the field continues to advance, flow
photochemistry is well-positioned to play an increasingly important role in various sectors,
including pharmaceuticals, fine chemicals, and materials science. The synergistic combination of
these advantages not only improves existing processes but also enables the development of new

reactions and products that may have been impractical or impossible in traditional batch systems.

In conclusion, the adoption of flow systems for photochemical reactions represents a
paradigm shift in how we approach chemical synthesis and processing. It offers a powerful
toolset for chemists and engineers to overcome longstanding challenges in photochemistry and

unlock new possibilities in sustainable and efficient chemical production.
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1.4 Outline of thesis

This research aims to develop innovative processes for chemical reactions by using
photochemical methods and mechanisms. The work is structured across several chapters, each
focusing on learning advanced photochemistry concepts and analytical techniques. These are
then applied to enhance the scale-up process from laboratory to industrial production of various
chemicals, addressing a critical need in contemporary industries. This comprehensive approach
not only contributes to the advancement of chemical process development but also addresses the
increasing demand for efficient, sustainable, and cost-effective production methods in the
chemical industry. The research has significant implications for various sectors, including

pharmaceuticals, materials science, and environmental technologies.

Chapter 2 explores nitro to amine reactions, a $10 billion annual business. The goal is to
develop a flow system for this reaction using heterogeneous catalysis. We designed a catalyst
based on palladium nanoparticles deposited on glass wool inside a glass tube as a photoreactor.
While palladium is expensive, this optimized photosynthesized approach makes the process more
cost-effective. The number of moles of catalyst added to the reactor for in-situ synthesis of the
Pd@GW matched the number of palladium moles on the glass wool surface at the end of the
synthesis confirmed with the ICP technique. This chapter examines the efficiency of the catalyst

in various nitro compound reduction reactions, considering different reducing agents.

Chapter 3 addresses a significant gap in flow photochemistry by developing a reliable
methodology for determining quantum efficiency in photoreactions. Despite the abundance of
studies in the literature, yields of reaction products are rarely accompanied by quantum vyield
measurements, leaving the key reagent - light - unmeasured under experimental conditions. We
designed an efficient flow reactor and proposed a flow actinometer based on the photochemistry
of valerophenone, designed for easy implementation in organic laboratories for UV region
irradiations. Our photoreactor design, which involves wrapping low-pressure lamps with Teflon
tubing, serves as a model for this approach. The research aims to provide a standardized method

for measuring light irradiance in flow systems.

Chapter 4 is built based on the gained knowledge from the previous chapter, focusing on
optimizing the productivity of our designed flow system. We use the synthesis of silver

nanoparticles as a case study, given their diverse applications across multiple fields including
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medicine, photography, and water purification. Our primary objective was to develop a scalable
and robust method for large-scale production of silver nanoparticles. This method is needed to
maintain consistent quality, size distribution, and physicochemical characteristics over prolonged
production cycles. We investigated various parameters such as the effect of different
photoinitiators, and residence time to achieve this goal. We also explore the use of in-line

monitoring techniques to ensure real-time quality control.

Chapter 5 uses photochemistry knowledge to investigate and optimize the selective semi-
oxidation of tetrahydroisoquinoline (THIQ) to valuable dihydroisoquinoline (DHIQ) derivatives
via singlet oxygen photooxidation. We seek to explore semiconductor photocatalysts like
MoCo@GW, focusing on their efficacy under heterogeneous conditions to facilitate catalyst
separation and reusability. A key aspect of our study was understanding the dual role of THIQ as
both a reactant and an efficient singlet oxygen quencher, which drives reaction selectivity. Our
research also investigates the formation of isoquinoline (IQ) and its function as an in situ-
generated singlet oxygen catalyst. To provide empirical evidence for the proposed singlet oxygen
mechanism, we employ laser flash photolysis with NIR detection, allowing us to determine rate

constants for key oxidation steps and optimize the reaction conditions.

Chapter 6 outlines the summary and future directions of the research discussed in previous
chapters, drawing key conclusions and emphasizing the significance of these studies at an
industrial level. It highlights the impact of this work, including industrial projects that have
already been initiated based on the dissertation's findings, such as the Vitamin D project in
collaboration with the Toronto Research Chemicals company.
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Chapter 2. Nitro to amine reductions using aqueous flow catalysis under

ambient conditions.

2.1 Preamble to Chapter 2

In the world of chemistry, finding ways to speed up reactions without causing extra waste
is a key to success in industry. Heterogeneous catalysts, which are solid and easily separated
from reactions, stand out for their recyclability, especially when materials like metal
nanoparticles are attached to a support and used as a fixed bed catalyst in a continuous flow

setup.

This article is my first peer-reviewed publication in Prof. Scaiano’s group and started with
the goal of designing a heterogeneous catalyst for a sustainable flow system. The results and
outcome of this project made me more enthusiastic to work in this field and learn more about

optimizing reaction conditions.

In this research, glass wool, an affordable and adaptable material with a high surface area,
is used as a catalyst support. The catalyst is prepared in situ with minimal palladium loading on
inexpensive glass wool (Pd@GW) and the lowest waste of Pd during catalyst synthesis.
Comparing the number of moles of palladium used in catalyst preparation and experimental ICP
results, after preparing the catalyst showed the effectiveness of the method used to make the

catalyst.

The PA@GW in a flow setup offers a sustainable and scalable method for nitro to amine
reductions under ambient conditions. This process is highlighted for its efficiency, using water as
the solvent, and operating at room temperature and atmospheric pressure which is significant for
industrial applications, particularly in converting nitrobenzene to aniline which is a key chemical
in the production of polyurethanes. This is important because it can lead to less waste and lower
costs in making important chemicals, focusing on keeping our environment safe while still being

able to do complex chemistry.
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2.2 Post-print Version of the Manuscript

First published in iScience, 2021, 24, 103472
This chapter has been adapted from an iScience journal with permission from Elsevier as the

author of this article.

2.2.1 Abstract

A catalyst based on Pd on glass wool (Pd@GW) shows exceptional performance and
durability for the reduction of nitrobenzene to aniline at room temperature and ambient pressure
in aqueous solutions. The reaction is performed in a flow system and completed with 100%
conversion under a variety of flow rates, 2 to 100 mL min™* (normal laboratory fast flow
conditions). Sodium borohydride or dihydrogen performs well as a reducing agent. Scale-up of
the reaction to flows of 100 mL min! also shows high conversions and robust catalytic
performance. Catalyst deactivation can be readily corrected by flowing a NaBHa solution. The
catalytic system proves to be generally efficient, performing well with a range of nitroaromatic
compounds. The shelf life of the catalyst is excellent and its reusability after 6-8 months of

storage showed the same performance as for the fresh catalyst.

2.2.2 Introduction

The reduction of nitro compounds to the corresponding amines is important in the fine
chemicals and pharmaceutical industries.®> Among the many nitro compound reductions, no
other compares with the conversion of nitrobenzene to aniline, responsible for over 95% of the
use of nitrobenzene; in 2019 a total of 1.63 million metric tons of nitrobenzene were produced in
the USA and its annual worldwide sales are rapidly approaching $10B.(2020) In turn, 80% of the
aniline is used to produce methylene diphenyl diisocyanate (MDI), a key material in the

production of polyurethanes.*

The reduction of nitrobenzene to aniline was first observed in 1843, eventually leading to
the Beauchamp process (1854) using iron and hydrochloric acid,>® but ultimately replaced by
efficient catalytic processes employed by many of the key current producers.’ In one research
nano-Fes04@AI2Os catalyst was used in the flow system at 150°C and 30 bar back pressure.®
There are numerous patents and reports on the subject,®° one in particular, uses 5 wt%

palladium on carbon and operates at temperatures and pressures as high as 225 °C and 5,000 kPa
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respectively.!! Three decades later, patents still include palladium as a catalyst and work at

temperatures of 200 °C and pressures of 600 kPa.*?

Moving forward, more sustainable processes should be developed for the reduction of nitro
compounds, including some of the following advances: (i) reaction conditions close to ambient
temperatures and pressures, reducing production cost and improving safety (ii) use of green
solvents, such as water; and (iii) operate under flow conditions with easy-to-prepare catalysts. A
recent review deals specifically with point (ii) including some examples of flow systems.*® Other
flow-compatible reactions, such as Suzuki-Miyaura coupling on Pd catalysts, have been also

reported, however, high loadings of Pd (up to 7 wt%) are necessary.*°

In this contribution we report on the catalytic reduction of nitro compounds (illustrated for
nitrobenzene in Scheme 2.1) working at ambient temperature and pressures in an agqueous
solution, using a reusable catalyst based on palladium supported on glass wool (Pd@GW), and
operating under flow conditions. This follows the successful development of inexpensive glass
wool as a catalyst support.’®1” Although non-precious metals could be used in the reduction of
nitro compounds, our previous results suggest that, in contrast with Pd, non-noble metals such as
Cu or Co have a weak attachment to the treated glass wool support and some metal leaching
cannot be easily avoided. Thus, this work achieves all the goals indicated above by utilizing a
recyclable catalytic system, thereby reducing the amount of noble metal used. Additionally, the
use of NaBHj4 as an easy-to-handle, non-explosive and non-flammable reducing agent facilitates
the screening of catalytic conditions, while H at atmospheric pressure is highly efficient
avoiding the common need for high pressures and specialized reactors. Finally, we also report a
successful attempt to scale up the process, from an initial milligram scale to multigram product

formation and the handling of multi-litre volumes.

NOE N H2
Pd@GW, RT
NaBH, - water, flow

Scheme 2.1. Reduction of nitrobenzene using PdA@GW in a flow system
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2.2.3 Experimental Procedure

A few preliminary batch experiments were performed in glass containers (25 mL) under
gentle stirring, as strong stirring can damage the glass wool fibres. Most of the work was
performed in glass tubes (borosilicate) of various diameters and lengths. The catalysts were
prepared in situ in the same tubes where they would be used for catalytic nitro reduction. The
solvent is water or aqueous ethanol for all the experiments described here and the maximum
concentration used was 0.1M. A small amount of ethanol was used to facilitate solubilization at
higher concentrations. Although surfactants have been reported to facilitate nitro compound

dissolution in water,'3° the use of ethanol and acetonitrile minimizes product contamination.

2.2.3.1 Catalyst synthesis

The synthesis of the PA@GW catalyst was inspired by batch experiments performed in our
earlier publication and performed with some modifications.'® In this updated method, waste
generation was reduced by preparing the catalyst directly inside the reactor tube. The catalyst is
prepared by photo-deposition of metallic Pd onto glass wool using a glass tube. The geometry of
this tube, in line with the shape of the light source, increases the surface exposure to irradiation
and the efficiency of the photodeposition process. Briefly, APTES ((3-Aminopropyl)
triethoxysilane) treated glass wool (Figure S2.4) was placed inside an Ace glass 30 cm
chromatographic tube with 27 cm active length and a solution of Pd(acac). and photoinitiator (I-
2959) in ethanol was added to the glass wool inside the tube and irradiated with UVA light to
photo-deposit Pd on the glass wool. The washed and dried catalyst was taken out from the tube

to use in batch experiments.

For flow experiments, the PdA@GW catalyst was fabricated directly in the flow catalysis
tube. Two different flow systems were used: System 1 made of a borosilicate glass tube (length:
30 cm, ID 10 mm) connected through Teflon tubing (ID: 2 mm); and System 2 made of a
borosilicate tube (length: 150 cm, ID: 13 mm) connected through Teflon tubing (ID: 5 mm).
System 1 was used for a small-scale flow synthesis, has a useful volume of 21-24 mL and can be
conveniently fitted on a hot-dog cooker adapted for the in situ photochemical synthesis of

Pd@GW while the tube rotates to ensure an even exposure of the nascent catalyst. The samples
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were irradiated with an Expo panel from Luzchem fitted with five UVA lamps. A photograph of
the catalyst synthesis assembly has been included in the SI (Figure S2.4). A peristaltic pump
(Masterflex Digi-Staltic Model # 7525-34) suitable for flow rates of up to ~30 mLmin™ was
employed for this work; the solution of reactants was pumped over the catalyst for a single pass
and samples were collected periodically at the exit from the column, and their UV-Vis spectra

recorded. Some samples were analysed with GC-MS in addition to the UV-Vis spectrum.

A similar strategy was used to scale up the flow reaction. In this case, System 2 was used;
once filled with catalyst (Pd@GW, 10 g), the actual free volume of the system without
considering H2 gas volume was ~150 mL. The catalyst synthesis was also performed in situ, but
a different UVA exposure setup was required. Here the flow tube was surrounded by 4 UVA
lamps, each 40 watts and 120 cm long; the flow tube was rotated regularly to ensure that the

entire length was exposed to UVA light. Further details are available in the SI.

A

Pd(0) 3ds,,

Counts (a.u.)

344 341 338 335 332

BE (eV)
B
1\ Pd(0) 3ds,

Pd(0) 3ds, /A

Counts (a.u.)
\
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Figure 2.1. Deconvoluted Pd 3d HR-XPS spectrum of the PA@GW catalyst
(A) before treating with NaBH4 (B) after treating with NaBHa.
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2.2.3.2 Catalyst characterization

The catalyst was characterized by X-ray Photoelectron spectroscopy (XPS), Scanning
Electron Microscopy (SEM), and Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). Two samples of Pd@GW were analysed by XPS to determine the oxidation state of
palladium. After observing some decrease in performance in the long tube under conditions of
fast flow (vide infra) XPS analyses were performed to monitor possible changes in the Pd
oxidation state, in particular because of NaBH4 treatment. A catalyst sample was collected at the
entry point of the tube before treating it with NaBHa, while another catalyst sample was taken
from the exit point of the long tube after treating it with NaBHa. Figure 2.1 shows the
deconvoluted Pd 3d HR-XPS spectrum. Characteristic peaks for Pd 3d were fitted using the spin-
orbit split constituted by Pd (0) 3ds/2 (334.9 eV), Pd (0) 3ds2 (340.2 eV), Pd (1) 3ds/2 (336.2 eV),
and Pd (I1) 3ds2 (341.4 eV) separated by 5.26 eV.

Two catalysts were prepared with metal loadings of 3.5 wt% and 0.35 wt% (nominal
amount) of Pd in EtOH solution. Three different catalyst samples (1) fresh 3.5 wt%, (2) fresh
0.35 wit%, and (3) used 0.35 wt% were selected to analyze the amount of Pd loaded onto the
glass wool by ICP-OES, using an Agilent Vista Pro ICP Emission Spectrometer. Samples used
were from the scale-up System 2 and sample (3) was collected after conversion of 47 mmol of
NB into aniline. Sample replicates of 20 mg of Pd@GW were accurately weighed, digested with
aqua regia, and then diluted. The samples were measured and quantified by using the Pd
emission line at 340.45 nm. The average results of ICP-OES for these samples were (1) 0.96 +
0.07, (2) 0.32 £ 0.02, and (3) 0.29 + 0.01 wt% Pd on glass wool, respectively; this is, for high Pd
loadings (sample 1), only one-third of Pd used in the synthesis can be effectively loaded onto
GW; whereas low loadings (sample 2) can be prepared with over 90% yield. Interestingly, the

amount of Pd in sample (3) compared to sample (2) is similar, suggesting minimal Pd loss.

For determining Pd leaching from glass wool during the reaction, the amount of Pd in the
products was measured. Two samples were selected from system 2: Sample A corresponding to
150 mL of product solution collected after passing and converting 0.45 mmol of NB through 10
g of fresh catalyst (Pd = 0.35 wt%); Sample B corresponding to 500 mL of product solution
collected after passing and converting 2.5 mmol of NB through 10 g of the used catalyst (i.e.,
catalysts has been used for conversion of 47 mmol of NB in total by the time this aliquot was
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sampled). The result of ICP-OES analysis for sample A was 1.9 ug Pd in 150 mL and for sample
B was 16.2 pug Pd in 500 mL products. We note that these low Pd values, while an excellent
result (minimal leaching) do challenge our ICP-OES analysis and are subject to as much as 40%

error.

Figure 2.2 SEM images.
(A) non-treated glass fibre, (B) glass fibre treated with APTES, (C) fresh Pd@GW (0.32 wt%),
(D) fresh PA@GW (0.96 wt%), (E) used PdA@GW (0.29 wt%) at the entrance of the flow tube,
and (F) used PA@GW (0.29 wt%) at the exit of the flow tube. The size bar is 5 mm in all panels
and the fibers are about 10 mm in diameter. EDS spectra are included in Figures S2.1 and S2.2.
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Electron microscopy analysis of the used PdA@GW was also performed. SEM imaging and
EDS analyses show that the surface of the glass fibre is covered with Pd particles or clusters
even after using this catalyst to convert a total of 47 mmol of NB into aniline during 11
experiments, Figure 2.2. and S 2.1.

2.2.4 Results and Discussion

2.2.4.1 Batch experiments

The batch experiments done in 20 mL glass vials were performed to find the reaction
conditions for processing and scaling up the reaction. The reduction of NB to aniline requires the
use of a reducing agent as confirmed by a few control experiments. The control experiments
were done with and without NaBH4 and catalyst, Table 2.1. Other reductants, i.e., hydrogen and
hydrazine, also work and are briefly described later. For this reduction process, NaBHs was
selected as an easy-to-handle reducing agent that is a clean source of hydrogen generated in situ

during the reaction.?°

Table 2.1. Batch experiments for reduction of NB to aniline.

# NaBH, eq. Catalyst Conversion%"
1 100 None 0

2 -- None® 0

3 -- Pd@GWs* 0

4 8 APTES@GW 5

5 1 Pd@GW 9

6 2 Pd@GW 50

7 4 Pd@GW >99

8 6 Pd@GW >99

9 8 Pd@GW >99

aReaction conditions: 40 mg of catalyst and 10 ml of 0.23 mM NB in aqueous solution for
9 minutes (Figure S 2.6); for batch experiments the nominal Pd load was 0.5 wt%. ® Conversions

were determined by UV-Vis spectroscopy. ¢ Under UV-A irradiation
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The proper amount of NaBH4 was established by a series of batch experiments. For a
constant amount of NB (0.23 mM in 10 mL water) and PdA@GW (40 mg) different ratios,
between 1 and 10, of NaBH4 were considered. The results showed that the minimum amount of
NaBHjs required is 4 equivalents (Table 2.1). NaBHa interacts with Pd and produces H: gas, thus
it is possible to have some consumption of reducing agent during the reaction. Therefore, a 1:8
ratio of NB to NaBH4 with an excess amount of NaBH4 was selected for the rest of the
experiments, to compensate for H> generation. The results of batch experiments gave some
important information about the kinetics of the reaction and the capability of moving this process

from batch to flow which is illustrated in Figure 2.3.

The high conversion and excellent isosbestic point observed in Figure 2.3 is consistent

with a very clean reaction, Scheme 2.1.

2.2.4.2 Flow experiments

The reduction of nitro compounds with a metallic catalyst involves important
transformations by heterogeneous mechanisms, where a continuous process combining reaction
and separation into one step is a desirable approach.?! For hydrogen atom transfer from a
reducing agent to nitro compounds, adequate contact time on the catalytic site is required. In our
case, we designed a packed bed flow reactor by using metal-decorated glass wool that provides a
high surface area and readily accessible catalytic sites. The residence time — the time a reagent
spends inside the reactor — is obtained by dividing the volume of the flow chamber by the flow
rate. A common parameter used for heterogeneous catalysis is the space-time yield (STY) which
includes both reaction and reactor efficiency and is given in gL*ht. The evaluation of STY is
more adequate than the comparison between yield or productivity values (yield per time) in long
time processes as it incorporates product yield, reactor volume and residence time (Sl 2.3.2).2223

The mixing of the solution during the reaction is passive mixing and occurs while pumping
of liquid and passing through the glass fibres in the packed bed. The first flow experiments were
run in System 1 with 0.8 g of PdA@GW prepared in situ, low concentrations of NB (0.1 mM) and

a slow flow rate (2 mLmin™). A 5-fold scale-up reaction (NB concentration of 0.5 mM) was run

33



Chapter 2: iScience, 2021, 24, 103472

at 7.3 mLmin* flow rate. In this case, for the 0.8 g of catalyst, the reaction STY was 1.2 gL*h*

under 100% conversion conditions.

A new set-up allowed a significant scale-up of the reaction. For this purpose, two 30 cm
tubes (2x System 1) were connected in series and contained a total of 2.1 g of PdA@GW catalyst.
The STY of the system was 14.1 gL*h™ with NB (2 mM) at a flow rate of 33 mLmin™. Although
the generation of H gas causes a small reduction of the effective liquid volume in the short flow
tube (System 1), the effect does not cause a significant reduction in STY. In System 2, the tube

cross-section is ~2.5 times larger than in System 1, allowing the facile flow of the Hz gas

generated avoiding its accumulation.

1.2

Absorbance

04

| 8,10, 20 min S8

| !
250 300 350
Wavelength, nm

Figure 2.3. UV-Vis spectra of batch experiment
NB (0.14 mM), NaBH4 (0.96 mM), Pd@GW (39.1 mg), dark (black line), and samples were
taken every minute for 8 min and then at 10 and 20 min. The reaction was complete in 8 min.

The space-time-yield was 0.08 gL th™,

For comparison, two catalysts with different amounts of Pd (0.96 and 0.32 wt%) were
utilized in parallel experiments under the same conditions. A high concentration of NB was
selected (20 mM) to reduce with 1 g of PdA@GW and a flow rate of 3 mLmint. NB conversion

for PA@GW 0.96 and 0.32 wt% was 45.6% and 38.3% respectively.
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2.2.4.3 Reaction scale-up

In order to scale up the reaction, a new 150 cm tube with 10 g of catalyst was prepared
(System 2). The tube was slightly tilted (up to ~30°) to favour the release of H> gas generated
inside the reactor.?* The highest STY obtained was 27.9 gL*h™* with 100% conversion of NB (3
mM) with a flow rate of 100 mLmin*. By increasing the concentration of NB solutions from 3
mM to 15 mM in System 2 the conversion to aniline was unable to reach 100%. The UV-Vis
spectra obtained from reactions run between 10 to 15 mM NB showed an extra peak at 310 nm
that was not related to NB (Figure S2.11). This peak was characterized as N-
phenylhydroxylamine by mass spectrometry (Figure S2.12), that is, a product of incomplete NB
reduction. For an experiment in which 500 mL of 10 mM NB were flowed at a rate of 53 mLmin"
! the GC-MS result of products was 95.1% aniline, 0.9% nitrobenzene and 4% N-
phenylhydroxylamine, still an excellent conversion to aniline. The appearance of a 310 nm peak
in the absorption spectra (N-phenylhydroxylamine) of the products provided a sure sign of some
catalyst deactivation. This incomplete reduction suggested catalyst partial deactivation. Indeed,
the catalyst was readily regenerated by treatment with 24 mM NaBHjs for 1 h (four 15 min
treatments with fresh NaBHs) and then washed with water. To test the treated catalyst, we used
again a fresh 3 mM NB solution and a flow rate of 100 mLmin™. This time the conversion was

100% and no hydroxylamine peak at 310 nm was detected.

ICP results suggest that Pd content in the glass wool for the fresh catalyst is 0.32 wt% and
after converting 47 mmol of NB (~5.8 g) is 0.29 wt%, this corresponds to 0.28 mmol of Pd. This
indicates minimal amounts of Pd could be lost through leaching. Indeed, the analysis of the
product solution collected from a freshly prepared catalyst (sample A) suggests only 0.012 ppm
of Pd are leached. Further analysis from sample B indicates only up to 0.032 ppm of Pd were
detected. Thus, the results suggest that while after multiple uses of Pd@GW, some catalytic sites
were deactivated, this was not due to Pd leaching, as the treatment with NaBHa led to a full

activity recovery.

We suggest that the slight performance reduction (i.e., formation of some N-
phenylhydroxylamine) at high flow rates may be due to a Pd (0) — Pd (I1) redox process at the
catalytic centers. We speculate that the reaction of Scheme 2.1 is always accompanied by some
Pd (0) —Pd (IT) oxidation, which is reversed by the NaBH4 present in the reaction mixture. This

35



Chapter 2: iScience, 2021, 24, 103472

reversal is determined by the NaBH4 concentration and is independent of the flow of catalytic
demands of the system. As the catalysis demands of the system increase (higher flow and higher
nitro concentration) the in-situ catalyst recovery —regeneration of Pd (0) — fails to keep up and
leads to some incomplete reduction. The recovery treatment proposed above and based on

NaBHj treatment allows the Pd (II)—Pd (0) to occur without catalytic load competing with it.

2.2.4.4 Scope

While this contribution centres on commercially important NB, we decided to explore
some other nitroaromatics with selected functionalities, among these, several substrates (Scheme
2.2) yielded quantitative conversion, typically in the 30 cm tube mentioned before (System 1).
The conditions and flow rates utilized in each system are given in Table 2.2.

SQQ W5

Scheme 2.2. Example of molecules that convert quantitatively to the corresponding amine
under flow conditions in water, except for the pyrene derivative examined in methanol.

Table 2.2. Representative flow experiments for reduction of nitro compounds

iti Productivit Time of
Reagent Con::r;ﬁlt?;tion Padrr%)ﬁr\m/tv Flow rate Y STY experiment
Units mM g mLmin-t gh' gLh? min
1) Nitrobenzene 0.5 0.8° 7.3 0.020 1.2 30
2) Nitrobenzene 1 1° 17.2 0.096 53 20
3) Nitrobenzene 2 2.1¢ 32.9 0.367 14.1 20
4) Nitrobenzene 3 10¢ 100 1.670 27.9 20
5) Nitrobenzene 15 10¢ 2 0.162 2.7 100
6) Nitrobenzenef 15 10¢ 19 1.592 26.5 30
7) Nitrobenzenef 1009 10eh 3 1.626 27.1 180
8) Nitrobenzene' 1009 108 3.2 1.537 25.6 140
9) 4-Nitrobenzoic acid 0.15 0.5¢ 35 0.004 0.3 30
10) 4-Nitroanisole 0.1 0.5° 2.3 0.0016 0.1 30
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11) 1-Nitronaphthalene 0.1 0.5¢ 5.8 0.005 0.3 20

12) 1-Nitropyrene 0.25 10° 57.4 0.185 3.1 20

& Reaction conditions: solvents were 5% acetonitrile in aqueous solution except for 1-nitropyrene
where the solvent was methanol. >99% conversion for all reagents. ° Formation to the
corresponding aniline determined by UV-Vis spectroscopy. ¢ catalyst inside the 30 cm tube,
System 1. 9 2.1 g catalyst inside two connected 30 cm tubes. 10 g catalyst inside the 150 cm
tube. f Reducing reagent is Hz gas (no NaBHa). ¢ solvents were ethanol 50% in water, " fresh
catalyst with 100% yield, 'used catalyst with 86% yield was determined with GC-MS analysis.

The last entry in Table 2.2 provides a simple way to visualize the progress of the reaction,
as 1-nitropyrene is not fluorescent, while 1-aminopyrene is strongly fluorescent. While the
reaction occurs in the dark, weak UV A excitation reveals the progress of the reaction over the 30
cm trajectory of the sample. There is no emission as the sample enters from the right, but
emission gradually develops as the reduction progresses and after 20 cm reaches its maximum
emission, consistent with the 100% yields observed (Figure 2.4). The reduction of the p-
nitrophenol derivative was also explored (Figure. S2.13). As previously reported,? further
decompositions of the p-aminophenol product under the reaction conditions played an important
role (Figure. S2.14).26%7

UVA illumination used to visualize emission of aminopyrene product

Figure 2.4. Visualized reaction progress
A solution of 0.13 mM 1-nitropyrene and 1.3 mM NaBH4 flows over PA@GW with a flow rate
of 24 mLmin! (30 cm tube). Weak UVA light illuminates the tube in order to visualize the
reaction progress.
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2.2.4.5 Beyond NaBH4

Three reducing agents —sodium borohydride, hydrazine, and hydrogen— were compared in
continuous flow System 1 with NB (1ImM) and flow rates 4 mLmin. Sodium borohydride
showed better results than hydrazine in the long term because of its role in maintaining the
catalyst performance. The conversion of NB with hydrazine started to decrease after 10 min (Fig.
S2.7). Either hydrogen or NaBHa acted well as a reducing agent in water and room temperature,
then NaBH4 was selected as a safe and clean source of hydrogen generated in situ during the
reaction.?® While in academic labs sodium borohydride is convenient, given the comparable
performance, hydrogen gas may be preferred in an industrial setting, as this would reduce the

amount of waste generated and the reaction requires neither high pressure nor high temperature.

For higher concentrations of NB, over 12 mM, it is necessary to add cosolvent to dissolve
NB in water, therefore, NaBH4 could not act as efficiently as in pure water and affect the
reduction process. Table 2.2, entry 4 is for 3 mM NB with STY 27.9 gLth", by increasing the
concentration of NB to 15 mM (table 2.2, entry 5) STY dramatically decreased to 2.7 gL*h?
because NaBHjs is not soluble in cosolvent, acetonitrile. In this situation, changing the reducing
reagent to Hx gas was helpful as the reaction with 15 mM NB was repeated and STY of 26.5 was
obtained (table 2.2, entry 6). In another attempt to use a higher concentration of reagent, ethanol
was used as a cosolvent and H> gas as a reducing agent; 100 mM of NB was converted with fresh
catalyst and STY of 27.1 gL*h™ for 3h (table 2.2, entry 7 and Figure 2.5).

2.2.4.6 Catalyst stability during use and shelf life

In work of this type, typical shelf-life studies tend to be very limited. In this case, the 2020
COVID-19 pandemic forced lab closures and very limited access upon reopening. As a result,
one 30 cm column was stored for about 6-8 months with no special precautions, as such storage
was forced rather than planned. Solutions of 0.3 to 2 mM nitrobenzene tested after storage

showed >99% conversion to aniline, just as they had before storage.

For better comparison, we used 10 g Pd@GW that had been used to convert 130 mmol of
NB into aniline during a year and compared it with fresh Pd@GW 0.32 wt%. In this trial, NB

100 mM dissolved in 50 v% aqueous ethanol and was pumped with the average flow rate of 3
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mLmint in System 2 and H; gas as a reducing agent. The yield of aniline according to the GC-
MS analysis was ~100% for the fresh catalyst and 86% for the used one, STY 27.1 and 25.6 gL-

n1, respectively, see Figure 2.5.

The apparent stability of the catalyst, its longevity and performance may hide some
migration of Pd atoms or clusters, as recently observed for Pd@TiO,.28 However, the sustained
performance and minimal leaching suggest that fast Pd redeposition of glass wool minimizes
catalyst losses. The GC-MS analysis for the sample of old catalyst in 140 min showed 88.2%
aniline, 11.4% nitrobenzene and 0.4% Azoxybenzene. These results mean that the decrease of

aniline yield is caused by the decrease of nitrobenzene conversion and by the formation of a side

product.
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Figure 2.5. Stability in long-term reaction
Ethanol (50%) was used as a cosolvent and H: gas as a reducing agent; 100 mM of NB was
converted with fresh catalyst and STY of 27.1 gL*h. The graph (red, left axis) shows the
stability of samples collected at different times, where most of the absorbance fluctuations (0.34
+ 0.04) are because of sampling, dilution, and measurement factors. The right axis refers to yield
as determined by GC. For fresh catalyst, the yield was 100% (dark blue squares) throughout the
reaction. Note that it takes about 30 min for the first drops of reaction to exit the tube while
starting with a tube containing no liquid. For an old (>11 months) used catalyst, the light blue
bars show the yields obtained, fluctuating between 64 and 88% while sampling at different times.
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2.2.5 Conclusion

The NB to aniline reduction is a major industrial process and the main use of NB
worldwide, and a key step in the production of polyurethanes. The catalytic process reported here
is easily scalable, and operates under exceptionally mild conditions, such as atmospheric
pressure, room temperature and aqueous solution. The process started in batch with STY 0.08
gL *h and scaled up to ~28 gL*h! in the continuous flow system. While the catalyst uses Pd, its
loading (0.32 wt%) is lower than usually required (as much as 7 wt%),'11415 and reusable many
times. Further, in our synthesis, ~92% of the Pd used is retained in the catalyst. The catalyst is
also very robust, through numerous experiments, we never got to deactivate the catalyst, beyond
requiring a brief recovery by flowing a NaBH4 solution. While NaBH, provides a good reductant
for laboratory screening, hydrogen works extremely well under the same mild conditions and
should be the preferred reductant in an industrial setting. Glass wool provides a readily available
and inexpensive material that can be used as a support, leading to a catalyst that permits easy
flow around it, without being lost by the active flow. Further, the PA@GW catalyst can be
readily synthesized in-situ under UVA exposure, thus adding convenience to the overall process.
While this contribution centers on the commercially important nitrobenzene to aniline reduction,

a modest exploration of the scope (Table 2.2) shows that the reaction is quite general.

2.3 Post-print Version of Supplementary Information

Table S 2.1. Key Resources

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals

3-Aminopropyl)triethoxysilane Sigma Aldrich Cas# 919-30-2
Palladium(Il) acetylacetonate Sigma Aldrich CAS# 14024-61-4
Sodium borohydride Sigma Aldrich CAS# 16940-66-2
Nitrobenzene Sigma Aldrich CAS# 98-95-3
Aniline Sigma Aldrich CAS# 62-53-3
4-Nitrobenzoic acid Sigma Aldrich CAS# 62-23-7
4-Nitroanisole Sigma Aldrich CAS# 100-17-4
1-Nitronaphthalene Sigma Aldrich CAS# 86-57-7
1-Nitropyrene Sigma Aldrich CAS# 5522-43-0
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Nitrophenol Sigma Aldrich CAS# 554-84-7
Irgacure 2959 BASF Cat# 55047962
Ethanol Fisher chemical CAS# 64-17-5
Acetonitrile Fisher chemical CAS# 75-05-8
Hydrogen Messer CAS# 1333-74-0
Other

Non-treated glass wool Sigma Aldrich SKU-Pack Size: 20384
Glass tube 30 cm Ace glass 5815-03

Glass tube 150 cm Macalaster Bicknell 244140

UVA lamp 8W Luzchem LZC-UVA

UVA lamp 40W General Electric FAOBLB-6PK
Pump Masterflex 7525-34

Expo panel Luzchem EXPO-01

2.3.1 Method details

2.3.1.1 Glass wool pre-treatment

Non-treated glass wool from Sigma Aldrich was immersed in 1% (3-Aminopropyl)
triethoxysilane (APTES) solution in toluene and refluxed overnight. After cooling down to room
temperature, the glass wool was removed from the flask and rinsed with toluene (3x) and acetone

(3x). The APTES treated glass wool was dried in an oven at 100 °C overnight.'®

2.3.1.2 Synthesis of PAQGW

APTES treated GW (1g) was placed inside a 30 cm tube (ID = 10 mm), ensuring
homogeneous distribution of the GW to provide good light penetration inside the tube. A
solution with 15 mg of palladium (1) acetylacetonate (Pd(acac).) — accounting for 0.5 wt%
Pd@GW) and 60 mg of Irgacure 2959 (1-2959) — photoinitiator is shown in scheme S2.1 —in 26
mL of ethanol was prepared and injected inside the tube. Two sides of the tube were sealed and
irradiated with a Luzchem Expo panel fitted with 5 T5 UVA bulbs (LZC-UVA, 8W each) for
210 min and rotated on a hot-dog cooker for homogeneous mixing. The obtained gray glass wool
was washed with ethanol inside the tube to remove the unreacted Pd(acac). and photoinitiator
debris and dried at room temperature. The PA@GW catalyst was characterized by SEM, XPS
and ICP-OES. (See scheme S2.1, figure 2.1, 2.2, S2.1, S2.2, and S2.4)
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9 9
HO hv o H;C., CH
HO + 3 Y 3
OH OH
0] (0]

Ketyl radical
1-2959 Benzoyl-type radical responsible for reduction
Pd(ll) — Pd(0)

Scheme S 2.1. 1-2959 photoinitiator reaction generates highly reducing species (ketyl
radical) capable of reducing Pd(lI).

2.3.1.3 Large-scale synthesis of PA@QGW

Using the method described above, 10 g of APTES@GW were placed inside a 150 cm
tube (ID = 13 mm) and a solution with 100 mg palladium (I1) acetylacetonate (Pd(acac)2) — for a
nominal 0.35 wt% Pd@GW, and 400 mg of 1-2959 in 165 ml ethanol was prepared and injected
inside the tube. Two sides of the tube were sealed and irradiated with 4 UV-A bulbs (40 W) for
270 min. The tube was manually rotated every 15 min to ensure a homogeneous mix. The

obtained Pd@GW was washed with ethanol and dried at room temperature. (See figure S2.5)
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Figure S 2.1. EDS spectrum (bottom) for the selected region (top) for (A) fresh Pd@GW
with 0.32 w% pd, (B) fresh Pd@GW with 0.96 w% pd, (C) used PA@GW at the entrance of the
flow tube and (D) used Pd@GW at the exit of the flow tube, (E) glass fibre treated with APTES.
Related to figure 2.2.

Figure S 2.2.SE elemenfal apping (A) fresh Pd@GW with 0.32 w% Pd, (B) fresh
Pd@GW with 0.96 w% Pd. Related to Figure 2.2.
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Figure S 2.3.XRD pattern of PdA@GW with 0.35 w% loading of Pd on the GW. Peaks of
Pd are not detectable due to the low amount of Pd on the GW and small particle size that made
the peaks very broad.

Figure S 2.4.In-situ photochemical synthesis of PA@GW in a 30 cm tube, (A) glass wool
and Pd solution inside the tube on the rotator (before irradiation), (B) irradiating with an Expo
panel from Luzchem fitted with five UVA lamps.
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Figure S 2.5. 150 cm length glass tube tilted at around 30°. A miniature peristaltic pump
was used for this experiment.
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Figure S 2.6. Batch experiments of reduction of nitrobenzene (NB, 228 uM) in aqueous
solution in the presence of PdA@GW and different concentrations of NaBH4 (legend indicates
NB: NaBHj ratio).
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Figure S 2.7. Flow experiments of reduction of nitrobenzene (1 mM) in aqueous solution
in the presence of PA@GW (1 g) and flow rate of 4 mLmin-1 with different reducing agents: (A)

N2H4 (10 mM) (B) NaBH4 (10 mM) (C) Hz gas. The time of the experiment was 20 min and
samples were taken every 3 min. Related to Table 2.2.
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Figure S 2.8. Reduction of nitrobenzene (NB) solution (0.5 mM) under flow conditions:
NaBHs (4 mM), Pd@GW (0.83 g), flow speed 7.3 mL/min in 30 cm tube. Related to Table 2.2.
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Figure S 2.9. Large-scale reduction of nitrobenzene (NB, 3 mM), NaBH4 (24 mM), 150 cm
tube with PdA@GW (10 g), at flow rate equals to 100 mLmin; before (A) and after (B) NaBH4

treatment. Samples were diluted 11 times before measuring UV-vis spectra. The first sample was
taken after 2 min of pumping.
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Figure S 2.10. Nitrobenzene (NB, 3 mM), NaBH4 (24 mM), and PA@GW (10 g) with a flow
speed of (77 mL/min) monitored for a total volume flown of about 2 L. Samples were diluted 11

times and analyzed by UV-Vis spectroscopy. Left: Percentage of aniline yield as a function of
time; right: UV-Vis spectrum during the reaction.
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Figure S 2.11. Formation of by-product N-phenylhydroxylamine (formation of band
absorption around 310 nm — red arrow) during flow experiments of catalysts used 6 times before.
Nitrobenzene (10 mM), NaBH4 (80 mM), PA@GW (10 g), flow rate (53 mL/min). Single path.
Samples were diluted 41 times for UV-Vis spectroscopy analysis. Related to Figure 2.1.
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Figure S 2.12. Formation of by-product N-phenylhydroxylamine under the following flow
reaction conditions: 500 ml of 10 mM nitrobenzene solution flowing at a rate of 53 mL/min
using 10 g of PA@GW catalyst. Left: GC-MS chromatograph. Right: MS spectrum.
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2.3.2 Calculation of space-time yield

STY = Q- Cnp XnB*SanB Man  Cnp " XnB *Sane *Man
Vreac T

Q = Volumetric flow rate (L.h*)

CNB = Concentration of nitrobenzene (M)
XNB = Conversion of NB

SA = selectivity to aniline

MAn = molar mass of aniline (g.mol™)
Vreac = reaction volume (L)

T =residence time (h)

For example, the residence time of the solution of nitrobenzene 3 mM on the surface of a
10 g catalyst with a flow rate of 100 mLmin is roughly 0.01 h. By considering the full

conversion of NB to aniline, the values of XNB and SA are 1.

STY = 0.003 mol. L™ - 93.13 g.mol™" 2794 ¢ -1 -1
B 0.01h T ATEE R

2.3.3 Scope of the reaction

Reduction of nitro compounds with Pd@GW was done successfully for nitrobenzene, 4-
nitrobenzoic acid, 4-nitroanisole, 1-nitronaphthalene, and 1-nitropyrene; however, nitrophenol
reduction showed different results. Reduction of nitrophenol (0.45 mM) with 40 mg of PdA@GW
in batch yielded 100% conversion to aminophenol, but under flow conditions (500 mg of
catalyst, flow rate 2.1 mL/min), another peak appeared, suggesting that under prolonged catalyst
exposure, phenols may undergo other changes. The matter was not pursued any further (see
Figure S2.13 and S2.14).26:27
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Figure S 2.13. Reduction of p-nitrophenol (0.45 mM, pH = 5.5) under batch (A) or flow
conditions (B). (A) In the batch experiment, samples were taken every 10 minutes for 140
minutes. (B) flow experiment with a flow rate of 2.1 mL/min, after 10 minutes of pumping,
samples were taken every 2 minutes. Residence time was 10 minutes. Related to Table 2.2.

200 300 400 500
Wavelength(nm)

Figure S 2.14. Decomposition of p-aminophenol at pH = 10 under air. UV-Vis spectrum of
p-aminophenol (0.1 mM) at pH = 5.5(a), and evolution of the UV-Vis spectra of p-aminophenol
(0.1 mM) after exposure to air under pH = 10 from 0 to 150 min (b, c, d, and €). Decomposition
of the p-aminophenol product in different reaction conditions has been reported in different
research.?6:?
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2.4 Accompaniment to Chapter

A catalyst based on palladium supported on glass wool (Pd@GW) demonstrates
exceptional performance and durability for the reduction of nitrobenzene to aniline. This reaction
proceeds efficiently at room temperature and ambient pressure in aqueous solutions, highlighting

the catalyst's potential for green chemistry applications.?°

The outcomes of this project not only heightened my enthusiasm for working in this field
and deepened my understanding of reaction condition optimization, but also opened new avenues
for our entire research group. This breakthrough enabled the optimization of various organic

reactions and antibacterial studies using flow systems.

Building upon this work, subsequent research within our group, notably by Bowen Wang
and Connor Bourgonje, further advanced our understanding of the PA@GW catalyst. Their study
employed advanced microscopy techniques to observe palladium catalytic centers on fibreglass
during the reduction of nitro compounds. By combining fluorescence and electron microscopy,
they achieved real-time, high-resolution visualization of these catalytic centers. This approach
revealed detailed insights into the behaviour and stability of the catalyst under flow conditions.
Importantly, their findings demonstrated minimal palladium migration and identified specific
active sites that enhance catalytic activity, contributing significantly to the improvement of

heterogeneous catalysts.*

The synergy between the findings in Chapter 2, which explored the reduction of nitro to
amine using PA@GW in a flow system, and Bowen's microscopy studies resulted in a
comprehensive publication. Titled "The Nitro to Amine Reduction: From Millions of Tons to
Single Molecule Studies," this paper bridges the gap between large-scale industrial applications
and molecular-level insights, highlighting the multifaceted and interdisciplinary nature of the

research.®!
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Chapter 3. A simple Norrish Type Il actinometer for flow photoreactions

3.1 Preamble to Chapter

In the specialized field of photochemistry, the design of a flow setup and subsequent scale-
up significantly differs from traditional methods used in organic synthesis, primarily due to the
critical role of light. An effective flow system optimizes the interaction between light and the
reactants, ensuring maximum exposure. The ideal reactor with a large surface area is exposed to
the light source, facilitating efficient photochemical reactions. Additionally, the volume of the
solution positioned in front of the light source should not exceed the distance over which light
intensity significantly diminishes, known as the attenuation length. This consideration is crucial
for maintaining effective light penetration and ensuring that the photochemical reactions occur

uniformly throughout the solution.

Furthermore, achieving optimal efficiency in a photochemical flow reactor depends on
precisely managing the ratio of the reactor's exposed surface area to the volume of the reacting
solution. This design strategy maximizes the utilization of photons by ensuring that more
reactants come into contact with the light. The reactor geometry needs to support a thin layer of
solution, effectively spreading the solution across a broader area while minimizing the depth
exposed to the light. This configuration reduces the light path length through the solution, which
minimizes losses due to absorption and scattering, and ensures a more uniform distribution of
light.

To further enhance the effectiveness of the photochemical process, we must also consider
the optical properties of the reactor materials and the solvent. These materials should be chosen
not only for their chemical compatibility and durability but also for their transparency and
minimal interference with light transmission. The setup of the light source itself, including its
wavelength, intensity, and positioning relative to the reactor, is another critical factor that needs

careful adjustment to align with the specific photochemical reaction being conducted.

By considering all those factors, we designed a flow setup that can significantly increase
the efficiency and scalability of the chemistry processes. This chapter explores the specifics of

the setup, and the quantum yields of several chemicals determined using a chemical actinometer.

55



Chapter 3: Photochemical & Photobiological Sciences. 2023;22(8):1865-74

3.2 Post-print version of the manuscript

First published in Photochemical & Photobiological Sciences. 2023;22(8):1865-74

This chapter has been adapted from Photochemical & Photobiological Sciences journal with

permission as the author of this article.

3.2.1 Abstract

This contribution addresses a frequent problem in flow photochemistry, where
methodologies to determine the quantum efficiency of photoreactions are totally lacking. Despite
numerous studies being available in the literature, product reaction yields are never accompanied
by measurements to determine their quantum yields. Frequently, the key reagent in the reaction,
light, is not measured under the experimental conditions of exposure. We report here a flow
actinometer based on the photochemistry of valerophenone that can be readily implemented in
the organic laboratory for irradiations in the UV region. For example, for UVB lamps used in our
work, the irradiance was measured as 1.1 x 10~* einstein It s™1. Our photoreactor design
involves wrapping low-pressure lamps with Teflon tubbing, where the photochemistry takes
place. Similar strategies could be implemented with other geometries or with lamps (e.g. LED)
and actinometers with sensitivity in other spectral regions.

3.2.2 Introduction

Actinometers are employed to determine the irradiance to which a sample is exposed,
sometimes expressed per unit area and frequently based on volume. Actinometers can be
physical devices or chemical compositions that through their conversion when exposed to light
can report on the “dose” received, frequently the number of einsteins per unit volume and per

unit time.

In the case of chemical actinometers understanding the importance of the overlap between
the emission spectrum of the light source and its overlap with the sample and actinometer
composition is critical. In some special cases, this can be greatly simplified; for example, we
developed an actinometer based on ruthenium-tris-bipyridyl (Ru(bpy)s?*) which is particularly
useful for scientists researching Ru(bpy)s?*. Thus, spectral matching between the sample and
actinometer is not an issue. This may appear highly restrictive, yet the use of Ru(bpy)s?* is so

widespread that this unusual actinometer serves a large community. Chemical actinometers
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require calibration against a physical device or a well-established chemical actinometer; among
these, the ferrioxalate actinometer developed by Hatchard and Parker over 60 years ago is a

frequent choice.’

The Norrish Type Il reaction of valerophenone was studied 50 years ago by Wagner who
determined quantum yields and product distributions under a variety of experimental conditions,
Scheme 3.1.357 In benzene, the quantum yield for acetophenone formation is 0.30. A minor
product of the reaction is a mixture of cyclobutanols, which account for 18% of the products

under the same conditions.?
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Scheme 3.1. Simplified mechanism for the Norrish Type Il reaction of valerophenone. The
full mechanism is available in Scheme S3.2 in the Supporting Information.

The Norrish Type Il quantum yield is known to increase in hydrogen bonding solvents, as
hydrogen bonding of the biradical reduces the probability of back hydrogen transfer. While many
other aromatic ketones undergo the Norrish Type Il reaction, one peculiarity of valerophenone is
that the quantum yield is rather insensitive to the presence of oxygen,®® a property that is very

useful when using it as an actinometer.

A few other attempts to develop flow actinometers have been published.*®*3 In recent
comprehensive reviews listing over a hundred photoreactions in flow, just one example includes
irradiance measurements or chemical actinometry;'**° as a result, it is impossible to determine
how efficient a photoreaction is. In our case, we aim at a system that is simple and that can be

readily implemented in organic laboratories, as long as a UV-visible spectrometer is available.
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In this study, we explore the use of valerophenone as an actinometer in flow systems,
where it is normally difficult to measure quantum yields. In fact, valerophenone has been used
before as an actinometer in batch systems.!® Our system is not perfect and errors of 10% may be
commonplace, particularly when Wagner’s measurements must also incorporate some error;>
however, this is a major improvement over the current status where simple actinometer tools are

badly needed in the field of flow photochemistry.

3.2.3 Results and Discussion

A number of batch experiments were performed to verify solvent dependence and optimize
analytical methods. These are included in the Supporting Information (Figures S3.4 — S3.6) and
in general, they agree well with Wagner’s classic studies on the Norrish Type Il reaction.”® We

concentrate here on our flow studies.

3.2.3.1 Experimental design

Our actinometric studies concentrate on a specific geometry although the same principles
could easily be applied to other light sources, flow design, and experimental geometries. In our
case, we utilize as light source 8 W fluorescent tubes which are 30 cm long and with a diameter
of 16 mm. Similar LED lamps (same geometry) are readily available for wavelengths of 365 nm
and above. Figure 1 shows the experimental setup based on a single installed lamp on a
Luzchem Expo panel with a capacity for five lamps; multiple lamps have been used successfully

in some of our tests.
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Figure 3.1. Expo panel with a single UVB lamp wrapped with Teflon tubing and within
this device a diagram of the complete setup. The lamp is 30 cm long with an active part of about
26 cm; about 6.3 m of Teflon tubing with about 10 ml of solution are required to wrap each
lamp. The upper part of the figure shows a segment of a UVA lamp wrapped with Teflon
tubing; note that tight wrapping with no air gaps is essential.

The Teflon tubing used (see inset in Figure 3.1) has an outside diameter of 1.80 mm and an
inside diameter of 1.50 mm corresponding to a wall thickness of 0.15 mm. Note that most Teflon
tubing has thicker walls, however, the thin walls should be preferred as they add flexibility,
minimize absorption and scattering by Teflon and facilitate the tight lamp wrapping required for

the best photochemical performance. Typically, 6-7 m of tubing is needed to wrap each lamp.

Calculating the optical path for the geometry of Figure 3.1 is challenging and in our
experience, a near-impossible exercise, as the optical path is different at the center or sides of the
tube. A simple geometric calculation for a cylindrical shape gives an average optical path of 1.19
mm. However, the tubing (Teflon and sample) behaves as a cylindrical lens with different
refractive index (Teflon vs. sample) and some light scattering in the Teflon walls. Thus, the
value of 1.19 mm is a naive assumption based on perfect parallel beams that do not refract as
they enter the cylindrical Teflon tube. Fortunately, we have found a simple way to determine
experimentally a nominal optical path for the configuration of Figure 3.1. It is essential that the
tube wrapping be very compact (as shown) with no spaces between vicinal tube turns.
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3.2.3.2 Optical Path Determination

In order to estimate a nominal optical path, we used a spectroradiometer to measure the
irradiance from the light source (UVB lamp used) under three conditions: (a) from the naked
lamp, (b) from the lamp tightly wrapped with empty Teflon tubing and (c) from the lamp
wrapped with Teflon tubing filled with a 0.1 M valerophenone solution in acetonitrile. The
corresponding spectra are shown in Figure 3.2A; we note that similar spectra are usually
available from lamp suppliers Remarkably, wrapping with Teflon tubing reduces the light
intensity by only 22% and does not change the spectral distribution (Figure S3.7). Filling the
tubing with 0.1 M valerophenone in acetonitrile causes a reduction of light of 85.5% at 310 nm
with respect to the empty tube. Given that the extinction coefficient for valerophenone at 310 nm
is 54.3 Mt cm™ (Figure 3.3), we can estimate the optical path as 1.54 mm (Sl 3.3.8). This is not
only a very useful number but also remarkable, as it is very close to the 1.5 mm internal diameter
of the tubing. A more detailed analysis (Figure 3.2B) between 295 and 335 nm confirms a

nominal optical path of 1.5 mm.

When one observes in detail the light measured at 290 nm for 0.1 M valerophenone, this is
only 4.5% with respect to the empty tube, compared with ~15% at 310 nm. The difference is due
to the absorption properties of valerophenone which shows a major increase below 300 nm, see
Figure 3.3. The absorption change reflects the weak n,zt* transition at long wavelengths,

compared with the allowed 7,7t transition at shorter wavelengths.’
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Figure 3.2. Panel A shows the spectra recorded for the UVB lamp in red; the blue spectrum
is for the same lamp wrapped with empty Teflon tubing as shown in Figure 3.1, while in the
green spectrum, the tubing has been filled with 0.1 M valerophenone in acetonitrile. Panel B
shows the calculated optical path (see Sl for details) based on the blue and green traces in panel
A and knowing the extinction coefficient for valerophenone across the spectral range (Figure
3.3). Note that meaningful calculations can only be performed where the lamp has enough power
(280 < A <350 nm) and where the sample in the tube does not block essentially all the light (1 <
295 nm). The region with meaningful data is shown as a solid green line and yields an optical
path of 1.5 mm. Panel C shows the irradiance measures at 290 and 310 nm (same colour code as
Panel A). Note that at 290 nm the tube filled with valerophenone solution transmits essentially

no light.
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Figure 3.3. Extinction coefficient of valerophenone in acetonitrile. See Sl for calibration
plots for different valerophenone concentrations (Figure S3.8). The blue plot shows the same
data as the red spectrum but multiplied x10 to facilitate visualization of the n,;t* transition.

3.2.3.3 Counting einsteins

Many actinometric applications involve competitive systems where the actual dose
received by the sample is not actually calculated or required. In fact, the main output of
actinometry is the einsteins received by a sample per unit volume and unit time, where an
“einstein” corresponds to a mole of photons. In actinometry, the rate of loss of a product or

formation of a product depends on quantum yield (@), incident light intensity (lo) and a fraction
of light absorbed by the compound (f).

d[All Product(s)] —d[Reagent]
dt B dt

= dx[yxf (D

Equation 1 is quite general and becomes very simple for systems where a single reagent
gives a single product or where the sum of all products is used in the numerator. In the Norrish
Type Il reaction, this does not apply because the formation of cyclobutanols makes the
consumption of reagents faster than the formation of acetophenone. Thus, in our case, we use the
simplified form of equation 2 relying only on acetophenone.

d[Product]
T = CI)acetophenone XIg % f (2)

Where o x f corresponds to the light intensity or irradiance actually absorbed, or more
correctly defined as absorbed photon flux density, 1,.18
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la=1yxf (3)

Where, for simple systems, f can be readily calculated from the absorbance of the sample.
f=1-T=1-10"4 (4)

Where A is the absorbance and T is the transmittance. Of course, things are somewhat
more complicated when the sample is not contained in a simple cuvette with flat walls, but rather
in a Teflon tube with scattering properties and formally a cylindrical lens. This makes the

nominal optical path calculated above extremely useful.

While calculating lo can be challenging (vide infra) the determination of I, is very simple,
as it is exclusively based on the chemistry of the actinometer. For example, Figure 3.4 shows the
formation of acetophenone in acetonitrile when a 0.1 M solution of valerophenone is irradiated
with UVB light.

0.03+

™

 0.02

0.014

[acetophenone]

T T T T T T T T T
0 100 200 300 400 500
residencelfime, 3

Figure 3.4. Formation of acetophenone during UVB photolysis of 0.1 M valerophenone in
acetonitrile. The value of ® acetophenone in acetonitrile has been determined as 0.60, See Sl for
batch data on this system (Figure S3.4). Correlation coefficients 0.997.

The graph of Figure 3.4 has a slope of 6.5 x 10° M s, corresponding to the rate of
acetophenone (ACP) formation. Since we know that the quantum yield for acetophenone
formation in acetonitrile is 0.60, a simple calculation yields for the light absorbed by

valerophenone, 1, = 1.1 x 10* einstein L™ s,
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dacr/ _ 65x107°

I =
“T D cp 0.60

Ms™! =1.08 x 10 *einstein L™t s71 (5)

It is important to note that the calculation of I, does not require any knowledge of the
spectrum or irradiance of the light source, or the fraction of light absorbed.

Obtaining lo from la presents different levels of complexity depending on the
characteristics of the light source, the properties of the solution and the geometry for irradiation.
In an ideal case, the light source is perfectly monochromatic (as for lasers), the sample is
contained in a spectrometer cuvette and the absorbance at the excitation wavelength (1) is known
(and preferably is high). Under these simple spectroscopic conditions, we have,

Iq

10:(1_77” (6)

Unfortunately, the situation just described is rarely encountered in the organic laboratory,
particularly if flow studies are involved. The system of Figure 3.1 is complex and thus an
experimentally determined optical path is useful, but not enough to convert I into lo. For
polychromatic light sources, the conversion from I to lo is dependent on the overlap of the
emission from the light source and the absorption spectrum of the actinometer and/or sample.
This is illustrated for the UVB lamps used in this work and a solution on valerophenone in
acetonitrile, Figure 3.5. Thus at A<300 nm valerophenone will absorb > 90% of the incident
light, but this is not true at longer wavelengths where a significant fraction of the light will not be
absorbed. For each wavelength in the emission spectrum of the lamp, one can calculate the

number of photons (or einstein) absorbed, Ia#4, or the fraction of photons absorbed, fa*.

fh=1-T, (D

In most modern instruments it is easy to export a spectrum at 1.0 nm intervals and it is thus
simple to either integrate or sum the incident light at each wavelength (11) and the light absorbed.
That is:

lo=>1 (8

A

=) Lx(1-T) (9
A
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The fraction of light absorbed across the spectral region examined (f22") is:

fla” _ I_a _ lel X (1 - TA)
Iy Xl

(10)

Fortunately, these equations convert to a simple graphic approach (Figure 3.5B) that
does not require the absolute value of irradiance from the source at each wavelength, but
rather simply the spectral light distribution. To emphasize this we use normalized lamp

spectra in our calculations.
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Figure 3.5. Panel A (right axis) shows the absorbance of a 0.1 M solution of valerophenone
in acetonitrile contained in a system (Teflon tubing) with an effective optical path of 1.5 mm,
while the left axis shows the normalized spectral distribution of the UVB lam used. Panel B
shows the spectral distribution of the UVB lamp (normalized, red) and the fraction of light
absorbed by the valerophenone solution. (blue). No red curve is seen below ~300 nm because
the light is quantitatively absorbed by valerophenone.

In the case of Figure 3.5, the value of f:" is 0.771, or 77.1% of the photons would be
absorbed by the valerophenone solution. While for valerophenone the absorption spectrum is
required for the sample used, for the light source spectrum, only the intensity distribution is
required but not the actual irradiance under the conditions of the experiment. In order to
emphasize this, the lamp spectrum has been normalized before the detailed calculation. This is
important as many organic laboratories do not have a spectroradiometer on hand; this is not

required, as the spectral distribution of the light source is usually available from the suppliers and
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readily accessible. As illustrated in the Sl, the Teflon tubing affects the power, but not the

spectral distribution of the lamp.

If we now return to the data in Figure 3.4 we determined above that I, = 1.08 x 10
einstein L™ 5%, which given that 77.1 % of the light was absorbed leads to lo = 1.4 x 10 einstein
Lt s for the incident light between 270 and 400 nm. Thus the valerophenone actinometer can
yield both the values of I, and lo based on a product analysis, the spectrum of the actinometer

solution and the relative spectral distribution for the light source.

When performing actinometry it is preferable to work at a relatively low conversion.® This
IS important as overlap graphs, such as Figure 3.5, are based on initial conditions. The sample
spectrum will likely change as the reaction progresses and in some cases, products may compete
for the incident photons. The case of valerophenone is rather forgiving as the acetophenone
produced can absorb photons where the energy can then be transferred to valerophenone,? thus
allowing higher conversions to be used. This may not be true for other materials under study,

where low conversions should be preferred.

3.2.3.4 Examples of applied actinometry

Actinometry requires that the absorbance of the actinometer solution and that of the sample
be matched, or that the differences are such that a quantitative correction can be readily
introduced. This is relatively simple with monochromatic light sources, but somewhat more
difficult with lamps that are intrinsically polychromatic. There is one situation when these
restrictions can be easily overcome, and that is when the sample and actinometer absorb all or
most of the incident light. In this work, we use UVA and UVB lamps, and in the case of organic
photochemistry, high light absorption is more easily achieved with UVB lamps (red spectrum in
Figure 3.5A). Our work does not rely on complete light absorption but rather quantifies the
overlap between lamp emission and absorbance by both, actinometer and sample. Both must

have some spectral overlap (not the same) with the light source used.

It should be noted that while narrowband LEDs are readily available for the visible and
NIR spectral regions, the same is not true for ultraviolet light where LEDs around 365 nm with

good power output are commercially available, the same is not true for shorter wavelengths.
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3.2.3.4.1 Valerophenone vs. quenched valerophenone

This example is specifically introduced to show a case of low absorbance at the UVA lamp
wavelength and poor sample absorbance matching with the lamp spectrum (see inset in Figure
3.6 and Figure S3.11). This case is made simple (and quite accurate) by the perfect matching of
sample and actinometer, something that is true because the sample is also valerophenone and the
quencher, naphthalene, does not absorb significantly in the spectral region of interest at the
concentrations used.
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Figure 3.6. Conversion as a function of residence time for 0.1 M valerophenone in
acetonitrile (red) and the same composition containing 0.01 M naphthalene (blue). The emission
shows the spectrum of the UVA lamp (irradiance normalized, left axis, red), and the absorbance
spectrum of the valerophenone solution for a 1.5 mm optical path (right axis, blue). Correlation
coefficients 0.998 (red) and 0.997 (blue).

The results are shown in Figure 3.6, where 0.01 M naphthalene reduces the rate of
conversion slope from 4.80 to 2.95 min, that is quenching just under 50% of the valerophenone
triplets. In this case, the valerophenone concentration is the same with and without the quencher,
and the spectral matching between the actinometer and sample is perfect, equation 11, which also
includes the numeric data for the system of Figure 3.6.
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Slope 2.95
PCsa _ 0.60°22~0.37 (11)

. =P, — 1
s At Slope st 4.80

Where the subscripts ‘Act’ and ‘sq’ refer to the actinometer solution and the sample
containing the quencher, respectively. In this case, an analysis such as shown in Figure 3.5B is
unnecessary. Note that in this case a UVA lamp is preferred, as naphthalene is transparent in this
region, but partially absorbing in the UVB region.

3.2.3.4.2 Benzoin photochemistry

a-Phenylbenzoin (benzoin) undergoes Norrish Type I reaction involving C-C bond

cleavage,?:?2 scheme 3.2.
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Scheme 3.2. Simplified mechanism for the Norrish Type | reaction of benzoin

From the actinometry perspective, the fate of the radicals is not important in the context of
this contribution, as the photochemistry is complete once the radicals have been formed; suffice

to say that benzaldehyde is a common product.

We studied the photolysis of benzoin in acetonitrile under nitrogen and using the same
UVB light source as in Figure 3.2. This led to the graphs of Figure 3.7, where valerophenone
(0.1 M and adjusted for a 1.5 mm optical path) absorbs 77.8% of the incident light, while
benzoin (0.02 M) absorbs 77.1 %, based on the same analysis as in Figure 3.5. The integration

was performed from 270 to 400 nm.

In the actual actinometric experiment, the conversion of the sample and actinometer was
determined as a function of the residence time in the Teflon tubing (6.3 m wrapping over the 26

cm where active emission of the lamp takes place), Figure 3.7.
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Figure 3.7. (A) Acetophenone formation from valerophenone 0.1 M in acetonitrile (red
circles) and benzoin 0.02 M conversion in acetonitrile (blue squares). Both experiments are done
in a flow system with 6.3 m Teflon tubing around a UVB lamp. Correlation coefficients 0.998
(red) and 0.994 (blue). (B) Spectral distribution of the UVB lamp (normalized, red), the fraction
of light absorbed by the valerophenone acetonitrile solution (0.1 M, blue) and the fraction of
light absorbed by benzoin (0.02 M, green). Calculations based on a 1.5 mm optical path.

In Figure 3.7A the valerophenone actinometer and benzoin give a reasonably linear plot
even at conversions around 25%. The slopes obtained are 0.0649 s for acetophenone and 0.100
s’ for benzoin. As a general rule, product measurements (as for acetophenone) yield less error

than consumption measurements (e.g., benzoin), particularly at very low conversions.

In principle, the ratio of the two slopes, multiplied by the actinometer quantum yield (®act)
gives the quantum yield for the sample, ®sm. However, two corrections are needed, one to
account for the different concentrations of sample and actinometer (Csm and Cact), as the plot of
Figure 3.8 is based on conversions, and second, the sample and actinometer may absorb a
different fraction of the lamp light, see Figure 3.7. This leads to equation 13.

Slopesm Csm AACt

— (13)

b =
s Act SlopeAct CAct A

Which in numeric form for the system of Figures 7 and 8 converts to:

0.100 0.02 77.8

Psm = 060 50X 01 X771~

0.19
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Where the values of A% and £, derived from Figure 3.7 are 0.778 and 0.771,

respectively, for an integration range of 270 to 400 nm.

Equation 13 provides a general expression for quantum yields based on the consumption of
a reagent (sm) or the production of a product. When all relevant numbers are entered for the
system of Figure 3.7, the quantum yield is ®smw = 0.19. For comparison, reported values are 0.33
based on transient studies?! and 0.41 in benzene based on product studies.??> We were surprised
by our low value in acetonitrile and decided to repeat the complete study in benzene, where the
simple approach used by Lewis and co-workers appears quite robust.?? These studies are very
similar to those just presented for acetonitrile and are described in detail in the Sl and yield a
quantum yield of 0.43 in complete agreement with the reported value in benzene (figure S3.9 and
equation S3.4). This makes us confident that the actinometer presented here is reliable. Further,
we believe that the value of 0.19 in acetonitrile is correct. It should be noted that in benzene the
integration was performed between 280 and 400 nm, that the start (280 nm) is 10 nm longer than
in all other UVB studies in this work. This reflects that the high absorption of benzene below 280
nm would shield absorption by benzoin in this range. While a double correction is possible using
the same strategy as in Figure 3.7, it is not justified in this case given the small range of sample-

solvent overlap.

3.2.3.4.3 Studies of Irgacure-2959

Irgacure-2959 (12959) is a commercial benzoin sold as a photoinitiator. Our interest in
12959 relates to its high efficiency in producing strongly reducing ketyl radicals that can be used
in the reductive synthesis of metal nanoparticles.?®>?* The mechanism of photodecomposition?® is

shown in Scheme 3.3.

Q (ID H;C., CH
HO, h HO, . 3V 3
. T
OH OH
(0] (0]

Ketyl radical

12959 Benzoyl-type radical (strong reductant)

Scheme 3.3. Photodecomposition of 12959 under UV irradiation.
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As in the case of benzoin above, the fate of the radicals is not critical although it usually
depends on other substrates present, with the ketyl radical usually seeking an electron acceptor
and the benzoyl-type radical ultimately leading to the benzoic acid derivative if oxygen is
present. In any event, conversion was measured based on the consumption of 12959 and
compared with acetophenone produced from valerophenone. These results are shown in Figure
3.8A, where in the case of 12959 we include three sets of data run on three different days; the
slopes are 0.149 s and 0.138 s* for all data and low conversion data, respectively. From this,
we adopt a value of 0.14 s, which should be compared with the value of 0.065 s™* for

valerophenone.
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Figure 3.8. (A) Acetophenone formation from valerophenone 0.1 M in acetonitrile
(red/white squares) and three experiments showing 12959 0.1 M conversion in acetonitrile (blue
squares, green triangles and red circles). Both experiments are done in a flow system with 6.3 m
Teflon tubing around a UVB lamp and containing about 10.2 ml of irradiated sample; Correlation
coefficients 0.936 (red, low conversion data), 0.976 (all data, black line) and 0.997
(valerophenone). (B) Spectral distribution of the UVB lamp (hormalized, red), the fraction of light
absorbed by the valerophenone acetonitrile solution (0.1 M, blue) and the fraction of light absorbed
by 12959 (0.1 M, green). Calculations based on a 1.5 mm optical path.

Given slopes in Figure 3.8A of 0.065 and 0.14 s, for acetophenone formation and 12959
consumption, respectively. Figure 3.8B leads to 77.1% light absorbed by valerophenone and
93.5% by 12929 based on the integration between 270 and 400 nm.

Which in numeric form for the system of Figure 3.8 and using equation 7 converts to:
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o —o0go0dd 01 771
sm = U005 065 X 01 X935~

This suggests a quantum yield of 1 within experimental error and is consistent with the
short lifetime of the 12959 triplet? and the high efficiency of this initiator.

3.2.3.5 Experimental

All chemicals and solvents were purchased from Sigma-Aldrich and used as received. The
light source was an EXPO panel from Luzchem fitted with lamps from the same supplier. The
Teflon tubing has an outside diameter of 1.80 mm and an inside diameter of 1.50 mm
corresponding to a wall thickness of 0.15 mm. It is important that the experimental optical path
of 1.5 mm was quite reproducible for various lamp wrappings and different batches of the same
product, but it may have to be re-measured if different types of tubbing are used.

Various peristaltic pumps were used in this work, with a flow rate ranging from ~1.5 to

200 mL/min. Product studies were performed by GC-MS.

3.2.4 Conclusions

The valerophenone flow actinometer developed in this work provides for the first time a
convenient tool to perform quantitative flow photochemistry studies. The widespread use of flow
photochemistry* requires tools that allow the key reagent in the system, light, to be
quantitatively measured, and thus, not just measure product yields, but also quantum yields. This
will make results from different laboratories comparable, otherwise “better yields” may simply

mask different illumination conditions.

The valerophenone actinometer does not require spectro-radiometric measurements and
only the shape of the lamp emission is required, something that is normally available from the
supplier. The normalized lamp emission spectrum is combined with the absorption spectra of the
sample and actinometer to determine the fraction of light absorbed by each one. We believe that
this work finally enables organic chemists doing flow photochemistry to determine and report

“light”, both incident and absorbed, using standard irradiance measurements.
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3.3 Post-print version of supplementary information

3.3.1 Materials and Instruments

Most of the compounds for doing experiments such as valerophenone, acetophenone, and
benzoin, were purchased from Sigma Aldrich and Irgacure 2959 was from BSAF. The solvents
were from Fisher Chemical. UVA and UVB lamps (8W), and Expo panel (EXPO-01) were from
Luzchem Research, Inc. Teflon tubing (STT-15) was purchased from Component supply

company and the pump (minipuls 3) was from Gilson.

All samples were analysed by GC-MS analyses from Agilent 6890-N Gas Chromatograph
with an Agilent 5973 mass selective detector. For the UV-Vis spectrum, Cary 60 UV-Vis
spectrophotometer from Agilent was used.

3.3.2 UVA and UVB lamp spectra
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Figure S 3.1. Spectra recorded for the lamps used. The spectra were recorded with the

Teflon tubing installed and the spectroradiometer detector head in close proximity to the tubing
surface.
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3.3.3 Detailed mechanism for the Norrish Type Il reaction of Valerophenone
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Figure S 3.2. Detailed mechanism for the photodecomposition of valerophenone. Important
details (compare with Scheme 3.1) are the explicit involvement of a short-lived triplet state and
the fact that the product acetophenone is initially produced in its enol form.

3.3.4 Flow experiments

First, the lamp was turned on for around 10 min to make sure that the intensity of the lamp
was stable. In the second step, the solution of reactants was pumped over the Teflon tubing with
a single pass. For every flow rate, 2 to 3 samples were collected periodically at the exit of the
tubing after pumping at least 2 times more volume than a tubing capacity. The flow rate was
calculated accurately by using the weight of collected samples and converting them to the
volume by using the density of the solvent. The residence time is obtained by dividing the
volume of the tubing around the lamp by the flow rate. Then samples were analyzed by GC-MS

to have precise data for the compounds analyzed.
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3.3.5 GC-MS analysis

All the samples from batch and flow experiments were analyzed with GC-MS. For
example, 20 pL of valerophenone 0.1 M, diluted with 1 ml CH.Cl> contained 0.064 mM tert-
butylbenzene as a standard Figure S3.3.
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Figure S 3.3. GC-MS analysis. (A) Gas Chromatography peaks related to a sample with
62.3% valerophenone, 30.37% acetophenone, and 7.33% 2-methyl-1-phenyl-1-cyclobutanole.
(B) Mass spectrum of valerophenone, (C) acetophenone, and (D) 2-methyl-1-phenyl-1-
cyclobutanols. The two isomeric cyclobutanols are not separated in this column.

3.3.6 Batch experiments performed in preliminary work

To optimize the reaction conditions, a few preliminary batch experiments were done in
different solvents and concentrations. Experiments were performed in quartz tubes that were
located parallel in touch with an 8 w lamp (UVA or UVB). Samples were taken continuously and
analyzed by GC-MS.
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Valerophenone 0.1 M in 10 ml acetonitrile or benzene was irradiated with a UVA lamp at
room temperature to understand the effect of different solvents on the reaction rate Fig S3.4.
Rate of the valerophenone consumption or acetophenone formation in acetonitrile is around 2

times faster than the same reaction in benzene.
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Figure S 3.4. The batch experiment of valerophenone 0.1M in acetonitrile and benzene 10
ml, irradiated with a UV-A lamp. (A, left) is the valerophenone consumption and (B, right) is the
acetophenone formation rate.

Note that the rate of valerophenone consumption is higher than that of acetophenone
formation. This is expected as the former includes the formation of cyclobutanol products, see
Figure S3.2. Given the reported quantum yield of 0.3 for acetophenone in benzene, the value in

acetonitrile is 0.6.

The effect of a quencher on the quantum yield was studied by running the same batch
experiment of valerophenone 0.1M in acetonitrile 10 ml irradiated with UVA. This time
naphthalene 0.01 M was added to the solution Figure S3.5.
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Figure S 3.5. The batch experiment of valerophenone 0.1M in acetonitrile 10 ml with
naphthalene 0.01 M, irradiated with a UVA lamp.

Appropriate concentration for doing experiments with every compound was selected by

considering the lamp spectrum and absorption spectrum of the actinometric system. The

concentration should be high enough to absorb the most incident light and low enough to run fast

in our flow setup. For example, 10 ml of valerophenone 0.1 M and 0.3 M in acetonitrile were

irradiated with a UVB lamp in two quartz test tubes at the same time. The results of GC analysis

for batch experiments (Figure S3.6) and UV-Vis spectrum showed that 0.1 M is a convenient

concentration for valerophenone to follow the actinometric reactions.
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Figure S 3.6. (A) Batch experiments of 10 ml valerophenone 0.1 M and 0.3 M in
acetonitrile with a UVB lamp. (B) Absorbance spectrum of valerophenone with different
concentrations in acetonitrile (left axis) and UVB lamp emission spectrum (right axis).
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3.3.7 Effect of Teflon tubing on the spectral shape

The actinometer developed here requires knowledge of the spectral distribution of the light
source used, but not the actual irradiance values. We show here actual irradiance values simply
to familiarize the reader with typical irradiance values (frequently referred to as “intensity”).
This means that users of this actinometer do not need to have a spectroradiometer on hand as

lamp spectral distributions are normally available from the lamp supplier.

It is important that the Teflon tubing should not alter significantly the lamp spectrum,
although irradiance changes are of course expected when Teflon tubing surrounds the lamp. The
spectra below show that Teflon tubing has no significant effect on the spectral distribution of the

lamp. This observation legitimizes the use of reported lamp spectra, with no need for this to be
remeasured locally.
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Figure S 3.7. Based on Figure 2 in the main article, shows (red dots) the spectrum of the
naked UVB lamp and in blue the spectrum recorded for a lamp with Teflon tubing installed, as
shown in Figure 1. The green line corresponds to the blue spectrum multiplied by 1.274; this
value is the ratio of the integrals under the curves for the naked lamp and the one coated with
Teflon tubing. Integration was performed between 250 and 600 nm.
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3.3.8 Optical path calculation

The flow setup was prepared by the tight wrapping of Teflon tubing (OD = 1.8 mm and ID
= 1.5 mm) around a lamp. The amount of light was measured by using a spectroradiometer. The
light intensity of the lamp was measured in three different conditions, (a) the naked lamp, (b) the
lamp tightly wrapped with empty Teflon tubing and (c) the lamp wrapped with Teflon tubing
filled with a 0.1 M valerophenone solution in acetonitrile. In all three measurements lamp was on
for 10 minutes before recording the spectrum to make sure that the intensity is stable and the slit

of the spectroradiometer was in touch with the lamp.

Comparing the results of (b) and (c) as mentioned in the manuscript, Figure 3.2A, showed
that 85.5% of light at 310 nm is reduced when we pumped the valerophenone 0.1 M inside the
empty Teflon tubing. This means that only 14.5 % of light is transmitted at 310 nm. The

absorbance (A) of a solution has a logarithmic relation with a transmittance (T) (equation S1).
A=—log,,T = —log14.5 A=0839 (S1)

According to the Beer-Lambert law absorbance has a linear relationship with the

concentration (c), molar absorption coefficient (), and optical path (b) (equation S2).
A= ¢ebc (52)

To find an optical path in our flow setup, we need to determine the molar absorption

coefficient by using the calibration curve of the valerophenone at 310 nm Figure S3.8.
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Figure S 3.8. (A) UV-Vis spectrum of valerophenone in acetonitrile was done in a Cary 60
spectrophotometer. (B) Calibration curve of valerophenone at 310 nm. These data were used to
determine the extinction coefficient for valerophenone.
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The calibration curve at 310 nm gives a molar absorption coefficient of 54.3 M~cm™. Now

optical path can be calculated by the Beer-Lambert equation (S3).

A 0.838
b= —

p = 523 %01 =0.154cm = 15mm (S3)

3.3.9 Benzoin photodecomposition in benzene

In another attempt, the whole actinometric process was repeated in benzene to compare
this research results with the literature.® For this aim, the acetophenone formation from
valerophenone 0.1 M in benzene by a UVB lamp flow setup was studied and compared with the
conversion of benzoin 0.02 M in benzene Figure S3.9.

Conversion
(acetophenoneformed(orbenzoin[@onsumed)

T T T T T T T T T
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Figure S 3.9. Acetophenone formation from valerophenone 0.1 M in benzene (red circles)
and benzoin 0.02 M conversion in benzene (blue squares). Both experiments were done in a flow
system with 6.3 m Teflon tubing around a UVB lamp and samples were analyzed with GC-MS.

The rate of conversion was 0.0346 s for acetophenone and 0.254 s for benzoin. The
spectral overlap is shown in Figure S3.10. In this case, the integration starts at 280 nm, as

benzene has extensive absorption below this wavelength.
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Figure S 3.10. Overlay of the spectrum of the UVB lamp (red) with the spectra of
valerophenone (blue) 0.1 M and of benzoin (green) 0.02 M, all calculated for a 1.5 mm optical
path. The inset shows the spectrum of pure benzene in a 1 cm cuvette.

From Figure S3.10, the fraction of UVB light absorbed is 77.4% for valerophenone and
78.6% for benzoin. Since the quantum yield of acetophenone formation in benzene is 0.3
according to the Wagner report.® Then the quantum yield of benzoin in benzene can be
calculated as equation (S5).

Slopes,, Com 4

D, = Dy X X A S4
A tSlopeAct CAct fl ( )

0.254 0.02 y 77.4
X
0.0346 0.1 78.6

@, = 0.30 =043  (S5)

The obtained quantum yield is 0.43, in agreement with the reported data of Lewis and co-

workers.?2

Limited absorption for valerophenone in the UVA regionThe inset spectrum in Figure 3.6
shows the spectrum of valerophenone compared with that of the UVA lamp used. The overlap is
adequate, but limited compared to the UVB lamp used in other experiments. Figure S3.11 shows

this overlap in the same format used throughout this paper, leading to 34.7% light absorption by
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valerophenone 0.1 M corrected for a 1.5 mm optical path and integrated between 300 and 420

nm.
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Figure S 3.11. Normalized UVA emission spectrum (red) and a fraction of the light
absorbed by 0.1 M valerophenone in acetonitrile (blue).

3.3.10 Detailed procedure for overlap calculations

Figure S3.11 is used as an example to explain the detailed procedure to determine the
fraction of light absorbed by a given sample or actinometer solution. The procedure is the same
for both. To start, the spectrum of the light source is needed, in this case, lamps supplied by
Luzchem, a standard 8 W UV A lamp. The spectra determined with a spectroradiometer or by the
supplier will resemble the one shown in Figure S3.1 for a UVA lamp. Notice that the units are
typically either mW m2 nm™ or W m2 nm™. We could use these units directly, but in reality, we
only need the spectrum shape, not the absolute values, and normalization is convenient. This
simply requires finding the value at the maximum and dividing the spectral data by that number,
so that the maximum now has an amplitude of 1.0. In our example, the maximum is at 365 nm, a

typical line in the mercury spectrum.

It is convenient to have spectral data for every nanometer (x-axis). Emission data can be

determined with a spectroradiometer or from the lamp supplier (in the case of Luzchem:
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https://www.luzchem.com/ExposureStandards.php). If only graphic data is available, either

digitize it or more easily request the digital data from the supplier.

If data are not at exactly integer wavelength values you can either apply the nearest integer
function (NINT) or use the integer function (INT) on “value + 0.5, to generate a convenient
wavelength array. Once you have these data, you do not need to redo this for every experiment,
as the spectral shape does not change.

For the liquid actinometer or sample solution, you need the absorbance spectrum for the
actual solution to be used in the experiment. Most likely, you will be using a 1 cm cuvette. You
need to convert the absorbance to the actual optical path of your flow system; if you use the same
Teflon tubing as in this report, the experimentally determined optical path is 0.15 cm. Simply
multiply your spectral data by 0.15. Many spectrometers do not provide the data at integer
wavelength values. You can conveniently use the same procedure described above, that is: apply
the nearest integer function (NINT) or use the integer function (INT) on “value + 0.5”, to
generate a convenient wavelength array. At least one of these should be available in your

graphing software.

The spectrum for valerophenone will not look like the one shown in Figure S3.11, but
rather like the one shown in Figure 3.5A. Figure S.11 (in blue) shows the fraction of the light
absorbed by the valerophenone solution at each wavelength. To convert to this format a few
simple calculations are required. In our case, we use Kaleidagraph as our graph software, but
other common applications, such as Origin will have similar capabilities. Excel or Numbers can

also be used but they lack the convenience of scientific software.
« Convert the data to transmittance (T); T = 10™.
* The fraction of light absorbed at each wavelength will be: ‘1 — T’
« At each wavelength the fraction of lamp light absorbed by your solution will be given by:
Fraction of light absorbed at A = (1-T) x normalized light intensity at A.
This is the blue plot in Figure S3.11.

* Now plot in the same graph the lamp spectrum and the fraction of light absorbed and you

have the plot of Figure S3.11 (lamp in red, sample in blue)
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« Finally, you need to integrate or use the sum function to determine the fraction of lamp
light absorbed by your sample, that is divide the two areas under the curves obtained from the
sums (X) of the two plots in Figure S3.11. If your data is perfectly spaced at integer values

wavelength, then the sum function is more convenient (and equivalent) to the integral.

fraction of light absorbed = Y.aLight fraction absorbed by sample (blue) < 100 S6)
g Y2 Normalized irradiance (red)

where the colors refer to those used in Figure S3.11.

« In our case this analysis leads to 34.7% light absorption by valerophenone 0.1 M
corrected for a 1.5 mm optical path and integrated between 300 and 420 nm, for a standard UVA
lamp (model LZC-355-022).

Note that these calculations are only needed to convert absorbed photons (l.) to incident

photons (lo), otherwise, the simple calculations of Figure 3.4 and equation 5 would suffice.

If you are using a different geometry the same calculations will apply, but you have to
establish the correct optical path in your system. The value of 0.15 cm that we used here only
applies if you use the same geometry and Teflon tubing. Using lamps from a different supplier

will not affect the calculations, but the correct lamp spectrum needs to be obtained.

3.4 Accompaniment to Chapter

The design and study of this flow photochemistry setup have significantly advanced our
research capabilities, providing us with a robust platform to enhance and fine-tune synthetic
chemistry processes. The innovative arrangement of light sources and reactor setup not only
increased the efficiency of photochemical reactions but also allowed for greater control over
reaction conditions. This breakthrough has made the way for more precise and scalable chemical

synthesis.
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In the next chapter, Chapter 4, we will detail how this setup has been applied to the
production of sustainable silver nanoparticles. We will explore the specific modifications and
optimizations made to the reactor design to facilitate this process. Additionally, this system
helped us to collaborate with industry partners to further refine and apply the photochemistry
process to the synthesis of vitamin D». This partnership aims to leverage our combined expertise
to enhance the yield and purity of vitamin D2 isomers’ production, demonstrating the practical

and commercial applications of our advanced photochemical setup.
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Chapter 4. Facile Scale-Up of the Flow Synthesis of Silver Nanostructures

Based on Norrish Type | Photoinitiators

4.1 Preamble to Chapter

The previous chapter (chapter 3) introduced a straightforward actinometer design for flow
photoreactions, based on a Norrish Type Il reaction. This actinometer allows for accurate
measurement of photon flux in flow reactors, offering a reliable and easy-to-use method for
monitoring and optimizing photochemical processes. The study demonstrated the utility of this
setup in various photoreactions, highlighting its importance for researchers working with flow

photochemistry.

This chapter explores the synthesis and optimization of silver nanoparticles (AgNPSs) in
flow conditions. The previously described system, with its ability to accurately measure photon

flux in flow reactors, proved instrumental in the development of our photochemical processes.

Silver nanoparticles (AgNPs) are crucial in various fields due to their unique properties.
They exhibit strong antimicrobial activity, making them valuable in medical applications such as
coatings for medical devices and antibacterial agents. Their high surface area-to-volume ratio
enhances their reactivity, which is beneficial in catalysis and environmental applications like
water purification. Additionally, AgNPs have unique optical properties, enabling their use in
biosensing and imaging. Their synthesis is important for advancing technologies in healthcare,

environmental protection, and nanotechnology-based devices.

In this project, we used two approaches: my colleague Connor conducted batch
experiments, and | did flow experiments with our supervisor's guidance. Batch experiments
helped us fine-tune the reaction conditions in a controlled setting, while flow experiments

allowed us to test the process in a way that could be scaled up for industrial use.

By combining what we learned from our actinometer studies with a detailed investigation
of silver nanoparticle (AgNP) synthesis, we aimed to create a reliable and scalable method for
producing AgNPs. This chapter explains our experimental design, methods, and results, showing

how fundamental photochemistry and applied nanotechnology worked together in our research.
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4.2 Post-print version of the manuscript

First published in Molecules. 2023;28(11):4445.

This chapter has been adapted from Molecules journal with permission as the author of this

article.

421 Abstract

Silver nanoparticles have become one of the most commercially and industrially relevant
nanomaterials of the 21st century, owing to their potent antibacterial properties, as well as their
useful catalytic and optical properties. Although many methods have been explored to produce
AgNPs, we favour the photochemical approach using photoinitiators to produce AgNPs, owing
to the high degree of control over reaction conditions, and the generation of so-called AgNP
‘seeds’ that can be used as is, or as precursors for other silver nanostructures. In this work, we
explore the scale-up of AgNP synthesis using flow chemistry and assess the usefulness of a
range of industrial Norrish Type 1 photoinitiators in terms of flow compatibility and reaction
time, as well as the resulting plasmonic absorption and morphologies. We establish that while all
the photoinitiators used were able to generate AgNPs in a mixed aqueous/alcohol system,
photoinitiators that generate ketyl radicals showed the greatest promise in terms of reaction
times, while also showing greater flow compatibility compared to photoinitiators that generate a-
aminoalkyl and e-hydroxybenzyl radicals. These findings help to establish a guideline for
adapting photochemical AgNP syntheses to flow systems, helping to improve the scalability of

the method in one of the largest industries in nanomaterial chemistry.

4.2.2 Introduction

Numerous free radical photoinitiators have been designed based on the Norrish Type |
reaction involving C-C a-cleavage of carbonyl compounds.’™ In selected cases, one of the
radicals generated is a strong electron donor; such systems are of great interest for the production
of metal nanoparticles as they produce reducing agents with excellent spatial and temporal
control.1>7 Further, an additional benefit is kinetic control, as the light source irradiance can be
readily adjusted by either controlling the power supplied (dimming) or simply changing the

source-sample distance.
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Many metal ions are excellent quenchers of excited states and frequently this quenching
can limit the efficiency of photoinitiators. For these initiators to be effective, the Norrish Type I
cleavage must be extremely fast and since most cleavages occur from the triplet state, this
requires very short-lived triplet states.> A molecule that we have long recognized as a good
nanoparticle precursor is Irgacure-2959 (1-2959), which has been widely employed in our group.
1-2959 has a triplet lifetime of ~8 ns® and cleaves with a quantum yield of one in acetonitrile?,
Scheme 4.1.

mhvlsc W—»Iﬂj -

®=1( CH30N

12959*, 3n,z* Ketyl radical
OH 12959 OH Benzoyl-type radical (strong reductant)

T~8ns

Scheme 4.1. Mechanism for the decomposition of Irgacure 2959 (1-2959) showing the
formation of the strongly reducing ketyl radical. Under typical reaction conditions the benzoyl
radical yields the corresponding carboxylic acid that can behave as a mild nanoparticle stabilizer.

Early work on the use of carbonyl compounds to generate metal nanoparticles frequently
required very long exposure times®, probably the result of the use of molecules with long-lived
triplets that were readily quenched by the metal ions, typically Ag(l) or Au (111). Further, the
need to generate strongly reducing radicals was not always recognized.

Among reducing radicals, ketyl and a-aminoalkyl radicals are convenient sources, both
operating by proton-coupled electron transfer reactions (PCET) and with commercial precursors
readily available.! Scheme 4.2 illustrates the mechanism for silver; although, the same applies
(with adjusted stoichiometry) for other ions, such as Au (I11). Once the silver atoms have been

produced, their next step is to form Agy, eventually leading to nanoparticle formation.*®
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NH +  Ag* ‘N + Ag? +  Ht (B)
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Scheme 4.2. Electron transfer from ketyl and a-aminoalkyl radicals to reduce Ag(l) to
Ag(0), reactions A and B, respectively, which eventually generates silver nanoparticles (AgNP),
reaction C.

In this contribution, we examine several readily available radical photoinitiators frequently
used in polymerization applications; although, our applications concentrate on the synthesis of
nanostructures, illustrated here with silver seeds, small nanoparticles that we require for the
production of other nanostructures with biological applications. We know that the morphology
and size dispersity of nanostructures can depend on the precursor, including distinct byproducts,

as well as on other additives, such as citrate that are of particular interest for our applications.

While nanoparticle synthesis is usually performed in batch reactions, in the last decade,
there has been an interest in converting many reactions to flow systems, where scale-up is
frequently easier and safety risks, if applicable, can be reduced.'>*? In our laboratory, we have
recently developed a flow actinometer that allows the quantification of the key reagent in
photochemical reactions: light.® As we determined experimental irradiances in the UVA and
UVB regions, we realized that our experimental geometry was exceptionally efficient in
delivering photons to a flow reactor consisting of a narrow Teflon tube. In fact, in our
preliminary work, we studied how short the residence time (<60 s) of the sample could be, and
we discovered that our pumps were not fast enough to establish a threshold for quantitative Ag+
to Ag0 conversion. The answer to this issue is presented in the sections that follow. Scheme 4.3

shows the structures we tested.
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Scheme 4.3. Structure of the molecules studies as precursors for AgNP. The letter ‘I’ is
used as an abbreviation for Irgacure, and ‘D’ is used as an abbreviation for Darocur.

4.2.3 Results and discussion

This section is divided according to the methodologies used to synthesize nanoparticles
and their characterization. The objective of this contribution is to establish a fast and reliable
method to produce silver nanoparticles in a continuous flow. These small particles are sometimes

described as ‘seeds’ and can be used to generate complex silver structures.'3

4.2.3.1 Spectroscopy of initiators and lamps used

Our studies were performed with several photoinitiators that generate strongly reducing
free radicals of the ketyl or a-aminoalkyl type with the structures shown in Scheme 4.3. They

usually have strong absorptions in the UVA or UVB region and their spectra are shown in Figure
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4.1A. The spectra for the UVA and UVB lamps used (mostly the latter) are shown in Figure

4.1B. The same wavelength scale is used for both to facilitate vertical comparisons.

1-2959
1-184

1-907
1-369

Me-benzoin

Absorbance

250 300 350 400 450
Wavelength,mhim

normalizedliradiance

0 e

250 300 350 400 450
Wavelength,mhim

Figure 4.1. (A) Spectra of the initiators used at 0.2 mM in 1:1 aqueous methanol. All
spectra in panel A were recorded using a Cary 7000 spectrometer that can handle high
absorbances, as the Cary 60 instrument used elsewhere in this paper showed saturation at A > 2.7
in a 1 cm cuvette. The actual optical path under flow conditions is 0.15 cm and there is no
saturation under these conditions. (B) Normalized spectra for the UVA (blue) and UVB (red)
lamps utilized in this work. The sharp lines are leftovers (marked with ‘*’) from typical mercury
emission lines at 254, 313, 365, 405, and 436 nm.
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4.2.3.2 Batch Experiments and Controls

A number of preliminary batch experiments were performed in order to find out the
preferred conditions for the flow work on which this contribution centers. In spite of the low
concentrations required (frequently sub-millimolar) some of the initiators showed limited
aqueous solubility, the exception being 1-2959, where its glycol-like moiety facilitates solubility
while also causing a red shift in the absorbance. Three co-solvents were tested: acetonitrile,
ethanol, and methanol. The results with acetonitrile were disappointing as it seemed to slow
down or inhibit nanoparticle formation, even at amounts as low as 10%, while the alcohols
performed well. In the end, we settled on 50:50 methanol/H20 (v/v) as the preferred solvent (but
not the only one) as it seemed compatible with all the initiators, with AgNO3 and with citrate
used as a particle stabilizer. An example of solvent studies is presented in Figure 4.2 for 1-2959
irradiated with UVB light for 15 min under an argon atmosphere; here, the Ag plasmon band
seems best for 25% methanol; however, 50% still shows a well-resolved band and is a better
choice when taking solubilities into consideration. Furthermore, when >50% MeOH was used,
the absorption of the AgNP suspensions began to drop considerably. For this reason, the reaction
condition chosen for flow reactions going forward was 1:1 MeOH: HO.
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Figure 4.2. AgNPs are synthesized in solutions containing different fractions of CHzOH
ranging from 0% to 90%. Each reaction initially contains 1 mM citrate, 0.2 mM AgNOs, and 0.2
mM of 1-2959. All samples were irradiated for 15 min in a photoreactor with 6 UVB lamps,
except for the 90% CH3OH sample, which required 40 min to yield any noticeable colour.

A very interesting observation from the batch experiments is that the initiator to Ag*
stoichiometric ratio required is less than one. If in Scheme 4.1 one assumes that only the ketyl
radical leads to Ag* reduction, then the minimum stoichiometric requirement would be 1.0. This
is illustrated in Figure 4.3, where, for example, an 82% yield is obtained with 0.1 mM 1-2959 and
0.2 mM Ag*, when the maximum anticipated yield would be 50% if only the ketyl radical is
reactive. Clearly, the other materials in the reaction, citrate or methanol, may contribute to the
reduction process. Citrate is known to be a modest reducing agent towards silver'* and an
established one in the case of gold.® In the case of methanol, the CH,OH radical is a good

reducing agent, but its formation would require H-abstraction by the benzoyl radical of Scheme
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4.1, a process that is expected to be slow, given the C-H bond dissociation energy of methanol,®

yet some contribution may be expected given that methanol is 12.4 M in the system.
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Figure 4.3. Effects of varying photoinitiator concentration in batch reaction. Top: Relative
max absorption yield for AgNP suspensions in comparison to the stoichiometric ratio of 1-2959
to AgNO:s for solutions with 1-2959 concentrations ranging from 0.025 to 1.6 mM. Each reaction
uses 0.2 mM of AgNO3z, 1 mM of citrate, and 1:1 CH3OH: H20. Solutions were irradiated for 15
min in a photoreactor with six 8W UVB bulbs. Bottom: Corresponding UV-Vis absorption
spectra of AgNP plasmon bands with varying concentrations of 1-2959. The black heavier line
corresponds to the stoichiometric concentration of 1-2959. Note that the 0.1 mM initiator (light
blue) generates 82% of the signal obtained with the stoichiometric concentration.

Among the initiators in Figure 4.1, 1-369 and 1-379 are interesting because of their
excellent absorbance match with the emission of the UVA lamp, something that may be
advantageous in the presence of organic molecules (e.g., produced in catalytic processes) that are
more likely to photodegrade with UVB than with UVA. However, this initiator presents

consistency problems mentioned in the Supplementary Materials and addressed also in the flow
experiments section.
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Based on the results of bench experiments, it was decided to proceed using 0.2 mM of
initiator, 0.2 mM of AgNOs, and 1 mM of trisodium citrate dissolved in 1:1 MeOH: H20 in order
to best dissolve all of the initiators, while still producing AgNPs with strong, consistent plasmon
bands.

Table 4.1. Summary of flow photochemistry results of silver nanoparticle production with
different initiators, using 0.2 mM of AgNOs, 0.2 mM of initiator, and 1 mM of citrate in a
deaerated solvent with UVB lamp (see Scheme 4.3).

Residence
Initiator Solvent Anax FWHM Time Notes
(nm) .
(min)
400
H:0 50 0.8 Clean no deposits in the
1-184 420 flow tube
1:1 CH:0H: H,0 4 W
100
400
H:0 60 0.8 Clean no deposits in the
D-173 415 flow tube
1:1 CH30H: H,O 95 0.8
400
H:0 50 0.7 Clean no deposits in the
1-2959 415 flow tube
1:1 CH30H: H,0O 20 0.8
) ) 445
1:9 CH;,OH: H,0 160 4 Heavy black deposits in
1-907 445 the flow tube
1:1 CH30H: H,0O 8
150
H,O 48050 30 Very weak signals
Benzoin —
. i 410 Yellow deposits in the
1:1 CH30H: H,0O 20 0.8 flow tube
H,0 400 0.8 Yellow deposits in the
. 70 flow tube
a-MeBenzoin 405 Faint yellow deposits in
1:1 CH3;OH: H.O 20 0.8 the flow tube
. ) . 410 Heavy black deposits in
1-369 1:1 CH;OH: H,O 90 4 the flow tube
1:1 CH3;OH: H.O 410 6
' R 90 Heavy black deposits in
1-379 410 the flow tube
2:3 CH;0H: H,O 20 10

2 1-369 results are the same for UVA and UVB light (Figure S14).
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Several other experiments were performed in batch and are described in the Supplementary
Materials. In general, they show that the first three entries in Table 4.1 yield AgNP in a clean fast
process with plasmon bands consistent with predominantly spherical particles, something
confirmed in the TEM images (Figures S4.6-S4.13). Our best and most consistent results were
obtained with initiators that yield ketyl radicals. The next section illustrates the excellent

performance of ketyl radical generators under flow conditions.

4.2.3.3 Nanoparticle Synthesis Using Flow Strategies

The synthesis of AgNPs in flow was performed using the same experimental strategy as in
a recent paper where we developed an actinometer for flow photoreactions.? Briefly, we utilize
as light source 8 W fluorescent tubes from Luzchem, which are 30 cm long and with a diameter
of 16 mm. The lamp is tightly wrapped with Teflon tubing with an outside diameter of 1.80 mm
and an inside diameter of 1.50 mm corresponding to a wall thickness of 0.15 mm. The flow
cavity in the tube is about 6.3 m long with a liquid capacity of 10 mL. The experimentally
determined optical path is 0.15 cm.® The sample is supplied by a peristaltic pump with adjustable
flow rate feeding from a container where the sample can be deaerated, normally with argon. At
the exit, samples can be collected in vials or cuvettes or be directly fed to a flow cell in a Cary-
60 absorbance spectrometer. Particles undergo ripening over the next few hours in a process that
can also depend on the presence or not of oxygen; however, the spectra shown below correspond
to nascent particles under argon and the time lapse between the flow system and the spectrometer
is usually less than one minute. We note at the onset that the most reliable initiators were those
yielding ketyl radicals. This is illustrated in Figure 4.4, for a very short residence time, where all

three initiators yield approximately the same plasmon band with comparable absorbance.
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Figure 4.4. Comparison of initiators yielding ketyl radicals with high efficiency, produced
under flow conditions with 0.2 mM of each photoinitiator, 0.2 mM of AgNOgz, 1 mM of citrate,
and 1:1 CH3OH: H20 and a residence time of 0.8 min. The arrow indicates growth during
irradiation. The spike at 290 nm in the 1-184 graph is due to bubbles in the flow.

Figure 4.5 shows the spectra recorded for AgNP with different residence times; the
remarkable observation is that a residence time of 40 s is enough to achieve the 100% conversion
of a 0.2 mM Ag" solution, this short residence time corresponds to the maximum flow speed for
our pump and is equivalent to nearly one liter per hour. The reality is that we do not know how
fast we could go and still have 100% conversion; however, it is interesting to note that the
residence time of 0.8 min is much shorter than the required irradiation time of 15 min seen in the

batch reaction, which yields only 6 mL of product.
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Figure 4.5. (A) Different residence times irradiated with UVB light and using 1-2959 as
initiator. Note that the residence times are not in increasing order, but rather are randomized; this
is done to make sure any effects observed are not the result of a systematic change in the
conditions. Silver nitrate (0.2 mM), sodium citrate (1 mM), 1-2959 (0.2 mM) in H20, purged
with Argon and irradiated with a UVB lamp with different residence times (seconds) in 6.3 m
Teflon tubing with a total irradiated volume of 10 mL. The arrow indicates growth during
irradiation; (B) spectral distribution of the UVB lamp (normalized, orange) and the fraction of
light absorbed by the 1-2959 solution (black), the spectrum corrected for 0.15 cm optical path.
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The high yield contrasts with the fact that only 2.17% is being absorbed by 1-2959 at a 0.2
mM concentration for the 1.5 mm optical path of the Teflon tubing. Intrigued by this result we
used the actinometric determination method that we developed,® to compare the chemical
conversion of 0.2 mM with the light absorbed by the initiator (see our recent contribution on
actinometry for detailed calculations®). In the shortest (40 s) residence time, the dose absorbed
was 0.00012 Einstein L. This leads to a quantum yield for the Ag* — Ag° conversion of 1.67 +
0.17. Clearly more than one Ag* conversion per photon, but probably not high enough to suspect
a chain reaction. We suspect that this is an autocatalytic process, just as it is in silver
photography, where silver clusters lead to the reduction of neighbouring Ag* or salts in the
presence of a reducing agent.!” Possibly the UVB illumination contributes to this growth. The
reducing agent can be methanol or citrate, more likely the latter. This is consistent with the
results of batch experiments and illustrated in Figure 4.3. In general, 1-2959, 1-184, and D-1173
showed very similar behavior, and the results obtained, along with those for other initiators are
summarized in Table 4.1, with further details available in the supplementary materials. The
photochemistry of some of these initiators has been examined in a classic publication from

Turro’s group.®

Another example with more complex photochemistry is shown in Figure 4.6 for 1-379,
where the initiator (Amax~325 nm) has a good overlap with the UVB lamp (see Figure 4.1) and is
rapidly consumed, with essentially none left after 3.1 min. However, the AgNP plasmon band
continues to grow and peaks at ~29 min. Once again, this suggests that the growth of the
plasmon band reflects an autocatalytic process similar to that in silver photography!’, but
stimulated by light. Notice also that the Teflon tubing (see top inset) develops black deposits
after the flow tube has been used for 3 h. These deposits are believed to be silver or Ag-0
formed during prolonged exposure. We note that no deposits were observed when 1-2959, 1-184,
or D-1173 were used as initiators. The deposits can be readily removed by flowing nitric acid

and the Teflon tube can be reused.
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Figure 4.6. Different residence times irradiated with UVB light and using 1-379 as initiator.
Silver nitrate (0.2 mM), sodium citrate (1 mM), 1-379 (0.2 mM) in 2:3 CH3OH: H20 purged
Argon and irradiated with a UVB lamp with different residence times. Notice that the initiator
(black with Amax~323 nm is consumed in the first 2 min and has a slight blue shift at long
irradiation times. The inset at the top shows the Teflon-wrapped lamp before and after the
experiment by using 1-379 as an initiator. Notice the black deposits on the latter.

Initiator 1-369 showed behaviour very similar to 1-379, as expected, given the similarity of

the two structures (see Table 4.1).

Initiator 1-907 shows the best overlap with the UVB lamp (see Figure 4.1), producing
strongly reducing e-aminoalky| radicals, and the sulphur center should help stabilize
nanoparticles. Its performance is good, but it produces nanostructures with a shifted plasmon
band (~440 nm compared with the typical 395 nm), and the band is quite broad, Figure 4.7. The

plasmon band stops growing after 8—10 min.
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Figure 4.7. Different residence times irradiated with UVB light and using 1-907 as initiator.
Silver nitrate (0.2 mM), 1-907 (0.2 mM), trisodium citrate (1 mM), and 1:1 CH3OH: H20 purged
with argon. The inset at the top shows the Teflon-wrapped lamp after using 1-907 as an initiator.
Notice the black deposits, and in particular the dark areas are predominantly on the right side

from which the reagents are fed to the system.

The photochemistry of 1-907 generates reducing a-aminoalkyl radicals (Scheme 4.4). The
benzoyl radical is expected to form the corresponding aldehyde or carboxylic acid, and both can

stabilize AgNP, given the presence of a thioether.

o (o o o
SR e o SRR
~g g ’ - H*
1-907 Ftransfer
o
™

Scheme 4.4. Anticipated Norrish Type I reaction of 1-907 and chemistry of the a-aminoalkyl
radical.
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Overall, 1-907 is a reasonable initiator but produces particles with a red-shifted plasmon
band and requires periodic nitric acid treatment of the Teflon tubing to clean up the silver
deposits. This process is simple and fast, and the published Supplementary Materials includes a
video S1 illustrating the cleaning process showing that the silver removal occurs as soon as the

nitric acid front moves along the tube.®

Finally, we come to the examples of benzoin and a-methylbenzoin. Benzoin is known to
have a very short triplet state with a lifetime of around 1 ns.?° Reports normally use non-
aqueous solvents; although, measurements in methanol have been reported.? Benzoin has a rather
low extinction coefficient, which becomes a disadvantage, for example, in polymer chemistry
applications.* Frequently, the absorbance is enhanced by the addition of thioether substitution,*
something that is also evident when comparing the spectra of benzoin and 1-907 in Figure 4.1. To
the best of our knowledge, benzoin has not been studied in water.

Unfortunately, benzoin proved to be a very inefficient initiator in water, but it was
reasonably efficient in 50% aqueous methanol, see Figure 4.8. In contrast, a-methyl benzoin was
very efficient, even in water (Figure 4.8A), while the absorption spectra of the two ketones are

very similar, with Amax~250 nm.

In 50% aqueous methanol, the performance is good. Notice that after 1.3 min, the main
effect of irradiation is a red shift of the plasmon band and a gradual decrease in absorbance at the
maximum. Overall, while benzoin seems a challenging initiator, a-methylbenzoin seems
straightforward and quite efficient, even in water (Figure 4.8A). We speculated that benzoin in
water may undergo some enolization, but the very limited aqueous solubility led to the failure of
the NMR work aimed at detecting any enol formation. In the context of this work, which is
aimed at practical recommendations for initiators for nanoparticle fabrication, benzoin is not

recommended, while a-methylbenzoin is.
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Figure 4.8. Benzoin as an initiator for spectra corresponding to different residence times in
minutes. Silver nitrate (0.2 mM), benzoin (0.2 mM), and trisodium citrate (1 mM) were
deaerated with argon and irradiated with a UVB lamp in a flow system with 6.3 m Teflon tubing.
The order shown in each panel for residence times corresponds to the sequence of acquisition,
ensuring that no systematic order is used (A) in water comparing benzoin (totally inefficient)
with a-methylbenzoin, the latter showing intermediate efficiency; (B) benzoin in water showing
that at long residence times, there is a slow growth of the plasmon band; (C) spectra in 1:1
CH3OH: H20. Notice that the top absorbance is nearly 30 times larger in panel (C), and further,
the highest absorbance is achieved in ~1 min.
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4.2.3.4 Concentration tolerance and stability during long fabrication times

We were also interested in establishing to what extent the continuous generation of
particles in the flow system would offer consistent results. We were also interested in
establishing if AgQNP could be produced at higher concentrations, and then diluted just before
use. For this work, we chose 1-184, one of the highly reliable initiators. The results in Figure
4.9A confirm that a higher concentration of reagents can be readily utilized and dilution to the
spectrometer absorbance range shows an excellent well-resolved plasmon band. In the context of
continuous production of nanoparticle solutions Figure 4.9B, the 400 nm absorbance shows

variations of £2% over a 6 h period, illustrating the high reliability of the method.

time =17.3 min
data/10 1.5

time=10

Absorbance
Absorbance at 400 nm

O T T T T T T T T T T = T T D_

I I I
300 400 500 600 0 100 200 300 400
Wavelength (nm) time (min)

Figure 4.9. Higher concentration and stability during long fabrication times. (A) For our
concentration study, we used silver nitrate (2 mM), 1-184 (2 mM), and trisodium citrate (10
mM), in MeOH 10% in H>O deaerated with argon, under UVB irradiation with a residence time
of 17.3 min. The absorbance axis has been limited to the 2.7 specification for the Cary 60
spectrometer and the graph includes a sample diluted 10 times. (B) Monitored at 400 nm for over
6 h, with silver nitrate (0.2 mM) and all other parameters identical to panel (A).
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4.2.3.5 Characterization of the Nanostructures Prepared

AgNP morphologies for all the initiators were approximately spherical, with D-1173, I-
2959, and 1-907 producing seeds with the smallest size and narrowest size distributions (Table
4.2). Conversely, 1-379 and 1-369 yielded the largest seeds with broader size distributions. TEM
images (Figure 4.10) and histograms for NPs made with each initiator are available in the
Supplementary Materials, see Figures S4.6-S4.13, with corresponding UV-Vis spectra for each
sample used for the TEM imaging shown in Figure S4.15.

B[R —
| CE— -
50 C ]

4 5 6 7 8 9 10 11 12
Diameter (nm) Diameter (nm)

Figure 4.10. TEM image of AgNPs generated with D-1173 (A) and 1-379 (B) synthesized
in flow using 50% MeOH and their corresponding particle size histograms (C) and (D),
respectively. Histograms were made from the counting of 200 particles. XRD for similarly
stabilized particles is available in the literature.?°
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Table 4.2. Average diameters and standard deviation of AgNPs synthesized using each
photoinitiator with optimized flow conditions. All values are based on the counting of 200
nanoparticles.

Initiator Used Average Diameter (nm) Standard Deviation (nm)

1-2959 4.6 1.8
D-1173 4.4 1.0
I-184 7.6 2.6
1-907 5.3 1.5
1-369 8.6 4.2
1-379 9.5 3.5
benzoin 6.1 2.2
a-methylbenzoin 8.3 2.7

4.2.4 Materials and methods

4.2.4.1 Materials and instruments

Chemicals and materials were sourced from multiple suppliers for the experimental work.
Ciba Specialty Chemicals supplied the initiators 1-184, 1-907, 1-369, 1-379, and D-1173, while
Sigma Aldrich provided the benzoin. BASF supplied 1-2959, and Alfa Aesar provided alpha-

hydroxy-alpha-methylbenzyl phenyl ketone. Solvents were purchased from Fisher chemical.

The UVB lamp (8W) and Expo panel (EXPO-01) were obtained from Luzchem Research,
Inc., Ottawa, Canada and Teflon tubing (STT-15) was procured from Component Supply
Company, Sparta, TN, USA. The pump (minipuls 3) was purchased from Gilson.

UV-Vis spectroscopy was performed using a Cary 7000 UV-Vis spectrometer for bench
reactions and for flow when needed; this instrument can measure high absorbances reliably. A
Cary 60 UV—Vis spectrometer was normally used for flow reactions. Transmission electron

microscopy (TEM) was performed using an FEI Tecnai G2 spirit Twin TEM microscope.
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4.2.4.2 Batch reactions

Batch reactions (without flow) were performed in 20 mL glass vials containing in a typical
reaction 0.2 mM AgNOs, 0.2 mM photoinitiator, and 1 mM trisodium citrate dissolved ina 1:1
mixture of MeOH and H20. Samples were deoxygenated under gentle argon bubbling for 20 min
before being placed in a photoreactor containing 6 UVB lamps for 15 min. Samples were

analyzed with UV—Vis spectroscopy and TEM as prepared without any purification.

Similar preparations were also prepared using acetonitrile and ethanol as co-solvents.

Notably, without the addition of co-solvent, most photoinitiators were not easily dissolved.

4.2.4.3 Flow reactions

The light sources were 8 W fluorescent lamps from Luzchem installed on an EXPO panel
from the same supplier. The Teflon tubing has an outside diameter of 1.80 mm and an inside
diameter of 1.50 mm corresponding to a wall thickness of 0.15 mm. We have shown before that
this setup leads to an experimental optical path of 0.15 cm.®

4.2.5 Conclusions

The photochemical synthesis of silver nanoparticles under flow conditions has proven
extremely efficient and reproducible, yielding suitable AgNP seeds under UVB irradiation with
exposure times of less than one minute for the best initiators. The recommended initiators are
those yielding ketyl radicals efficiently following Norrish Type | cleavage. Among the eight
structures shown in Scheme 4.3, four of them are highly recommended, 1-184, D-1173, a-
methylbenzoin, and 1-2959. The last of which shows the best absorption properties, adequate
aqueous solubility, and is readily available. We anticipate that the seeds produced here will

enable the synthesis of other morphologies with interesting biological applications.**?
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4.3 Post-print version of supplementary information
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Figure S 4.1. A) UV-Vis spectra of AgNP solutions produced using 0.2 mM 1-2959, 1-184,
1-369, benzoin, or 1-907 as photoinitiators in H20. 1-2959 and 1-184 completed the reaction in 15
minutes, while 1-369 required 90 minutes to generate similar levels of AgNP absorbance.
Benzoin and 1-907 did not yield any notable plasmonic absorbance peaks within 90 minutes of
the reaction. The corresponding appearance of the nanoparticle suspensions at 15 minutes (B), 60
minutes (C), and 90 minutes (D) are shown in the right panel. It should be noted that 1-2959

dissolved easily.

110



Chapter 4: Molecules. 2023;28(11):4445

Teflon reaction tube m
PN

Initiator
Ag+
Sample Peristaltic UV spectrometer or
Pump HPLC analysis

Figure S 4.2. Schematic representation of the experimental flow system.
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Figure S 4.3. The appearance of solutions containing 0.2 mM AgNOs, 1 mM citrate, and
0.2 mM of either 1-2959 (“A”) and 1-184 (“E”) as initiators, in mixtures of MeCN and H20 (0%,
25%, 50%, 75% and 100% MeCN) following 15 minutes of irradiation with in a photoreactor
with 6, 8W UVA lamps (for the 0% MeCN samples). The samples containing MeCN showed no
change after 15 minutes. The MeCN containing samples were subsequently irradiated for a total
of 90 min but still did not yield any AgNPs.
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Figure S 4.4. A) UV-Vis spectra of AgNPs synthesized in batch scale, using 0.2 mM I-
2959 as an initiator. Solutions were prepared in mixtures of EtOH: H>O in ratios ranging from 0
to 90% EtOH and irradiated for 15 minutes in a photoreactor with 6, 8W UVB lamps. The 90%
EtOH sample was irradiated for an additional 25 mins, as little color could be seen after 15
minutes of irradiation. B) Corresponding appearance of AgNPs produced in solutions containing
different fractions of EtOH following reacting under UVB.
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Figure S 4.5. A) UV-Vis spectra of AgNPs synthesized in single batches, using 0.2 mM I-
2959 in H20. Samples were irradiated in a photoreactor with 6 UVB lamps for 30 sec to 30 min
to determine the endpoint of the reaction. B) The appearance of the corresponding nanoparticle

suspensions.
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Figure S 4.6. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using 1-2959 as a photoinitiator. Right: Corresponding histogram for |-
2959 generated AgNPs, n = 200 particles. Inset lists average size, nm, and standard deviation,

sigma, in nm.
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Figure S 4.7. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using D-1173 as a photoinitiator. Right: Corresponding histogram for
D-1173 generated AgNPs, n = 200 particles. Inset lists average size, nm, and standard deviation,

sigma, in nm.
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Figure S 4.8. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using 1-184 as a photoinitiator. Right: Corresponding histogram for I-
184 generated AgNPs, n = 200 particles. Inset lists average size, nm, and standard deviation,
sigma, in nm.
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Figure S 4.9. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using 1-907 as a photoinitiator. Right: Corresponding histogram for I-
907 generated AgNPs, n = 200 particles. Inset lists average size, nm, and standard deviation,
sigma, in nm.
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Figure S 4.10. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using 1-369 as a photoinitiator. Right: Corresponding histogram for I-
369 generated AgNPs, n = 200 particles. Inset lists average size, nm, and standard deviation,
sigma, in nm.
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Figure S 4.11. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using 1-379 as a photoinitiator. Right: Corresponding histogram for |-
379 generated AgNPs, n = 200 particles. Inset lists average size, nm, and standard deviation,
sigma, in nm.
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Figure S 4.12. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using benzoin as a photoinitiator. Right: Corresponding histogram for
benzoin generated AgNPs, n = 200 particles. Inset lists average size, nm, and standard deviation,
sigma, in nm.
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Figure S 4.13. Left: Representative TEM image of AgNPs generated using the optimized
flow reaction conditions using a-methylbenzoin as a photoinitiator. Right: Corresponding
histogram for a-methylbenzoin generated AgNPs, n = 200 particles. Inset lists average size, nm,
and standard deviation, sigma, in nm.
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Figure S 4.14. 1-369 as an initiator for spectra corresponding to different residence times in
minutes. Silver nitrate (0.2 mM), benzoin (0.2 mM), and trisodium citrate (1 mM) in 1:1
CH3OH: H20 deaerated with argon and irradiated in a flow system with 6.3 m Teflon tubing

with (A) UV-B lamp and (B) UV-A lamp.
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Figure S 4.15. UV-Vis spectra of AgNPs made in-flow using 50% MeOH, 1 mM citrate,
0.2 mM AgNOg, and 0.2 mM of photoinitiator under UVB irradiation. Flow rates for each are
shown in Table 4.1. Corresponding TEM and histograms are shown in Figure S4.6-S4.13.

4.4 Accompaniment to Chapter

The photochemical synthesis of silver nanoparticles (AgNPs) under flow conditions has
proven highly efficient and reproducible. Using UVB irradiation and photoinitiators that yield
ketyl radicals through Norrish Type I cleavage, we achieved AgNP seed formation in less than
one minute. The most effective initiator demonstrated optimal absorption properties, good

aqueous solubility, and ready availability.

These AgNP seeds serve as versatile precursors for nanoparticles with diverse
morphologies, opening possibilities for tailored biological applications. Building on this success,
our research group is now exploring how altering the light source within the same system can

produce AgNPs of different shapes and sizes, such as triangular and decahedral structures.

This morphological control is crucial as it directly influences the optical and biological

properties of the nanoparticles. The flow-based photochemical approach offers advantages over
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traditional batch methods, including improved parameter control, enhanced reproducibility, and
potential for continuous production.

The next phase of this research, led by our colleague Carly Frank, investigates how different
light source characteristics influence the morphology of shape-controlled silver nanoparticles
(AgNPs). This work not only refines the method for synthesizing AgNP seeds but also
establishes a foundation for precise control over nanoparticle shapes. These advancements have
significant potential for applications in nanomedicine and environmental remediation. The result

of this study is submitted to the Nanoscale Advances journal.
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Chapter 5. Photosensitised selective semi-oxidation of

tetrahydroisoquinoline: A singlet oxygen path

5.1 Preamble to Chapter

The conception of this research originated during Iris Martin's visit to the Scaiano group in
2018. The initial objective of the project was to elucidate the oxidation mechanism of
tetrahydroisoquinoline (THIQ) using heterogeneous catalysts under visible light. Over time,
several students contributed to the foundational experiments at various stages. Following the
successful completion of my initial project on the reduction of nitro compounds to amines using
Pd@GW (palladium on glass wool), Prof. Scaiano assigned me to further investigate this study,
specifically focusing on detecting traces of hydrogen peroxide as evidence to support the

proposed reaction mechanism.

As | embarked on this project, | began by replicating the catalyst (MoCo@GW -
molybdenum complex on glass wool) using the same methods as in previous studies. My initial
goal was to repeat the experiments under identical conditions, employing strip detectors to
identify hydrogen peroxide. Despite numerous attempts, | couldn't definitively detect hydrogen
peroxide. However, this led me to closely monitor the reaction kinetics. After running several

experiments, | obtained three significant results:

The reagent conversion exhibited an inflection point, which was our first intriguing
finding. We began to think about potential factors that could accelerate the reaction after a

specific retention time.

The second noteworthy result emerged when | experimented without a catalyst. By
patiently tracking the reaction kinetics, I discovered that the reaction could proceed catalyst-free,
albeit with a longer reaction time but showed the same inflection point.

This observation led us to explore the possibility of an autocatalytic mechanism. After
months of trial and error, | decided to change the solvent to improve oxygen solubility. This third

discovery provided a critical clue: the lifetime of singlet oxygen plays a crucial role in the
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reaction. This realization shifted the focus of our study entirely, leading to extensive work with

Laser Flash Photolysis (LFP) and a deeper investigation into quenching plots.

The disclosure that singlet oxygen reactivity drives selectivity dramatically shifted our
research trajectory. This unexpected shift led to some earlier experiments remaining

unpublished, though they were no less valuable to our understanding.

Acknowledgments are extended to all contributors involved in the initial stages of this
research project. Their efforts laid the groundwork for subsequent investigations. It should be
noted, however, that the experimental results presented in this chapter were exclusively
conducted by me under the direct supervision of Prof. Tito Scaiano and with the guidance of Dr.
Anabel Lanterna. Their combined mentorship and expertise were instrumental in shaping the

methodological approach and interpreting the resultant data.

5.2 Post-print version of the manuscript

First published in Photochemical & Photobiological Sciences. 2022;21(8):1473-9

This chapter has been adapted from Photochemical & Photobiological Sciences journal with

permission as the author of this article.

5.2.1 Abstract

Selective semi-oxidation of tetrahydroisoquinoline (THIQ) leads to a valuable
dihydroisoquinoline (DHIQ) derivative via the singlet oxygen photooxidation process. In
contrast to DHIQ, THIQ acts as an efficient singlet oxygen quencher driving reaction selectivity.
Typical photosensitisers (i.e., Ru complexes) can activate the reaction even under heterogeneous
conditions that facilitate catalyst separation and reusability. The reaction can also be facilitated
by semiconductor catalysts such as MoCo@GW, a glass wool-based catalyst that is easy to
separate and reuse and compatible with flow photochemistry. Its role is to mediate the formation
of isoquinoline (1Q) and thus an in situ-generated singlet oxygen catalyst. Laser flash photolysis
with NIR detection provides proof of the singlet oxygen mechanism proposed and rate constants

for the key steps that mediate oxidation.
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5.2.2 Introduction

Reactions that involve partial hydrogenation or de-hydrogenation present selectivity
challenges due to catalytic processes that tend to proceed to completion; for example, we
recently reported on the reduction of alkynes, where it is easy to proceed completely to the
alkane, but difficult to stop “halfway” at the alkene.'? In the case of oxidations, a similar
characteristic is common, for example, the overoxidation of 1,2,3,4-tetrahydroisoquinoline
(THIQ) to yield isoquinoline (IQ) is common, while stopping at the semi-oxidation product —
dihydroquinoline (DHIQ) is challenging and requires highly selective catalysts. This is reflected
in commercial pricing, where DHIQ is 150 times more expensive than THIQ and 250 times more
expensive than 1Q on the scale of 100 g.2 The possibility of carrying out these selective
transformations with reusable catalysts and utilizing molecular oxygen constitutes a preferred
sustainable pathway. Badu-Tawiah et al. have recently reported on the photocatalytic aerobic
dehydrogenation of tetrahydroquinolines (THQ) and THIQ derivatives.* While they recognize
THIQ oxidation is frequently incomplete, they attribute this unusual reactivity to the
hyperconjugation of the molecule and use N-substituted derivatives to achieve full oxidation.
Contrasting reports suggest the formation of singlet oxygen under photocatalytic conditions can
be either detrimental® or essential® when considering aerobic oxidation of N-substituted THIQ to
their corresponding isoquinoline derivatives. In this work, we show singlet oxygen is essential
for the dehydrogenation of THIQ, and the oxidation process is stalled until minimal
concentrations of 1Q are generated in situ during the reaction, driving selectivity toward the

semi-oxidation product DHIQ.

Oxidation of THIQ with visible light showed an induction delay before the reaction
started. Using different solvents with different oxygen solubility affected the reaction delay time,
and experiments with deuterated methanols with various singlet oxygen lifetimes suggested the
involvement of singlet oxygen in this reaction. Further experiments with laser flash photolysis

were a confirmation on the main role of singlet oxygen in THIQ oxidation.

The mechanistic studies shown here test a recently introduced photocatalyst based on glass
wool as an inexpensive, widely available catalyst support that with adequate surface
modification can provide physical or chemical affinity towards numerous catalytic materials.’®

In this research heterogeneous and homogeneous catalysts were used. For heterogeneous a newly
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designed molybdenum disulfide-cobalt semi-conductor catalyst (MoCo@GW) and a modified
Ru(bpy)sCl2 (RuB@GW), both supported on glass wool, were selected and as a homogeneous
catalyst commercial Ru(bpy)sCl> were added to the reaction mixture. Remarkably, these

catalysts allow for selective photooxidation to dihydroisoquinoline (DHIQ), avoiding common

overoxidation to isoquinoline (1Q), under oxygen atmosphere, room temperature, and visible

Cat., Blue light
y
NH O,, AcN _N

Scheme 5.1. Selective oxidation of THIQ to DHIQ catalysed by supported MoCo@GW,
RuB@GWor soluble Ru(bpy)sClz2. When no catalyst is added the reaction shows a prolonged
induction period until the catalyst is generated in situ.

light irradiation.

The reaction was performed under blue light excitation (wavelength centred at ~450 nm)
and an oxygen atmosphere. For catalytic experiments, 50 mg of the heterogeneous catalyst was
used. Kinetic studies show a long induction period for the reaction to start; for example, under an
irradiance of <6 Wem™, it takes as long as 90 minutes to achieve the first 10% conversion,
followed by a dramatic acceleration of the partial oxidation to DHIQ. Given the high value-
added of DHIQ, we decided to undertake a mechanistic study of this semi-oxidation step and the
parameters that control the rate, initial delay, and selectivity of the process. Our studies show that
MoCo@GW can perform single electron transfer (SET) reactions (even if inefficiently) that can
get the oxidation started and eventually produce enough IQ that can accelerate the reaction
through efficient singlet oxygen mechanisms. While alternative direct photosensitization to
generate singlet oxygen (e.g., with soluble Ru(bpy)sCl>) allows a delay-free oxidation process,
the use of MoCo@GW has the advantage of being readily removable from the reaction media

and is also potentially compatible with flow photocatalysis.

We combine catalyst characterization and bench studies with laser flash photolysis under
various conditions, including near-infrared detection. This approach provides valuable Kinetic
information, revealing the role of singlet oxygen in the later stages of the reaction and offering
insights that help reduce or eliminate the initial reaction delay.
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5.2.3 Experimental

Please see the Supporting Information part for additional information on experimental

conditions, sources of materials and spectroscopic and analytical conditions.

5.2.3.1 Conditions of irradiation

The standard conditions for the reaction involved 67 mg of THIQ (0.125 M) in 4 mL of
acetonitrile, irradiated with < 6 Wem™ of LED light centered at ~450 nm (LEDi, Luzchem LED
[lluminator with FWHM 23 nm) under Oz atmosphere with air cooled samples maintained at ~23
°C. A detailed spectroscopic analysis of this light source reveals that it contains 0.02% of light

below 400 nm.

5.2.3.2 Laser flash photolysis and NIR detection

The laser flash photolysis experiments were performed using a Surelite Nd-YAG laser 355
nm (~10-20 mJ/pulse) in a customized LFP-111 laser-flash photolysis (LFP) system (Luzchem
Inc., Ottawa, Canada) and 1x1 cm? or 0.7 x 0.7 cm? LFP cuvettes from Luzchem. Samples had

an absorbance of ~0.3 at the laser wavelength.

Time-resolved singlet oxygen luminescence measurements were conducted using the same
laser system as above and were detected at right angles using a Hamamatsu photomultiplier tube
sensitive in the near IR. The signal was captured and digitized using a Tektronix 2440 transient
digitizer part of the customized Luzchem laser flash photolysis system. Singlet oxygen
measurements were made at 1270 nm, where singlet oxygen has an emission spectrum peak,

with samples having absorbances at 355 nm in the range of 0.1 - 0.4.

5.2.3.3 Synthesis and characterization of MoCo@GW catalyst

Initial requirements for the active species attachment have implied the activation of the
non-silanized glass wool with a source of amino-groups given by (3-aminopropyl)-
triethoxysilane (APTES) treatment. The catalyst was then synthesized by treating glass wool
with 3.5 %wt of Mo and a 5.4 %wt Co load. Metallic species were grafted (chemisorption) to the
APTES@GW fibers using a photochemical method. Briefly, proper amounts of Mo and Co

precursors were mixed with the photoinitiator Irgacure 907 (1-907) in a flask using acetonitrile as
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a reaction solvent. This initiator can undergo Norrish type I cleavage upon UVA excitation
generating radical species that can reduce the metal cations, also improving the attachment of
cobalt oxide (CoOx) nanoparticles to the Mo layered matrix. Mo and Co proportions were
determined by ICP-OES analysis (Table S5.1). Additionally, through comparisons with only Mo
(Mo@GW) and only Co (Co@GW), control catalysts, we found that a mix of both Mo and Co
(MoCo@GW) is more efficient than their single metal catalysts. This is the synergistic effect of
Co and Mo, as has also been reported by others.® Scanning electron microscopy (SEM) allowed
us to observe the particles and a similar distribution of Mo and Co determined by EDS analyses
on fibers; images of the complete fibers show that cobalt centers are located in the same area as
the molybdenum structures (Figure S5.1). The oxidation states of Mo 3d and Co 2p were
determined by X-ray photoelectron spectroscopy (XPS), with a mixture of Mo**, Mo®" and Co?
being observed (Figure S5.2).

5.2.4 Results and Discussion

5.2.4.1 Experiments without catalyst

The selective oxidation of THIQ was studied under different conditions. In the absence of
any catalyst, the THIQ solution in acetonitrile is stable under dark conditions. The system also
shows minimal changes for at least two hours under visible light (A= 450 nm) irradiation.
Prolonged irradiation leads to small conversions to DHIQ (10 % after 370 min), after which the
reaction accelerates and reaches a conversion rate of 0.51% per minute near the inflection point,
see Figure 5.1. The reaction reaches 90% selectivity towards DHIQ [i.e.,100 x DHIQ/(DHIQ +
Q)] at 50% conversion and remains at 82% selectivity at 98.5% conversion. The drastic
acceleration of the reaction shown in Figure 5.1 suggests a slow in situ formation of efficient
catalytic species within the reaction, which were further analyzed by LFP. Notably, the reaction

performs poorly in air and does not proceed under an inert atmosphere (Figure S5.3).
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Figure 5.1. Evolution of the semi-oxidation of THIQ (0.125 M) in acetonitrile under blue
LEDi (~450 nm) irradiation and O, atmosphere in the absence of the catalyst. Inset, a
comparison of DHIQ formation when the catalyst is MoCo@GW.

Close analysis of the reaction evolution experiments indicates that the maximum
conversion rate, as measured at the inflection point in the THIQ curve, coincided with the
presence of a small (<2%) formation of IQ. To better understand the role of I1Q in the selective
oxidation of THIQ, we performed a series of experiments introducing small quantities of 1Q at
different reaction times (Figure S5.4). The addition of 4 %mol equivalents of 1Q at the start of
the reaction reduced the initial delay (to 10% conversion) from 370 to 210 minutes. The effect of
the addition of 4 %mol DIQ was less than the 1Q addition. Further, adding 0.5 mL of a
completed reaction to a 4 mL fresh THIQ sample reduced the delay to 35 minutes, doubling the
conversion rate (figure S5.4).

Another way to test the effect of pre-irradiation is to add THIQ when the reaction is almost
completed as illustrated in Figure 5.2, where THIQ was added after 600 minutes. Notice that no
delay is detectable after the addition of THIQ, suggesting that the solution was “ready” to
proceed with the photocatalytic process.

129



Chapter 5: Photochemical & Photobiological Sciences. 2022;21(8):1473-9

120

100 ¢

80

60

% yield or conversion

20

e I B P )
0 200 400 600 800
time, minutes

Figure 5.2. THIQ oxidation reaction evolution over time under conditions described in
Figure 1, followed by the addition of THIQ (to reach 0.125 M) at 611 minutes. Notice that after
the addition of THIQ = red, DHIQ = green and 1Q = blue follow a smooth growth curve, while
consumption of THIQ occurs without delay. Selectivity was 79% after 900 minutes.

5.2.4.2 Solvent effects

The reaction conditions shown in Figure 5.1 were used to test different solvents, namely
acetonitrile (AcN), hexane (Hx), and methanol (MeOH). The solvents were selected based on
their different oxygen solubility (Hx > AcN > MeOH) and polarity (Hx < AcN < MeOH).1°
Figure 5.3 shows that methanol is the least efficient solvent because of the long initial delay and
the low rate of THIQ consumption, effectively almost 5 times slower than in acetonitrile. This
led us to suspect that singlet oxygen could be mediating the late stages (post-initial delay) of the
oxidation of THIQ. To test this possibility, we substituted methanol for CDs0OD, as deuteration is
known to enhance dramatically the lifetime of singlet oxygen.t! As illustrated in Figure 5.3,
CD30OD causes a significant acceleration of the overall process, as expected for singlet oxygen
reactions, reflecting that THIQ reactions will be favoured if the lifetime of singlet oxygen is
enhanced.! The effect for CH3OD (not shown) is minor, reflecting a minor 1O; lifetime

enhancement.

As a further test of the singlet oxygen hypothesis, we added NaN3 to the system, as N3~ is a

well-known singlet oxygen scavenger.'? This led to a small slow-down of the reaction (Figure

130



Chapter 5: Photochemical & Photobiological Sciences. 2022;21(8):1473-9

S5.7). The usual extensive effect of azide is probably attenuated by the fact that THIQ is itself an
excellent singlet oxygen scavenger. On the other hand, adding Ru(bpy)sCl2 as a singlet oxygen

sensitizer to the THIQ showed a reaction without any delay Figure S5.5.
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Figure 5.3. Consumption of THIQ as a function of time in various solvents: purple
triangles = hexane, pink triangles = acetonitrile, blue circles = methanol and green circles =
methanol-ds. Note that methanol-ds accelerates the reaction by ~ 360 minutes.

5.2.4.3 Mechanistic studies

As the next step, we decided to examine the possible role of singlet oxygen making its
generation independent of the THIQ system. For this purpose, we used Ru(bpy)sCl. as a
commercially available sensitizer, using 355 nm laser pulses for excitation and monitoring the
emission from singlet oxygen in acetonitrile at 1270 nm. The lifetime in the absence of quencher
was ~80 us (to), Which is consistent with literature reports for singlet oxygen in acetonitrile. 1>
The lifetimes were reduced in the presence of THIQ, as illustrated in the inset in Figure 5.4. A
plot of the rate constant for decay (kq) as a function of the THIQ concentration (equation 1) leads

to a quenching rate constant of 2.63 x 10" M1s™,

ki=tt=101+kq[THIQ] (1)
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Figure 5.4. Quenching plots for singlet oxygen in acetonitrile. Blue and red points for
THIQ as a quencher with Ru(bpy)sCl2 and 1Q as sensitizers, respectively. Green points are for
DHIQ as a quencher, with Ru(bpy)sCl. as a sensitizer. No significant quenching is observed for
DHIQ. Inset: decay traces for singlet oxygen emission (monitored at 1270 nm) in the absence
(red) and presence of 2.9 mM THIQ (blue). For long lifetimes (red data) it is necessary to
attenuate the signal to obtain more reliable lifetimes.

As discussed before, the presence of 1Q can accelerate the oxidation of THIQ (Figure 5.2).
To understand this apparent in situ catalytic effect, we explored the potential formation of singlet
oxygen using 1Q as a sensitiser. The experiment needed to be performed at a rather high 1Q
concentration that led to a reduction of singlet oxygen lifetimes; however, the identification of
the emitter was unequivocal and the rate constant for THIQ quenching was the same as in
Ru(bpy)sCl2 experiments. What is more, similar Ru(bpy)sCl2 experiments with DHIQ as a
quencher revealed that singlet oxygen quenching by DHIQ is at least 1000 times slower than by
THIQ (Figure 5.4), an observation that is key to the high discrimination towards selective

oxidation observed in our work.

5.2.4.4 Heterogeneous Catalysts

We tried several catalysts to test the oxidation dynamics without affecting the selectivity.
While the experiments above show that singlet oxygen generators can greatly enhance the

kinetics of THIQ to DHIQ conversion with minimal loss of selectivity, it would be desirable to
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avoid soluble catalysts that add steps to the post-reaction separation and purification processes.
For this purpose, we tested if the ruthenium catalysis could be performed by a heterogeneous
catalyst also capable of generation of singlet oxygen but being amenable for easy removal after
use. We have previously developed glass-grafted ruthenium catalysts, among them the
[Ru(bpy)2dppa] (PFs)2 loaded onto glass wool (RuUB@GW).8 As shown in Figure 5.5A,
irradiation of RuB@GW confirmed the conversion of THIQ to DHIQ without an extended initial

delay, in a reasonable time (that could be adjusted with light intensity) and with excellent
selectivity.

The same reaction conditions were assayed in the presence of 50 mg of MoCo@GW and
the initial delay was shortened to ~80 min for 10% conversion and the rate at the inflection point
increased to 0.82% per minute. At 90% conversion (225 min) the selectivity was still 90%,
Figure 5.5B. As a control experiment for using a bimetallic catalyst, we prepared Mo@GW,
Co@GW, and APTES@GW and ran the experiment with the same conditions (Figure S5.6). The

results confirmed the synergistic effect between Mo and Co in improving the catalytic role in
oxidation reactions.>1
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Figure 5.5. THIQ oxidation reaction evolution over time under visible light irradiation in
the presence of (A) RuB@GW and (B) MoCo@GW. Conditions: THIQ (0.125 M) in

acetonitrile, O, atmosphere, light . = 450 nm (< 6 W cm™). THIQ in blue, DHIQ in green and 1Q
in red.
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5.2.4.5 Mechanistic analysis

There are two aspects to the oxidative generation of DHIQ from THIQ. One is
straightforward and is the singlet oxygen-mediated oxidation. With a quenching rate constant of
2.6 x 10’ M1s, THIQ is a favoured target for singlet oxygen reaction. Further, the fact that
DHIQ is a poor singlet oxygen target, with its reaction at least 1000 times slower than for THIQ

is the cause of the high selectivity that helps the oxidation to stop “halfway” rather than proceed
to 1Q.

The second aspect is the initiation of the process in the absence of added singlet oxygen
sensitizers. Since in all cases, singlet oxygen is the dominant reaction mechanism, the cases with
no sensitiser added, or with MoCo@GW as a pre-catalyst require a route for the in-situ
generation of a singlet oxygen sensitizer, with the simplest explanation (and confirmed by
chromatographic analysis) is the formation of 1Q. For the non-catalyst system, nearly 6-hour
delay under strong irradiation is required to form a minimum amount of 1Q. It is hard to identify
a source, although it is hardly surprising that some oxidation takes place, noting also that once
some IQ is generated it can support further oxidation. In addition, as much as 0.7% 1Q may be

present in the initial reaction mix.

The presence of MoCo@GW greatly reduces the delay. We propose that the formation of
IQ in this case is also mediated by DHIQ which is an excellent target for hydroperoxyl radical
HOO- (given the presence of benzylic hydrogens),!” with DHIQ formed by the mechanisms of
Scheme 5.2.

The complexity of Scheme 5.2 is entirely related to the need to add or generate in situ a
good singlet oxygen sensitizer; once this has been achieved the singlet oxygen oxidation takes
over and ensures excellent selectivity towards DHIQ. In fact, the mechanism of Scheme 5.2,
which enables the initial formation of 1Q, would not be anticipated to provide the selectivity

towards DHIQ that is at the centre of this report.
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Scheme 5.2. Semiconductor-based mechanisms for the formation of DHIQ, a precursor for

IQ under semiconductor-mediated oxidation.

5.2.5 Conclusions

For the series THIQ. DHIQ and 1Q, the most valuable one is DHIQ, largely reflecting that

both for catalytic oxidations and reductions, stopping “halfway” is difficult. Catalysts that utilize

molecular oxygen are highly desirable as they enable sustainable pathways, more so if they are

heterogeneous catalysts, easy to recover and suitable or adaptable flow chemistry.
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In the case of THIQ the dramatic difference in reactivity towards singlet oxygen between
THIQ and DHIQ (<1000) enables exceptional selectivity and the ability to stop “halfway” in the

oxidative process.

5.3 Post-print version of supplementary information

5.3.1 Materials and instruments

Most of the compounds for doing experiments such as 1,2,3,4-tetrahydroisoquinoline, 3,4-
dihydroisoquinoline, isoquinoline, (3-aminopropytriethoxysilane, methanol-ds, and cobalt (I1)
chloride hexahydrate were purchased from Sigma Aldrich. Ammonium tetrathiomolybdate,
99.95% from Alfa Aesar and solvents were from Fisher chemical. UVA lamp 8W (LZC-UVA),
blue LEDi 450 nm (LEDi-HBL) and Expo panel (EXPO-01) were from Luzchem Research, Inc.

The oxidation states of metals on glass wool were characterized by X-ray Photoelectron
spectroscopy. XPS was performed on a Kratos analytical model Axis Ultra DLD, using
monochromatic aluminum Ka X-rays at 140 W. XPS data were analyzed using CasaXPS
software, Version 2.1.01. ICP experiments were performed using an Agilent Vista Pro ICP
Emission Spectrometer and Scanning electron microscopy (SEM) and Energy dispersive X-ray
spectroscopy (EDX) were performed in the JEOL JSM-1600 SE microscope. All results were
analysed by GC-MS analyses from Agilent 6890-N Gas Chromatograph with an Agilent 5973

mass selective detector.

5.3.2 Catalyst preparation

5.3.2.1 Glass wool pre-treatment

A mass of 1 g of non-treated glass wool was placed in a round bottom flask and immersed
in a 250 mL solution of 1% concentration of APTES in toluene. The mixture was refluxed
overnight at 110°C to allow monolayer coverage. After that, a cooling down to room temperature
the mixture was allowed under constant stirring for 6 additional hours. The filtering process was
done by washing the mixture with toluene (3x100 mL) and acetone (3x100 mL) then dried in the
oven at 100°C overnight before metal decoration.’
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5.3.2.2 Synthesis of MoCo@GW

Molybdenum and Cobalt supported on GW were prepared by photo deposition of CoCl;
and (NH4)sMoS4 onto the APTES-treated GW. In brief, 9.6 mg of (NH4)aMoS4 (3.5 wt% Mo),
21.8 mg of CoCl2.6H20 (5.4 wt% Co), and 18.4 mg of 1-907 (photo-initiator) were suspended in
10 mL of acetonitrile (AcN). The mixture was sonicated for 10 minutes, then added to 100 mg
APTES@GW in a glass vial then purged with Argon for 10 minutes. The sealed glass vial was
irradiated with a Luzchem Expo panel fitted with 5 UVA bulbs (8W each) for 5 h and rotated on
a hot-dog cooker for homogeneous mixing. The dark grey fibers obtained were filtered and
washed with AcN to remove non-bonded species and left to dry in the oven overnight. The

resulting grey fibers were characterized by SEM, EDS, ICP, and XPS.

Similar procedures were followed for the synthesis of Mo@GW and Co@GW, using the

corresponding metal precursor.

5.3.2.3 Synthesis of MN@GW

MnO; supported on GW was prepared by reducing the reaction of permanganate. 10 mg of
KMnO4 were dissolved in 10 mL of milli-Q water. 300 mg of APTES@GW were soaked in 10
mL of ethanol in a Pyrex petri dish and the KMnOj4 solution was added. The mixture was kept in
the dark and at room temperature for 3 h, then washed with ethanol and water to remove the non-
bonded residual of MnO:..

5.3.2.4 Synthesis of RuB@GW

The synthesis of this material has been described in the literature.®

5.3.3 Catalyst characterization

The catalysts were characterized by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), Scanning Electron Microscopy (SEM), and X-ray Photoelectron
spectroscopy (XPS).

5.3.3.1 ICP-OES analysis

Metal loading on freshly prepared MoCo@GW, Mo@GW, Co@GW, Mn@GW, and
RuB@GW catalysts was determined by ICP-OES. Sample replicates of 20 mg of catalysts were

accurately weighed, digested with aqua regia, and then diluted. The samples were measured and
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quantified by using the emission line of the corresponding elements (284.824 nm (Mo), 238.892
nm (Co), 267.876 nm (Ru), and 257.610 nm (Mn)). Table S5.1 shows the average results of ICP-
OES for these samples.

Table S 5.1. Metal loading was determined by ICP-OES analysis.

Catalyst Mass (metal/ GW+ metal) x100 (wt%b)
0.146 (Mo)
MoCo@GW
0.260 (Co)
Mo@GW 0.120
Co@GW 0.486
RuB@GW 0.002
Mn@GW 0.300

5.3.3.2 SEM analysis

Scanning electron microscopy analysis of the fresh and used MoCo@GW and Mn@GW
were performed. SEM imaging and EDX analyses (Figure S5.1) show that the surface of the
glass fiber is covered with metal particles (or clusters). After using MoCo@GW as a catalyst the
amount of Mo and Co decreased significantly but when MnO2 was added as a co-catalyst to the

solution, some particles of Co stayed on the glass wool.
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Figure S 5.1. SEM images of catalysts

(A) fresh MoCo@GW, (B) used MoCo@GW in the presence of MnO2, and (C) fresh Mn@GW.
EDX spectra for the corresponding region shown of (D) fresh MoCo@GW, (E) used
MoCo@GW in the presence of MnOz, and (F) fresh Mn@GW. Scale bar =1 um. Fibers are
about 10 um in diameter.
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5.3.3.3 XPS analysis

XPS deconvolution analyses were performed for MoCo@GW to determine the oxidation
state of Mo and Co. Characteristic peaks for Mo 3d were proved MoS> and MoSs in our catalyst.
These peaks were fitted using the spin-orbit split constituted by Mo** 3d5/2 (229.1 eV), Mo*
3d3/2 (232.1 eV), Mo®* 3d5/2 (231.8 eV), and Mo®* 3d3/2 (235 eV) separated by 3.2 eV. Peaks
of Mo®" 3d5/2 (227.7 eV) and Mo®" 3d3/2 (230.7 eV) (0 < & < 4). A single peak at 226.6 eV was
attributed to S?~ 2s which is an overlapping part of Mo 3d peaks. S is from Mo precursor
(NH4)sM0S4 in MoCo@GW. 1819

The XPS fitting for the Co 2p in MoCo@GW reveals the presence of two oxidation states.
Co%* 2p3/2 (779 eV) and Co** 2p1/2 (794 eV) are separated by 14.99 eV and Co?* 2p3/2 (781.2
eV) and Co?* 2p1/2 (796.5 eV) followed by Co?* 2p satellite peaks at (786 eV and 802.6 eV) is

confirmation in presence of Co oxides.?

A B Co(Ill) 2P,
= Co(lll) 2P, Colll) 2Py,
= — Co(ll) 2Py,
‘(_U" Mo* 3d E Co(ll) Sat
£ 0 Co(ll) Sat
c c
> =
o] o
O (@]
240 810 805 800 795 790 785 780 775

BE (eV)

Figure S 5.2. Deconvoluted HR-XPS spectrum of MoCo@GW (A) Mo 3d, (B) Co 2P

5.3.4 Photosensitized semi-oxidation of THIQ

This section provides conversion selectivity graphs for a variety of experimental conditions
beyond those illustrated in graphs in the main text. These conditions supplement and provide

additional support for the examples in the main text.
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5.3.4.1 Reaction conditions

Typical experiments involve 67 mg of THIQ (0.125 M) in 4 mL of acetonitrile and visible
light irradiation (LED: Amax = 450 nm, FWHM = 23 nm, irradiance < 6 Wem™) under an O

atmosphere. An air cooling system was used to maintain the reaction temperature at about ~23

°C. A detailed spectroscopic analysis of this light source reveals a 0.02% content of light below
400 nm.
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Figure S 5.3. Effect of oxygen concentration
Semi-oxidation of THIQ (0.125 M) in AcN (in the absence of photosensitisers) irradiated with
blue LED:i under different atmospheres: (A) oxygen, (B) air, and (C) argon. Samples were

analysed by GC-MS using tert-Butylbenzene as an external standard.
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Figure S 5.4. Effect of adding 1Q and DHIQ in the oxidation of THIQ

THIQ (0.125 M) in 4 ml AcN, O. atmosphere, irradiated with blue LEDi. Samples were analysed
by GC-MS using tert-butylbenzene as an external standard. GC-MS results of experiments with
different additives. In parenthesis, composition at time = 0.

(Blue circle) without added 1Q. (THIQ 97.51%, DHIQ 1.82%, 1Q 0.77%)

(Green square) with 4 %mol of commercial 1Q (THIQ 95.45%, DHIQ 1.12%, 1Q 3.43%)
(Orange diamond) with 4 %mol of commercial DHIQ (THIQ 95.94%, DHIQ 3.90%, 1Q 0.16%)
(Red triangle) with 0.5ml of completed reaction 1Q and DHIQ (THIQ 94.11%, DHIQ 4.18%, 1Q
1.7%)
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Figure S 5.5. Effect of ruthenium-based sensitizers on the reaction progress
Semi-oxidation of THIQ (0.125 M) in AcN in the presence of photosensitisers and irradiated
with blue LEDi under Oz atmosphere: (A) Ru(bpy)sCl2 (0.01mM) and (B) RuB@GW (50 mg).
Samples were analysed by GC-MS using tert-Butylbenzene as an external standard. Note that
(A) is a homogeneous system, while (B) is heterogeneous.
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Figure S 5.6. Comparison of different photosensitizers reported in this contribution with a
few others that were tested in preliminary experiments.
Semi-oxidation of THIQ (0.125M) in AcN using different photosensitisers. All samples were
irradiated with blue LEDi under an Oz atmosphere and analysed by GC-MS using tert-
Butylbenzene as an external standard. (a) Ru(bpy)2Cls, (b))MoCo@GW, (c)RuB@QGW,
(dMn@GW, (e) no catalyst, (f) Co@GW, (g)APTES@GW, (h) Mo@GW.
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Figure S 5.7. Effect of NaN3 (a singlet oxygen scavenger) on catalyst performance

THIQ (0.125M) in methanol irradiated with blue LEDi (450 nm), samples were analysed with
GC-MS. (blue) THIQ, (red) THIQ with 10 mol% NaN3
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Figure S 5.8. Selectivity of DHIQ as a product of THIQ oxidation reaction by the time.
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Figure S 5.9. Effect of added MnO2 on MoCo@GW performance and reusability.

All experiments were done with THIQ (0.125M) in AcN, oxygen atmosphere, irradiated with
LEDi 450nm and samples analysed with GC-MS. (A) 2 cycles of MoCo@GW, (B) effect of
adding MnQ2 as a co-catalyst to preserve MoCo@GW for next cycles.
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5.4 Accompaniment to Chapter

This study explores the selective semi-oxidation of tetrahydroisoquinoline (THIQ) to
dihydroisoquinoline (DHIQ) through a singlet oxygen-mediated mechanism. The research
combines bench-scale experiments with advanced spectroscopic techniques to elucidate the

reaction pathway.

Key findings include the critical role of singlet oxygen in achieving high selectivity, due to
the vast difference in reactivity between THIQ and DHIQ. The study demonstrates the
effectiveness of both homogeneous and heterogeneous photocatalysts in generating singlet

oxygen, with in-situ formation of isoquinoline (IQ) acting as an additional sensitizer.

Instrumentally, the research displays the combination of laser flash photolysis, near-
infrared detection, chromatography, and materials characterization techniques can provide a
comprehensive understanding of complex photochemical processes.

This work not only advances our understanding of selective oxidation processes but also
highlights the potential of heterogeneous photocatalysts in sustainable organic synthesis. It
provides valuable insights into combining photochemical principles with advanced analytical

techniques to develop efficient and environmentally friendly synthetic processes.
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6.1 Summary and Future Directions

6.1.1 Nitro to amine reduction by using a heterogeneous catalyst in flow systems

Chapter two presents a novel, environmentally friendly method for reducing nitro
compounds to amino using a heterogeneous catalyst, palladium on glass wool (Pd@GW). The
process operates under remarkably mild conditions, room temperature, atmospheric pressure and
using water as the main solvent in a flow system. This approach stands in stark contrast to

current industrial methods that often require high temperatures and pressures.

We developed a photochemical method to synthesize the PA@GW catalyst with a
minimum amount of Pd, which can be prepared in situ within the flow reactor. This catalyst
demonstrated excellent stability and reusability, maintaining its activity even after 8 months of

storage and showing the ability to be regenerated through treatment with sodium borohydride.

A key achievement of this study was the successful scale-up of the process. Starting from
batch reactions with a space-time yield of 0.08 gL*h, then we scaled up to a flow system
achieving yields up to 28 gL*h™. This scalability, combined with the use of either sodium
borohydride or hydrogen gas as reducing agents, showcases the potential industrial applicability
of the method.

The process is not limited to nitrobenzene; it proved effective for various other nitro
compounds as well. Notably, the method uses a much lower catalyst loading (0.32 wt% Pd)
compared to some current processes (up to 7 wt%), further enhancing its efficiency and potential

cost-effectiveness.

Future work can be done by focusing on the next steps of amine products. In situ product
utilization has emerged as a powerful strategy in flow chemistry, particularly for the synthesis
and immediate use of reactive intermediates such as amines produced from nitro reductions. This
approach offers several significant advantages over traditional batch processes, enhancing both
the efficiency and safety of chemical synthesis.® One of the primary benefits of in situ utilization

is the improved handling of sensitive intermediates. Many amines, especially primary aromatic
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amines, are susceptible to air oxidation or prone to side reactions when isolated.? By using these
amines immediately after formation, chemists can minimize degradation and unwanted reactions.
For instance, notoriously unstable compounds like o-aminophenol or p-phenylenediamines can
be swiftly converted to more stable derivatives, preserving their reactivity for desired

transformations.?

Another impactful next step in this research could be extending the focus to the reduction
of NOx compounds, which are significant air pollutants contributing to smog formation, acid
rain, and various health issues. Developing efficient NOy reduction methods would have
substantial environmental benefits.* NOx reduction plays a critical role in automotive catalytic
converters, emissions control in power plants, and various industrial processes. Enhancing these

technologies could yield wide-reaching implications.®

The catalytic systems and flow setups developed in this study for nitro reductions could
potentially be adapted for NOx reduction, offering novel and more efficient approaches. Key
challenges will involve adapting flow reactors capable of handling gas-phase reactions or gas-
liquid interactions required for NOx reduction, investigating the use of flow catalysis to improve
selective catalytic processes, utilizing ammonia or hydrocarbons as reducing agents, and
developing precise analytical methods, such as thermal conductivity detectors (TCD), for

product analysis.®

The direct utilization of amines in flow systems also leads to improved yields and product
purity. By eliminating isolation and purification steps, the losses typically associated with these
processes are significantly reduced. This streamlined approach often results in higher overall
yields and purer final products, as the opportunities for side reactions or decomposition are

minimized.’

Process intensification is another key advantage of in situ product utilization. By
combining multiple synthetic steps into a single, continuous process, the overall efficiency of the
synthesis is markedly improved. This integration leads to reduced reaction times, smaller reactor
volumes, and potentially lower energy consumption, aligning well with the principles of green

chemistry.®

150



Chapter 6: Conclusion and future work

Safety considerations also favour the in-situ approach, particularly when dealing with toxic
or strong-smelling amines. By utilizing these compounds immediately after their formation,
exposure risks for operators are minimized, and environmental concerns associated with the

handling and storage of hazardous intermediates are significantly reduced.®

The implementation of in situ product utilization in flow chemistry represents a significant
advance in synthetic methodology, offering a more efficient, safer, and potentially more
environmentally friendly approach to complex chemical synthesis, particularly in the realm of

amine chemistry.

6.1.2 Actinometry in a flow system

Chapter 3 introduces an advancement in flow photochemistry by developing a simple yet
effective Norrish Type Il actinometer based on valerophenone photochemistry. The research
addresses a critical gap in current practice, where quantitative measurements of light absorption
have been largely absent, leading to difficulties in determining quantum yields and comparing

results across different laboratories.

The actinometer can be readily implemented in organic chemistry laboratories, requiring
only standard equipment and materials. This accessibility should encourage the wider adoption
of quantitative techniques in flow photochemistry. The system is adaptable to various UV-Vis
light sources and flow reactor geometries, making it applicable to a broad range of experimental

setups.

A key strength of this actinometer is its ability to measure both incident (Io) and absorbed
(1a) light intensities, providing a complete picture of the photochemical process. By utilizing
normalized lamp emission spectra and absorption spectra of samples and actinometer solutions,

the method eliminates the need for specialized spectroradiometric equipment.

The effectiveness of the actinometer has been demonstrated through several case studies,
including quenched valerophenone photolysis, benzoin photochemistry, and studies of the
photoinitiator Irgacure-2959. These validations showcase the versatility and reliability of the
method across different photochemical systems.
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By providing a standardized method for measuring light absorption, this actinometer
facilitates more meaningful comparisons of results between different research groups. The ability
to accurately measure light absorption enables the calculation of quantum yields, a critical

parameter in understanding and optimizing photochemical reactions.

Future work could focus on extending this approach to other spectral regions, developing
actinometers for visible and near-infrared light, and integrating this quantitative approach into
automated flow chemistry platforms. As the field of flow photochemistry continues to evolve,
tools like this actinometer will be crucial in ensuring that it develops on a solid quantitative

foundation.

6.1.3 Scalable synthesis of silver nanoparticles

The photochemical synthesis of silver nanoparticles (AgNPs) under flow conditions has
demonstrated remarkable efficiency and reproducibility. This innovative approach yields high-
quality AgNP seeds under UVB irradiation with remarkably short exposure times, less than one
minute for the most effective photoinitiators. Our research has identified that the most suitable

initiators are those that efficiently produce ketyl radicals through Norrish Type | cleavage.

Among the photoinitiators tested, 1-2959, 1-184, and D-1173 emerged as the standout
performers. These compounds exhibit optimal absorption properties, and adequate aqueous
solubility, and are readily available, making them an ideal choice for scaled-up production.
These characteristics not only enhance the efficiency of the synthesis process but also contribute

to its potential for industrial application.

The AgNP seeds produced through this method serve as versatile precursors, potentially
enabling the synthesis of nanoparticles with diverse morphologies. This versatility opens up
exciting possibilities for tailoring nanoparticles to specific biological applications, where shape

and size play crucial roles in determining functionality.

Expanding the flow synthesis method to other noble metals and bimetallic nanoparticles
presents an exciting frontier for future research. This approach could be adapted to produce gold,
platinum, and palladium nanoparticles, each with unique properties and applications.

152



Chapter 6: Conclusion and future work

Gold nanoparticles (AuNPs), known for their distinctive optical properties, are widely used
in biomedical applications, catalysis, and sensing. Adapting the flow synthesis method to reduce
Au (I11) salts like HAuCl4 to Au (0) could offer new avenues for AUNP production. However,
this may require adjusting the reaction conditions to account for gold's different reduction
potential compared to silver. The resulting AuNPs could then be compared to those produced by

traditional methods.1°

This method could be extended to produce bimetallic nanoparticles. Combining two metals
in a single nanoparticle can lead to synergistic properties not found in monometallic
nanoparticles. Examples could include Ag-Au, Pt-Pd, or Au-Pd nanoparticles. The flow
synthesis method could be adapted to introduce two metal precursors simultaneously or
sequentially, allowing for precise control over the composition and structure of the bimetallic
nanoparticles. Each metal will likely require optimization of reaction conditions, including
choice of photoinitiator, solvent system, and irradiation parameters. The different reduction

potentials of various metals may necessitate the exploration of new photoinitiators.

6.1.4 Photosensitized selective semi-oxidation

Chapter 5 presents a significant advancement in the selective semi-oxidation of
tetrahydroisoquinoline (THIQ) to dihydroisoquinoline (DHIQ), a valuable intermediate in
organic synthesis. The research illuminates a highly efficient and selective process mediated by
singlet oxygen, offering a sustainable pathway to produce DHIQ.

The key to exceptional selectivity lies in the dramatic difference in reactivity towards
singlet oxygen between THIQ and DHIQ. THIQ quenches singlet oxygen at a rate of 2.63 x 107
M 's!, while DHIQ reacts at least 1000 times slower. This substantial difference allows the
reaction to effectively "stop halfway," avoiding over-oxidation to isoquinoline (1Q) even at high

conversion rates.

The study explores both homogeneous and heterogeneous catalysts, with the latter showing
particular promise for practical applications. Heterogeneous catalysts such as RuB@GW and
MoCo@GW, supported on glass wool, demonstrate excellent performance in reducing the

reaction's induction period and maintaining high selectivity. These catalysts offer the additional
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advantages of easy separation, reusability, and compatibility with flow photochemistry systems,

paving the way for potential scale-up and continuous production processes.

Mechanistic investigations, including laser flash photolysis with NIR detection, solvent
studies, and deuterium effect experiments, provide compelling evidence for the singlet oxygen
mechanism. The research also reveals an interesting autocatalytic aspect, where small amounts of

IQ formed during the reaction act as in-situ singlet oxygen sensitizers, accelerating the process.

The use of molecular oxygen as the oxidant, coupled with visible light irradiation and
recyclable heterogeneous catalysts, aligns this process with principles of green chemistry and
sustainable synthesis. The ability to selectively produce DHIQ, which is significantly more
valuable than both its precursor (THIQ) and its over-oxidation product (1Q), underscores the

economic potential of this methodology.

Future work could focus on further optimizing the heterogeneous catalysts, exploring the
potential of flow chemistry for continuous production, and extending this approach to other

substrates where selective partial oxidation is desirable.

Investigating the scalability of the selective oxidation process of THIQ to DHIQ for
potential industrial applications is a crucial next step in developing this research. This scale-up
study would involve several interconnected aspects to bridge the gap between laboratory success
and industrial implementation. The first challenge would be reactor design. Developing larger-
scale photoreactors that can handle increased volumes while maintaining efficient light
distribution is essential. Creating a flow reactor with internal illumination to optimize light
penetration, steady mixing, more control on temperature, and continuous oxygen delivery could

offer advantages in terms of scalability and process control.

6.1.5 Flow set-up

The flow setup employed in these studies (Chapters 3 and 4) demonstrates a versatile and
efficient system for photochemical reactions. At its core, the setup consists of a Luzchem’s Expo
panel with 8W fluorescent, or LED lamps (30 cm long, 16 mm diameter) tightly wrapped with
thin wall Teflon tubing (1.80 mm outer diameter, 1.50 mm inner diameter). This configuration,
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utilizing about 6.3 m of Teflon tubing, creates a total irradiated volume of approximately 10 mL

per lamp with an experimentally determined optical path of 0.15 cm.

This system's efficiency in delivering photons to the reaction mixture is evident from the
rapid conversion rates observed in both studies. Its versatility is demonstrated by its
compatibility with different light sources (UV-Vis) and various solvents, enabling a wide range
of photochemical reactions at lower temperatures. The setup's scalability is a notable advantage,
allowing for continuous production with the potential for scaling up by employing multiple
lamps or longer tubing, double-wrapped. Additionally, the flow system provides consistent
results over extended periods, as shown in the nanoparticle synthesis study, highlighting its
reproducibility. The precise actinometry capabilities further enhance its utility by enabling

quantitative analysis of light absorption and reaction efficiency.

The reliability and versatility of this setup for multi-step reactions have been further
validated through a successful collaboration with a chemical company to prepare vitamin D
analogs. This project demonstrated significant improvements over traditional methods that had
been in use for two decades. The flow system enabled the production of the purest isomers,
which was not achievable with the previous lab procedure. It also provided enhanced control
over product selectivity, improved energy efficiency, and significantly increased safety. This last
point is particularly noteworthy, as the previous method, using a high-pressure lamp had resulted
in a laboratory fire some years ago. The flow system's design inherently mitigates such risks.
While the specifics of this industry collaboration remain confidential due to its nature, the
success of the project underscores the potential of this setup for industrial applications and

process improvements.

While this thesis is used primarily for single-step photochemical reactions, this setup
shows promising potential for adaptation into multi-step flow systems. By connecting multiple
lamp-wrapped tubing sections in series, each with different reagent inputs, it could be possible to
perform sequential photochemical reactions. The system could also be expanded to include non-
photochemical reaction steps between photochemical stages, such as mixing chambers or
heating/cooling sections. The current incorporation of in-line UV-Vis spectroscopy could be

extended to include other analytical techniques for real-time monitoring of multi-step processes.

155



Chapter 6: Conclusion and future work

The simplicity of the setup lends itself to an adjustable design, where different reaction stages

can be easily added or removed.

However, adapting this system for multi-step processes would require addressing several
challenges. More sophisticated pumping systems might be needed to precisely control residence
times in different reaction stages. Ensuring compatibility of reagents and products across
multiple steps could be challenging and may require careful optimization. Multiple
photochemical steps might necessitate additional cooling mechanisms. We successfully

overcame these challenges in our industrial collaboration project.

In conclusion, the current setup efficiency, versatility, and simplicity make it a promising
platform for developing more complex, multi-step flow systems. With appropriate modifications
and careful design, it could be adapted to perform a wide range of sequential photochemical and
non-photochemical reactions, opening new possibilities in flow chemistry and continuous
manufacturing processes. The successful application in the vitamin D analog project further
demonstrates its potential for industrial-scale use and process improvement. This potential for
expansion and adaptation, coupled with its proven industrial applicability, positions the system
as a valuable tool for advancing research and applications in photochemistry and flow reaction
technology.

6.2 Conclusion

These four studies collectively demonstrate the power and versatility of photochemistry,
particularly when combined with flow systems, in advancing various areas of chemical synthesis
and analysis. From the reduction of nitro compounds to amines using PA@GW, to the
development of a flow actinometer, the scalable synthesis of silver nanoparticles (AgNPs), and
the selective semi-oxidation of tetrahydroisoquinoline (THIQ) to dihydroisoquinoline (DHIQ),
these works display how photochemical approaches can address diverse challenges in organic

synthesis, and nanomaterial production.

A common thread throughout these studies is the use of heterogeneous catalysts supported
on glass wool, such as Pd@GW, and MoCo@GW. These catalysts offer significant advantages
in terms of ease of separation, reusability, and compatibility with flow systems. The glass wool
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support proves to be a versatile platform for various catalytic materials, enabling efficient

photocatalytic processes across different types of reactions.

The development of the flow actinometer addresses a critical need in quantitative flow
photochemistry, providing a tool for accurately measuring light absorption, a key parameter
often overlooked in photochemical reactions. This advancement enables more precise control
and understanding of photochemical processes in flow systems.

The scale-up of AgNP synthesis in flow conditions demonstrates the potential for
continuous production of nanomaterials, highlighting the scalability of photochemical processes
when adapted to flow systems. This approach offers improved control over particle size and

morphology, crucial factors in nanomaterial applications.

In all cases, the use of flow systems enhances reaction efficiency, improves
reproducibility, and facilitates potential scale-up. The continuous nature of flow reactions allows
for better control of reaction parameters, more efficient light utilization, and often shorter

reaction times compared to batch processes.

Moreover, these studies align with principles of green chemistry by utilizing visible light,
employing recyclable catalysts, and in some cases using molecular oxygen as an oxidant. The
ability to perform selective transformations, such as the semi-oxidation of THIQ or the
controlled reduction of nitro compounds, underscores the precision achievable with
photochemical methods.

In conclusion, these works illustrate how the integration of photochemistry with flow
systems and heterogeneous catalysis can lead to more efficient, scalable, and sustainable
chemical processes. They make the way for further advancements in continuous-flow
photochemistry, potentially revolutionizing various aspects of chemical synthesis, from organic
molecule transformations to nanomaterial production. Future research in this area could focus on
optimizing catalyst designs and developing more sophisticated flow systems to tackle even more

challenging chemical transformations.
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