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SUMMARY 

This study is in the area of sustainable chemical technology and is ultimately aimed at 

developing a novel generic approach towards efficient, clean, safe and scalable synthesis 

of important intermediates for pharmaceutical applications and catalysis using non

thermal activation of chemical bonds. Current study is focused on molecular activation by 

light, specifically addressing the class of singlet oxygen reactions. 

A laboratory-scale annular recirculating photoreactor and a scalable microreactor unit 

were designed, assembled and tested in oxygenation of a-pinene and stereoselective 

oxygenation of homoallylic alcohols by the photogenerated singlet oxygen. Efficiencies 

of light utilization and the quantum yields of the reactions for different sources of light in 

various lamp-reactor geometries were quantified using actinometry. It was shown that 

optimal thickness of the reaction layer, high intensity of light and elevated oxygen 

pressures in continuous gas-liquid segmented flow are crucial for both safe and efficient 

oxygenation. This study proved the viability of a novel concept of compact reactors with 

embedded light emitting diodes. Finally, a methodology of efficient oxyfunctionalization 

of allylic compounds was developed. 

Following the developed methodology, the applicability of functional nanomaterials 

based on pure and dye-modified porous silicon as heterogeneous photo sensitizers of 

singlet oxygen was studied in detail. It was demonstrated that the photosensitizing 

efficiency of all the samples is much lower than that of conventional dye photosensitizers. 

Low activity of the novel photosensitizers was attributed to quenching of the 

photogenerated singlet oxygen by the surface quenching groups of porous silicon, low 

quantum yield of photoluminescence in the case of pure porous silicon and to 

thermodynamically favorable quenching of the photoexcited porphyrin states due to 

energy/electron transfer to silicon nanocrystals in the case of dye modified porous silicon. 
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1. INTRODUCTION 

One of the main topics in synthetic organic chemistry is development of clean, efficient 

and highly selective methods for organic synthesis. Successful implementation of these 

methods often depends on the combination of clean synthesis methods with an 

appropriate reactor technology. In conventional synthetic methods of organic chemistry 

molecular activation, required to initiate a reaction is provided by heat. Control over a 

reaction path is attained by an appropriate choice of reaction conditions, such as starting 

substrate structure, solvent, catalyst, and concentrations of reagents [1]. An alternative 

method of molecular activation is using non-thennal energy, for example the energy of 

photons, i.e. photochemistry. 

Photochemical synthesis is usually cleaner, more efficient and reqUIres much less 

aggressive methods than conventional syntheses because absorption of light provides 

most and sometimes all of the energy required to initiate a reaction [I, 2]. Photochemical 

reactions can be perfonned at very low temperatures, in the solid or liquid state or under 

gas-phase conditions, with spin-selective direct excitation or sensitization. In thennal 

excitation processes, all three fonns of energy, electronic, vibrational, and rotational, are 

raised to higher levels. In contrast, photoexcitation raises only the electronic energy level 

which leads to higher selectivities. Moreover, selectivity can be controlled by specific 

excitation of particular functional groups in a molecule. For example, photo-cleavage has 

become one of the most effective methods for removing protecting groups [3]. Among the 

successfully realized industrial photochemical processes are production of halogenated 

hydrocarbons and alkane sulphates in free radical reactions [4, 5]. In the fine chemical 

syntheses and phannaceuticals production photochemical reaction steps offer shorter 

routes in many synthetic schemes, e.g. synthesis of vitamins A, D, dydrogesterone and 

fragrances [4]. 
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However, the use of photochemistry is limited by concerns about efficiency, scalability, 

heat and mass transfer, and safe operation of the processes (e.g. explosions caused by 

excess heat) [4, 5]. Indeed, synthetic organic photochemical reactions are usually 

performed in fixed volume batch reactors irradiated by immersed single tungsten, sodium, 

or mercury vapour discharge lamps. The majority of the photons is then absorbed within a 

short radius of the lamp according to the Lambert-Beer law (1.1), and therefore, the 

amount of solution that can be effectively irradiated by the light source is scale

dependent. 

I = 10 exp( -yl) (1.1) 

Where 10 and I are the incident and transmitted light intensities, respectively, / is the 

distance travelled by light in the medium, and y is the linear absorption coefficient. 

In the case of the free-radical mechanism, the radicals formed near the light source may 

recombine faster than diffuse to react further with other species. This process generates 

excess heat instead of a productive reaction, thus reducing quantum efficiency of the 

overall process [4-6]. Many photochemical processes require long irradiation times, 

which can lead to decreased yields due to decomposition of the product, caused by 

unfavourable photochemical reactions. In most cases, it takes considerable effort to 

transform a successful lab-scale reaction to its industrial counterpart [4-6]. 

During the last decade, microstructured reactors attracted much attention as a new type of 

reactors in organic synthesis due to the unique features of microchannels, such as short 

molecular diffusion distances, excellent heat-transfer characteristics, laminar flow and 

large surface-to-volume ratios [7, 8]. Small dimensions of the microreactors allow safe 

exploitation of explosive processes due to quenching of radicals on the walls or internal 

structures of microchannels. Furthermore, once optimized, the process can be easily 
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scaled up by the use of a multiparallel approach or 'numbering up' of the identical 

microreactor units. In the case of photochemical reactions microreactors provide large 

specific illuminated area and high spatial unifonnity of the illumination due to penetration 

oflight through the entire reactor depth [9]. The energy from the light source is then fully 

utilised for the reactions. Although microstructured reactors are successfully examined in 

the wide range of applications of organic chemistry, surprisingly small number of studies 

has so far been done on the applications of micro reactors in photochemistry [5, 9-21]. 

Another major drawback of synthetic photochemistry is the use of costly and inefficient 

light sources, which produce a considerable part of the emission band in the useless 

infrared region (IR) and, therefore, have to be cooled [22]. When monochromatic light is 

needed for selective excitation, glass filters or filter solutions can be applied to separate 

the spectral part of the emission or to band-filter one part of the emission spectrum. These 

filter processes are always accompanied by a severe loss in photon flux. Light emitting 

diodes (LEDs) with the advantages of high photon flux, availability in different 

wavelengths and long lifetime look very promising as compact monochromatic light 

sources for microengineered reaction systems [16,23]. 

Reactions of singlet oxygen e O2) with organic substrates are of much current interest 

due to their importance in many chemical and biological photooxidation processes 

including photodynamic therapy of cancer [24-26]. The most frequently used method 

of 102 generation in solution is photosensitized energy transfer from the photo-excited 

states of dissolved organic dye molecules to O2• Conventionally, photosensitized 

reactions are conducted in a homogeneous solution [19]. However, a homogeneous 

process has some disadvantages with respect to separation of a sensitizer from the 

reaction mixture, and thus, the sensitizer is not reusable. In order to overcome such 
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drawbacks, immobilized photosensitizers have been employed: Rose Bengal (RB) on 

Merrifield polymers and Amberlite [27, 28], Ru (II) complexes on Sephadex [29], 

phthalocyanine derivatives on zeolites [30], porphyrin loaded polystyrene beads [31] 

and so on [32]. However, the efficiency of such immobilized systems is ussually less 

than that of the corresponding homogeneous photosensitizers. It is therefore useful to 

develop a highly effective heterogeneous photosensitizer system. 

Recently, it has been discovered that porous silicon nanostructures (PSi) may also be 

used as a 102 photosensitizer [33, 34]. Kovalev et al. investigated the process of 

energy transfer from excitons confined in Si nanocrystals to O2 and demonstrated that 

photoexcitation of PSi suspended in Or saturated benzene leads to 1,4,

diphenylisobensofurane (DPBF) bleaching. Latest study reported the development of 

a practical recirculating laboratory scale reactor with a 524 nm LED lamp [23]. The 

efficiency of the reactor in 102 generation was tested using DPBF decomposition in 

Or saturated suspensions of PSi in CH2Ch. Based on the obtained data it was 

concluded that the proposed method of 102 generation should give reasonable 

production yields in the reactions of synthetic interest. However, the data reported 

earlier leave doubt over the specific mechanism of DPBF photobleaching mediated by 

PSi and do not provide direct comparison between the sensitising efficiency of PSi 

with that of the conventional organic dye photosensitizers. 

Oxyfunctionalization of allylic substrates by 102, for which O2 and light serve as natural 

sources, is a highly versatile synthetic method [35]. For example, terpene-derived chiral 

ligands such as bipyridines, phosphinopyridine, and pyridine N-oxide (Figure 1.1) proved 

to be successful in a number of metal-based and metal-free catalytic transformations 

including allylic oxidation, allylation of aldehydes and reduction of ketones and ketimines 
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[36-41]. The key step in the synthesis of these catalysts is oxygenation of a-pinene to 

pinocarvone by 102. Another possible application of pinocarvone in synthesis of 

antimalarial peroxides was recently demonstrated [42]. Generally, the process of 

oxygenation by 102 involves bubbling O2 through the illuminated reaction mixture in a 

batch photoreactor and requires up to two days for completion on a several grams scale. 

Scaling up this protocol is limited by the available equipment due to inefficient light 

utilisation and, in particular, by the hazard associated with the use of 02-saturated organic 

solutions. The scope of the catalytic systems based on the terpene-derived chiral ligands 

may be further increased with the employment of microstructured reactors. 

~ 02'hV %0 SenSItIzer -DMAP AC20 
a-pinene Py pinocarvone 

MeO 

OMe 

bipyridine phosphinopyridine pyridine N-o.ide 

Figure 1.1. Photochemical step for converting pinene to pinocarvone and terpene-derived 

chiral ligands. DMAP is 4-dimethylaminopyridine, Ac20 is acetic anhydride, Py is 

pyridine. 

One other example is stereoselective oxygenation of aromatic chiral homoallylic alcohols 

(ACHA) which remains largely unexplored except for few scattered preliminary reports 

[43]. Successful development of this process may be employed in the syntheses of 

important natural products, such as the antibiotic showdomycin, or pseudouridine (Figure 

1.2), isolated from I-RNA, and will revolutionise the synthesis of unnatural nucleobases, 

that are of key importance in chemical biology as a tool for studying and modulation of 

biological processes, for the preparation of artificial bio-analogue systems, and for the 
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quest to extend the genetic alphabet (by creating a stable and replicable third base pair) 

[44-47]. 
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Figure 1.2. Functionalisation of ACHA and possible important products. 

The aim of this work is to develop a novel generic approach towards clean organic 

synthesis, exploiting reactivity of photogenerated J 02 and the novel reaction engineering 

concept of multifunctional structured reactors with the embedded LEDs in 

oxyfunctionalization of allylic substrates, important for pharmaceutical applications and 

catalysis. 

The specific objectives are: 

_ to develop a scalable multifunctional structured photoreactor unit for efficient 

oxyfunctionalization of allylic compounds by photosensitized J O2; 

_ to optimise conditions for homogeneous oxygenation of a-pinene to pinocarvone by J O2 

in the multifunctional structured photochemical reactor; 

_ to determine the fundamental principles of optimal scaleable photochemical reactors; 

- to demonstrate the generic applicability of the developed approach on a stereoselective 

oxygenation of ACHA; 

- to study the applicability of novel heterogeneous J O2 photosensitizers based on PSi 

nanoassemblies in oxygenation of the allylic substrates. 

38 



2. LITERATURE REVIEW 

2.1. INTRODUCTION TO PHOTOCHEMISTRY 

2.1.1. Absorption of light 

The quantum theory of light absorption is based on several approximations, principally, 

the Born-Oppenheimer approximation, the perturbation theory, and the electrical dipole 

transition assumption. According to this theory, a probability of an electron transition per 

unit time from the initial vibrational state of the ground electronic level to vibrational 

state of an excited electronic state due to absorption of photons of energy h v is 

proportional to the square of transition dipole moment [48, 49]: 

(2.1) 

where J.l fi =- (If/ f l,u Ilf/), 'l'j and 'l'f are the overall wave functions of the initial and final 

states respectively, f1 is molecular transition dipole operator which is determined by the 

following equation: 

{i, == {i,e + {i,n == - Le~ + LeZ)tj (2.2) 
j 

where {i,e and f1n are electrons and nuclei transition dipole operators, e is charge of 

electron, Z is atomic number, ~ and R j are radius-vectors of the i-th electron, and j-th 

nuclei, respectively. 

The motion of electrons in the molecule is much faster than the nuclear motion due to the 

mass difference. The Born-Oppenheimer approximation considers electrons moving in 

the potential field of static nuclei. This assumption results in factorizing the entire 

wavefunction into nuclear (vibrational, rotational) and electronic components [49]. The 

overall wave function is the product of the vibrational lJI e' electronic lJI v and spin 

If/ s wave functions: 
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(2.3) 

where IJI e = IJI e (1, it) is a function of all electronic coordinates, r, and depends 

parametrically on the nuclear coordinates, it, and IJI v = IJI v (R) depends only on the 

nuclear coordinates, R. 

Incorporation of (2.2) and (2.3) into transition dipole moment yields the following 

expression for the probability of transition: 

_ ( f f f I A Iii i) ( f f f I A Iii I) 
J1 fi - 1fI.1fI v 1fI. J1e IfI elfl vlfl. + 1fI. IfI v 1fI. J1n 1fI.1fI vlfl. (2.4) 

As dependence of lJI.on the nuclear coordinates is usually rather weak it is neglected in 

the expression (2.4), which allows writing the following factorisation: 

Term ("': I ",;> in factorization (2.5) is equal to zero because electronic wave functions of 

different states are orthogonal. Remaining is the product of three terms: electronic 

transition moment integral, spin overlap integral and vibrational overlap integral (also 

called the Franck-Condon factor) (from left to right): 

_ ( f I A I i)( f I i)( f I i) 11 fi - 1fI. J1e 1fI. 1fI. 1fI. IfI v IfI v (2.6) 

Spin overlap integral determines spin-allowed transitions [50]. Most organic molecules 

under normal conditions are in the singlet ground state So in which electrons with 

opposing spins are paired in molecular orbitals. Electrons in triplet states T; have parallel 

spins. Singlet-to-triplet transitions have transition moments equal to zero. Such a 

transition is called a forbidden transition. Only spin-conserving (singlet to singlet and 

triplet to triplet) transitions during absorption (or emission) are allowed. Electronic 

transition moment is related to the symmetry of orbitals. The allowed electronic 

transitions are ones which have a transition moment different from zero. Vibrational 

overlap integral (Frank-Condon factor) is linked to Frank-Condon principle [49], which 
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states that a more significant overlap between two vibrational wave functions of two 

electronic states during an electronic transition leads to an increase in probability of the 

transition. After the electronic transition the intermediate excited state is in nonminimal 

energy geometry and therefore it returns extremely rapidly to the lowest vibrational state 

of the new electronic state via vibrational relaxation (VR), with a release of the excess 

energy to the environment as heat. Rotational contributions have been neglected in the 

above derivation as they are strongly suppressed in liquids or solids and can contribute 

only in gas phase. The above consideration can be extended to the light emission and 

interactions between light absorbing and emitting molecules (energy transfer). 

Weaker magnetic dipole and electric quadrupole electronic transitions along with the 

incomplete validity of the factorization of the total wave function into nuclear, electronic 

and spin wave functions mean that the selection rules are not strictly observed [49]. For 

any given transition, the value of flft is determined by all of the selection rules; however 

spin selection is the largest contributor, followed by electronic selection rules. The 

Franck-Condon factor only weakly modulates the intensity of transitions with a factor in 

the order of 1 to the intensity of bands determined by the other selection rules. Extinction 

coefficient E of spin and orbitally allowed electronic transition is 103 
- 105 L morl cm"l; 

for spin-allowed but orbitally-forbidden transition E is in the order of 10° to 103 L morl 

cm"l; spin-forbidden but orbitally-allowed electron transition shows the lowest values of E 

from 10"5 to 100 Lmorl cm"1 [51]. 

2.1.2. Degradation of photoexcited states 

During the very short period (- 10"15 s) required for excitation an electron is promoted 

from ground state So to higher energy levels Sj. The molecule within this period does not 
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undergo changes in nuclear position or in the spin state of the promoted electron. The 

following processes can occur after photoexcitation [49, 50]: 

_ nonradiative deactivation (AB· - AB + energy dissipation); 

_ radiative deactivation or luminescence (AB· - AB + hv); 

- ionization (AB· -+ AB+ + e-); 

_ intramolecular energy transfer (ABC· -+ AB·C); 

_ photochemical reaction (A· - B or A· + B - C); 

_ intermolecular energy transfer (AB· + CD -+ AB + CD\ 

These processes include photocatalysis and photosensitization. All possible energy 

transformations between different excited states of a molecule are depicted in Jablonski's 

diagram (Figure 2.1) [49-51]. If a molecule is excited to any state higher than first 

excited singlet S] it returns to that state very rapidly (- 10-12 s) owing to VR (vertical 

wavy arrows), in which vibrational (thermal) energy is dissipated nonradiatively in 

collisions with other molecules, and internal conversion, IC (horizontal wavy arrows). IC 

is also fast (- 10-14 
- 10-12 s) nonradiative transition from the low vibrational level of high 

electronic state Sj+ 1 to vibrational level of low electronic state Sj of the same overall 

electronic and vibrational energy. Radiative decay from Sj states (i > 1) is very unlikely 

for polyatomic molecules. 

Direct promotion from the ground state So to any triplet state has very low efficiency (e-

10-5 L morl cm-I
) as such transitions are forbidden by spin selection rule, and a triplet 

state can be initiated from an excited singlet state by the intersystem crossing, ISC, 

(horizontal wavy arrows). ISC is a nonradiative transition from the low vibrational level 

of the first excited site SJ to vibrational level of the first triplet electronic state TJ of the 

same overall electronic and vibrational energy. This process is slower (- 10-11 
- 10-6 s) 
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than IC and results in spm II1verSlOn. ISC must also occur when triplet exci ted states 

return to singlet ground states via nonradiative path. A prominent factor in the rate of ISC 

is spin-orbit coupling, which depends on the structure of the triplet state and strongly 

increases with nucleus mass (- z4). Therefore, the presence of a heavy element in a 

molecule, e.g., Br, promotes ISC. The extent of spin-orbit coupling and the rate of ISC 

decrease with increasing separation of the orbitals containing the unpaired electron . Spin-

orbit coup ling also increases with the degree of ionic character of the singlet state. 
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Figure 2.1. Jablonski 's diagram [51]. A-absorption, F-fluorescence. P-phosphorescence, 

IC-internal conversion, ISC-intersystem crossing, VR-vibrational relaxation, S; and T; are 

singlet and triplet energy levels correspondingly. 

The S, and T, excited states can decay to the ground state by emission of light 

(luminescence) via a radiative transition. The rate of emiss ion can be very fast (k = 105_ 

109 S·I) for transitions between electronic states of the same multiplicity, but is much 

slower (k = 103
- \ 05 

S·I) between states of different multiplicities. The two processes are 

known as fluorescence and phosphorescence, respectively. 
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The excited states frequently go through physical and chemical quenching. Physical 

quenching is a process in which the photoexcited state of a molecule is deactivated by 

transferring its energy to another molecule during collisions. This process is termed 

'quenching' if the focus is on the initially excited species or 'sensitization if the newly 

created excited state is of interest. Chemical quenching is the removal of the excited states 

through a photochemical reaction. 

2.1.3. Classification of photochemical reactions 

Three types of conceptual frameworks for classification of photochemical reactions may 

be employed [1]. First we can employ a purely phenomenological classification based on 

reaction types. This approach recognises that only a small set of truly distinct reaction 

types occurs and that the majority of photochemical reactions can be successfully 

classified in terms of this set. Second, photoreactions may be classified in terms of the 

typical reactions of chromophores, the light absorbing units of molecules. Finally, the 

third approach considers photoreaction mechanisms and classifies reactions of individual 

chromophores on the basis of a small set of general mechanisms. From the standpoint of 

photochemistry as a synthetic tool the concept of phenomenological reaction types is 

probably the most useful. 

Three typical routes for photochemical reactions are depicted below: 

- dissociation (AB* --+ A + B); 

- reaction with other species (AB* + C --+ AC + B or AB* + C --+ ABC); 

* _ isomerization (AB --+ BA). 

These groups are further divided into cis-, trans- isomerisation, fragmentation, reductive 

additions to multiple bonds, electrocyclic reactions, sigmatropic reactions and 
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cycloaddition (cycloelimination) reactions. Almost all known photoreactions can be 

classified in terms of these six types. Only reductive addition to multiple bonds and 

cycloaddition reactions are intermolecular in the sense that two molecules are involved 

and one of them is electronically excited while another is in its ground state. The other 

reaction types are intramolecular in nature. 

2.1.4. Quantum yield of photochemical reactions 

Not every excited molecule undergoes a photochemical reaction due to the existing 

. competitive radiative and nonradiative processes. The efficiency of a photochemical 

reaction is reflected by the quantum yield, <PR [50]: 

(2.7) 

Where rR is volumetric reaction rate, corresponding to a given reactant or product and fa 

is the volumetric rate of photons absorption by the reactant (intensity of the absorbed 

light). 

As photochemical processes are chains of sequential events, the overall quantum yield, CP, 

is the result of these events combined. This parameter is especially useful if these 

processes cannot be separated. The overall quantum yield accounts for all primary and 

secondary processes leading to the formation of a product of interest. When cP < 1, the 

product is most likely to be formed by the primary reaction. When <P > 1, secondary 

reactions are involved and if cP » 1, then multistep chain processes occure. If the 

constants of the intermolecular processes are known, it is possible to calculate the yield of 

a chemical reaction from i-th state, <PI?, in comparison with physical processes: 

(2.8) 
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where kR, is the constant of reaction rate from i-th state, kp is fluorescence constant, kIC is 

IC constant, klsc is ISC constant. 

2.1.5. Parameters influencing photochemical reactions 

2.1.5.1. Radiation wavelength 

If a molecule contains different chromophores absorbing at different wavelengths 

(different conformers can also act as different chromophores) then change of radiation 

wavelength may dramatically change the result of photochemical transformations [50]. 

For example, different absorption spectra of cis- and trans- isomer allow the possibility of 

"pumping" the light specifically into one isomer and thereby driving the isomerisation 

towards the non-absorbing component [1]. Wavelength-selective cleavage of photolabilc 

protecting groups is another example of photochemical transformations sensitive to 

wavelength [3]. 

2.1.5.2. Radiation intensity 

Radiation intensity of a light source affects the irradiation time required to obtain the 100 

% conversion [50]. The increase in radiation intensity leads to decrease in reaction time 

due to the increase in reaction rate. The decrease in time may be even exponential, 

indicating that the reaction mechanism changes with the intensity of incident light. An 

increased irradiance also increases the probability that multi photon excitation will occur 

and causes changes in the reaction rate. 

2.1.5.3. Temperature 

Photochemical reactions normally have a low energy of activation, and therefore exhibit 

little temperature dependence [50]. However, some excited molecules will take a different 

reaction path depending on their particular excited state and subsequent reaction steps are 
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very sensitive to the effect of temperature. This can lead to a decrease in the yield of the 

desired product. Temperature also affects photocatalytic processes (e. g., involving Ti02) 

and interactions with surrounding molecules. 

2.1.5.4. Solvent 

Continuum surrounding of an excited molecule can interact with molecules producing 

several effects [50]: 

_ the solvent molecule compete with dissolved molecules for the radiation and this 

often limits the radiation received by the solute molecule; 

_ solvent molecules can physically quench the excited molecules; 

_ solvents can affect hydrogen abstraction or serve as contributor of hydrogen; 

_ solvents vary in polarity which influence the type and the rate of reaction. 

Photochemical transformations involve several transition states with significantly 

different dipole moments. These states interact with the solvent to different extents. As 

any such interaction depends on the solvent density, supercritical liquids with tunable 

density can be applied to change selectivity towards certain products [5, 52]. 

2.1.5.5. State o/matter 

Gaseous, liquid, and solid state studies give different results for the same reaction because 

the physical principles governing these reactions are different in each state [50]. In the 

solid state (polymers, etc) everything is determined by the available molecular 

conformations. Micelles are another example of a system with predefined organization, 

which may fundamentally change photochemical processes. The kinetics of a 

photochemical reaction in the gaseous state is controlled by the frequency of collisions. In 

solution, photochemical reactions are controlled by diffusion of reactants. Thus, reactions 
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carried out in the gas phase will be affected by temperature, whereas in the liquid state, 

temperature and viscosity of the reacting mixture will have the greatest influence on the 

results. 

2.1.5.6. Influence of heavy atoms 

The presence of a heavy atom in a structure of a photo excited molecule increases the ISC 

rate due to break down of spin-selection rules [50]. This increases the population of triplet 

states. Due to the long life of these states the probability of chemical reaction is also 

increased. 

2.1.5.7. Sensitizers 

Direct photoexcitation of an organic molecule may result in a reaction from SJ or TJ 

leading to different products [1, 50]. The outcome depends on the competition between 

the rate of reaction from SJ and the ISC from SJ to TJ. For molecules which do not possess 

an efficient SJ -+ TJ conversion, photosensitization of TJ by an electronic energy transfer 

mechanism can be applied to populate TJ. Efficient population of TJ requires a 

photosensitizer which itself forms triplets efficiently, and which can efficiently transfer 

triplet excitation. Thus, most good photosensitizers possess a high ISC efficiency, a 

relatively long triplet lifetime, and a high value of spectral overlap integral [) [50]: 

ao 

n = fFE(A)FA(A)dA (2.9) 
o 

WhereFE(A)is the emISSIon spectrum of the excited donor; FAA}is the absorption 

spectrum of the acceptor. This integral imposes restrictions on both the emission and the 

absorption spectra. 
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2.1.6. Mechanisms of photochemical reactions 

Mechanisms of photochemical reactions can be discussed within several levels of detail 

[53]. The most basic level is to recognize the processes that are associated with bond 

breaking and bond forming. These processes can be further described by depicting the 

orbitals that are involved. Orbital symmetry and/or stereoelectronic effects can be 

recognized in this way. Photochemical reactions can also be described by potential energy 

diagrams (developed on the basis of computational approaches), representing transitions 

between the excited states, and aiming to trace the path from excitation to a product. 

Several excited states may be involved, each with its own potential energy surface, so 

there are several energy plots representing these surfaces. Two-dimensional 

representations can depict progress in one structural change, such as a twist about a bond 

or a bond breaking. Alternatively, the reaction progress may be viewed as a composite of 

all the structural changes that take place among reactant, excited state, and the product. 

Figure 2.2 shows transitions between excited states and the ground state surface of the 

products for a hypothetic molecule. 

R 

Figure 2.2. A schematic representation of a potential energy profile and transitions 

between excited states leading to a photochemical reaction products for a hypothetic 

molecule. Adopted from [53]. 
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The diagram shows excitation to both SI and S2 (the first and second singlet excited 

states). Molecules drop to the SI surface at point C. Singlet excited molecules return to the 

ground state at point A and may return to reactant or proceed to product PI via 

intennediate 1M ISC occurs at points B or D and provides the Tl excited state, which 

gives product P2. 
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2.2. MOLECULAR SINGLET OXYGEN: PHYSICAL AND CHEMICAL 

PROPERTIES 

2.2.1. Introduction 

The ground electronic state of O2 is triplet (the group theoretical symbol is 3 L) and 

contains two unpaired p-electrons [54-56]. Chemical reactions between singlet organic 

molecules and O2 to form new singlet organic molecules are forbidden by spin selection 

rule [34]. Thus, the triplet multiplicity of O2 is the reason why most reactions between 02 

and organic substances do not occur at room temperature, i.e., they are kinetically 

inhibited. In general, consideration of spin-conservation restrictions answers fundamental 

question concerning stability of organic life in the ambience of O2 normally present in 

atmosphere. 

The two lowest electronically excited states are the 111 and the 11: singlet states with spin 

pairing of the two electrons and lie 94 and 157 kJ morl above the 31: ground state 

respectively [57, 58]. The first excited state, 02e 11), is commonly being referred to as 

"singlet oxygen", or 102• 

The interest that 102 has attracted in various scientific fields, e.g., molecular physics, 

photochemistry [24], biology [25] and medical sciences [26] stems from its chemical 

properties. Because of its singlet multiplicity there is no spin restriction for reactions of 

102 with singlet organic molecules which makes it extremely reactive. This allows us to 

use 102 as a powerful oxidant in bleaching and disinfection reactions (e.g. H20 treatment 

via photodynamic inactivation of viruses and cells [59, 60], and as a reagent in organic 

synthesis (oxygenation reactions with aromatics, steroids, vitamins, amino acids, proteins, 

etc). It is responsible for natural photodegradation processes (photodegradation of dyes 

and polymers) and is also involved in the modification of biological structures (lipid 
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peroxidation and photohemolysis) [61, 62]. An important example of the medical 

applications of /02 is the photodynamic therapy of cancer [26]. Of particular interest is 

the role played by /02 in cell life cycle. It is acknowledged that the presence of / O2 

initiates "controlled" cell death or apoptosis [63]. 

2.2.2. Sources of singlet oxygen in solution 

2.2.2.1. Direct absorption by oxygen ground state 

It was demonstrated that /02 can be generated with very low efficiency via direct 

absorption of Nd:YAG (Nd-doped yttrium-aluminum garnet) laser irradiation by Or 

saturated Freon solutions at high pressures [54, 64, 65]. In addition it was shown that it is 

also possible to produce /02 by irradiation of aerated vibrationaUy excited H20 at 600 nm 

with quantum yield of - 3 xl 0-5
• 

2.2.2.2. Generation by oxygen/organic molecule contact complex 

The influence of dissolved O2 on the UV -VIS absorption spectra of organic molecules is a 

well known phenomenon [54, 64, 65]. The additional absorption bands such as 

enhancement of So-+ TJ transition of the organic molecule, M, were observed in Or 

saturated solutions. More intense absorption was also seen at shorter wavelengths which 

was attributed to charge transfer (CT) transitions within a 3(M.02) contact complex: 

M + 302 = 3(M.02) + hv -+ 3(M+ .. ol) 

The effect was discovered by comparing the absorption spectra of Orfree and Or 

saturated aromatic compounds such as benzene, toluene, or 0-, m-, or p-xylenes. 

Moreover, it was also demonstrated by picoseconds laser flash photolysis studies that 

irradiation of 3(M.02) contact complexes produces /02 with relatively high quantum 

yields (0.69 in cyclohexane and 0.20 in acetonitrile) [66, 67]. 
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2.2.2.3. Microwave generation of singlet oxygen 

102 e r and 1 L1) can be prodused by a microwave discharge passed through O2 in a 

gaseous flow system [54, 64]. 0 and 0 3 are also formed as byproducts and can further be 

removed by reaction with Hg vapour. 02e};) is rapidly quenched to give 02eL1) when the 

emerging gases are bubbled through solution, containing oxidizable substrates [68]. 

2.2.2.4. Chemical production of singlet oxygen 

Among the reactions used to form 102 are reactions of hydrogen peroxide with 

hypochlorite or hypobromite, reaction of potassium superoxide with water, and thermal 

decomposition of linear polyacene endoperoxides or of the ozonide of triphenyl 

phosphate [54,64, 68-70]. 

2.2.2.5. Sensitized production by pulsed radiolysis 

A high yield of excited states can be formed when a high energy electron beam is passed 

through liquid hydrocarbons, for example through benzene [54, 64]. Since the lifetimes 

of singlet and triplet states of benzene are only a few nanoseconds, quenching by 

dissolved O2 does not produce much 102. However, in the presence of a triplet energy 

acceptor, e.g. 10-2 mol L- t naphthalene, energy transfer from triplet benzene occurs to 

give triplet naphthalene which is quenched by O2 producing 102 [71]. 

2.2.2.6. Photosensitized production 

The most frequently used method of 102 generation in solutions is photosensitization or 

energy transfer to 02 from the photoexcited states of a sensitizer, which are formed by the 

absorption of light [54, 56, 64]. Photosensitization of 102 is highly favoured in nature. 

Energy-transfer quenching of triplet states in organic molecules by 02 is spin-allowed in 

contrast to all the competing deactivation processes. The excitation energies of both 
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Oi11:) and Ole 11) levels are lower than the energy of many organic triplets, and in most 

cases, the energy difference is small enough to make the process fast and long enough to 

make it irreversible. Due to rapid diffusion of 0; in many media and its high 

concentration in atmosphere, hardly any intermolecular process is able to compete with 

quenching of excited states by 02. Therefore, any excited state that is sufficiently long 

lived to allow for intermolecular interactions is likely to be quenched by O2, and 10; 

photosensitization is observed in virtually any chemical system where light is absorbed in 

the presence of 02. In many cases, energy transfer results in the formation of both 02e 1:) 

and 0;(111). However, the spin-allowed deactivation of 02e 1:) occurs with extremely high 

rate constants with unit efficiency in any medium and all the O2(1:) is recovered as 

2.2.3. Mechanism of singlet oxygen sensitization 

2.2.3.1. Mechanism o/1m* triplet sensitizing o/singlet oxygen 

Photosensitized generation of 102 during O2 quenching of 1m. triplet states can be 

generally described by a mechanism shown in Figure 2.3 [72]. The photoexcited 

sensitizer in Tl state and Ol31:) first form an excited encounter complex m(TJ 31:) with 

multiplicities m = 1,3, and 5 with a diffusion controlled rate constantk;iff [54,56, 72-79]: 

(2.10) 

Then, the formed encounter complexes 1,3(TJ 31:) either dissociate back with the rate 

constant k~iff or deactivate with an overall rate constant of complex deactivation kd 

calculated from the experimentally obtained overall rate constant k? of triplet-state 

quenching by O2: 

(2.11 ) 

54 



nCT CT 

o 

Figure 2.3. Mechanism of m/ triplet sensitization via both \,3(TI 3L) nCT and pCT 

complexes decay by IC to yield 02eL), Oilif), and 02eL) and the sensitizer ground state 

So. Adopted from [72]. 

Rotation of the 02 within the solvent cage of encounter complexes in the case of non-

charge transfer pathway (nCT) is fast enough to allow for a completely established ISC 

equilibrium between isoenergetic states of the excited complexes m(TI 3 L). The \T1 3 L) 

complex has no direct product channel. Deactivation process of J.3(TJ 3L) nCT encounter 

complexes leading to formation of 02eL), 02eif), and 02eL) occurs by IC (which is the 

rate-limiting step in the nCT channel) to lower complex states of the same multiplicity, 

i.e., I(TJ 3L) -+ I(SO lL), I(Tl 3L) -+ I(SO 111 ), and 3(Tl 3L) -+ 3(SO 3L) with rate constants 

k~, k~, and kJ expressed by equations (2.12-2.14) [73]: 

(2.12) 

(2.13) 

(2.14) 

Here a is efficiency of indirect formation of 102 via the very short-lived upper excited 

Oll L), which can be determined from the time resolved spectroscopic observation of 
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all L), P is efficiency of direct fonnation of 102, P = cP J - a, cP J is the overall efficiency 

of 102 fonnation during 02 quenching of TI states. 

The nCT pathway IS controlled via an energy gap relation given by the empirical 

polynomial [74]: 

~ kf; ) = 9.05 +(9xlO-')M - (1.2 x 10-')M' + (1.2 x 1O-')M' +(9.lx 1O-")M' (2.15) 

Here L1E is an excess energy between the states which has to be released as heat (L1E = Er 

_ EE, Er- EJ, and Er for k~, k~, and kJ correspondingly), and m is multiplicity. This 

excess energy relation is independent of solvent polarity and holds true for sensitizers 

with negligible CT interactions (Eox> 1.8 V vs sulphur calomel electrode, SCE) and L1E < 

220 kJ morl. 

In the case of easily oxidizable molecules an alternative decay route of I.3(TI 3 L) nCT 

complexes proceeds via fonnation of 1.3(T} 3L) partial charge transfer (pCT) exciplexes. 

Significant noncovalent binding interactions slow O2 rotation and inhibit ISC between 

leT} 3L) and 3(TI 3L) pCT complexes. The fonnation ofpCT complex is rate detennining 

k
l1; la 31; 

in the pCT channel and operates with rate constants CT' kcr and kCT' which can be 

found from equations (2.16-2.18) [73]: 

(2.l6) 

(2.17) 

(2.18) 

Rate constants of pCT complexes fonnation depend on the strength of CT interactions 

and can be quantified by free-energy change of an ion pair fonnation, L1GCEr, calculated 
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for complete electron transfer from the T] excited sensitizer to 02. The fit function (2.19) 

describes the correlation between k~ / m and L1GcEd73]: 

10g(k~T / m) = log( cP 
/ m) + Cl- clL1GcET - Ee) (2.19) 

02eE) formation. Constants Cl and C2 are specific for each type of compounds. For 

aromatic compounds cl=7.65, and c2=-0.23 mol kJ-1
• L1GCET can be expressed by the 

Rehm-Weller equation [75]: 

L1GcET-Ec = F(Eox- E~D) -ET (2.20) 

Here, ET is sensitizer triplet energy, Eox is sensitizer oxidation potential, E~lD is the 

reduction potential of 02 (-0.78 V vs. SCE in acetonitrile [76]), F is the Faraday constant, 

Ec is electrostatic interaction energy. Excited pCT complexes then decay by rapid IC 

(k;;, k;g, and k;c'f.) to lower-lying pCT complexes, and all the species involving the 

sensitizer ground state So dissociate to give So and OllE), OllL1), and 02eE). 

The data set shown in Figure 2.4 includes 127 rate constants determined in CC/4 for 

derivatives of naphthalene, biphenyl, fluorene, several ketones, fullerenes, porphyrins and 

metalloporphyrins, and other homocyclic and heterocyclic aromatics of variable 

molecular structure and size [74]. This relationship demonstrates that ET and Eox of the 

triplet sensitizer are the most important parameters determining k? ,k/' and k; 'f. and 

therefore an overall efficiency of 102 sensitization during O2 quenching of T](mr*) states . . 
These data can be used for optimization of the J O2 photosensitization ability of many 

molecules, including those used in biological and medical applications, such as the 

photodynamiC therapy of cancer. 
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The nCT path dominates for sensitizers wi th LJ GCET ~ 50 kJ mor' i.e., on the left-hand 

side of the surface in F igure 2.4. These sensiti zers are characterized by rather small 

overall rate constants kf :s 3x 109 M-' s-' and va lues of cP,1 ~ 0.9 if ET ~ 165 kJ mor'. The 

additional quenching via the peT channe l becomes important only in the exothcrmic 

range and dominates for sensitizers wi th L1 GCET - Ec :s - 25 kJ mor' , i. e., on the ri ght 

border of the calcu lated surface. As soon as the pCT channe l participates , rate constants 

k? strongly increase and va lues of cP,1 decrease; however, (j),1 ~ 0.25 holds true as long as 

the sensitizer is still photochemically stab le. lncrease in so lvent pol arity also resu lts in an 

increase ofk?, and in a decrease in cP,1 . 
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Figure 2.4. Dependence of multipli city-non11ali zed rate constants k; / m for format ion of 

GilE) (yellow circles), 0 2('L1 ) (green triangles), and G2eE) (red squares) on the excess 

energy L1E and the free energy for f0n11ation of an ion pair in CC/4 for a data set 

• 
comprising 46 aromat ic triplet (1m) sensiti zers . For clarity reasons, equation (2.19) was 

approx imated using cp/m = I for formation of all three O2 product states. Adopted from 

[74]. 
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2.2.3.2. Mechanism ofmr* triplet sensitizing oj' O2 

It was found that quenching for both T,(mr) and T,(7r7r· ) sensitizers proceeds via nCT and 

pCT deactivation channels, each capable of producing Ol'E), Ol'LI), and 0 2eE). 

However, very different energy gap relations determine the deactivation of n7r· and 7r7r. 

sensitizers (Figure 2.5, a) [54, 56, 72-79]. The distinctions in electronic configurations 

lead to different sterical structures of i.3(T, 3 E) complexes: supra-supra structure of 

2.5, b). In the former case only small structural changes are estimated for the deactivation 

of the complexes via IC, and therefore, a steep dependence on the energy excess is 

observed. Contrary to 7r7r. sensitizers, the large structural changes accompanying the IC of 

i.3(T}(n7r) 3E) complexes lead to displacement of the electronic states. This displacement 

results in weaker LIE dependence in the energy gap law. Rate constants of the pCT 

deactivation channel are also much less dependent on I1GCET than it was found for T'(7r7r*) 

sensitzers due to much weaker CT interactions since the substituents used in these studies 

to shift oxidation potential of benzophenone were bound to aromatic rings, but not to the 

excited carbonyl group. 
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Figure 2.5. Triplet n7r· sensitizing of '02. (a) Dependence of log(k/lm) on LIE and Eox. 

Open symbols correspond to 7r7r. -excited triplets, solid symbols to n7r "-excited 

benzophenone derivatives. (b) Structures of I.3(T,(7r7r·) 3E) and I.3(T,(n7r") 3E) complexes 

for biphenyl and benzophenone, respectively. Adopted from (77]. 
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2.2.3.3. Mechanism of singlet sensitizing of singlet oxygen 

Quenching of SI state by 02 is more complex than quenching of T/ since at least one and 

often two excited triplet states can exist below the S/ state [54, 56, 72-79]. Furthermore, 

fluorescence quenching is a diffusion-controlled process under ambient conditions for 

most molecules, obscuring the variation of the actual deactivation rate constants and their 

dependences on molecular parameters. 

Equations (2.21)-(2.24) display the four IC processes, which have been identified to be 

the most important. The different routes of IC lead from the initially formed excited 

complex 3(S/ 3L) to the product complexes 3(TI 3L), 3(T/ 111), 3(T2 3L), and 3(SO 3£), which 

further dissociate to the respective components [56, 72]: 

K, ) 

3(7; lL\)~7; + 02('L\) 

3(7; 3~)~7; +02e~) 

3(7; 3~)~7;+02e~) 

3 (So 3~)~SO+02e~) 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

Reaction (2.21) is 02-enhanced ISC with 102 formation for sensitizers which fulfil the 

energetic conditions T2 » S/ and the difference between SI and TI energy levels of a 

sensitizer, AEs-T exceeds the Oll11) level energy, E,1. The rate constant of (2.21) in the 

absence of strong CT interactions is about one order of magnitude larger than the one of 

(2.22) in accordance with the much smaller excess energy to be dissipated. 

Reaction (2.22), is Orenhanced ISC without 102 formation, which occurs as spin-allowed 

IC from complex 3(S/ 3L) to complex \T/ 3£) for sensitizers which fulfil the energetic 

conditions T2 » SI and 11Es-T < EA. Only very small values of rate constant for O2 

. d . I kQ 2 108 M-1 -I quenching of an excIte smg et state, s :::; x s are found in the absence of 

strong CT interactions and energy transfer. However, the increase in CT interactions 
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enhances the rate constant of 3(SI 3L) --+ 3(Tl 3L) deactivation, similarly to the IC 3(Tl 3L) 

--+ 3(So 3L) in the Tl state quenching by 02 [56]. 

The contribution to efficiency of 102 production during quenching of SI by O2, Is'" , 

depends markedly on the position of T2 relative to SI. For many 9- and 9,10-substituted 

anthracene derivatives, T2 lies closely above SI. This leads to temperature-dependent 

fluorescence quantum yields, which are explained by the activation-controlled ISC 

leading to radiationless deactivation in the triplet state SI --+ T2, where the activation 

energy Else is interpreted as energy difference between T2 and SI. Once the complex 3(T2 

3 L) is formed, very fast subsequent dissociation occurs, yielding O2 and the T2 state of the 

anthracene derivative, which then dissipates excess energy T2 --+ Tl by IC without 

forming 102. These results indicate that the quenching process (2.23) via 3(T2 3 L) becomes 

dominant for molecules with T2 lying below SI, i.e. when the process (2.23) becomes 

exothermic. 

The process (2.24) begins to compete with the reactions (2.21 )-(2.23) in the exothermic 

range (L1GCET ::; - 30 kJ mor l in acetonitrile) contributing to an increase of k~ to 

diffusion-controlled values and to a reduction of Ii (efficiency of Tl-state formation 

during 02 quenching of SI), i.e. strong CT interactions in the intermediately formed 

exciplexes, 3(SI 3 L), lead directly to the ground-state So via fast IC without 102 formation. 

Thus, excess energies and CT interactions direct the different deactivation routes in 

fluorescence quenching by O2 similarly to the case of Trstate quenching by O2• The SI-Tl 

and Sr T2 energy gaps determine the possible competition between (2.21 )-(2.23). Together 

with the strength of CT interactions in the excited 3(SI 3 L) complex, quantified by L1GCET, 
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which strongly influences the contribution of the process (2.24), they finally detennine 

the values of kf and 1st. • 

2.2.4. Singlet oxygen quantum yield 

The overall quantum yield of photosensitized J O2 fonnation, <Pl~ is given by (2.25) [56, 

72]: 

(2.25) 

where pfl and p~l are the fractions of SJ and TJ states quenched by O2, and ¢>r is the 

triplet quantum yield in the presence of O2• The efficiency of J O2 fonnation via TJ 

quenching is given by the product <PrePt.. Triplet sensitization is the major process of J O2 

generation for most compounds. Complete quenching by O2 occurs already in air

saturated solutions ([ O2] ~ 2x 10-4 M) because of the long lifetimes of 7r7r' triplet states. 

Triplet sensitizers with strong ISC, negligible CT interactions, and Er > EE demonstrate 

large quantum yields ¢>10
2 

due to fonnation of J O2 via two channels e E and J Lf). 

Phenalenone is such a sensitizer with ¢>10
2 
approaching unity in most of the air-saturated 

solvents (¢>r = 1.00, Eox= 1.96 V vs SeE in acetonitrile, LfGcEr - Ee = 78 kJ mor i
, and Er 

= 186 kJ mor i [56]). However, increasing CT interactions lead to lower values of eP,1 and 

thus to a decrease in ¢>102 . Reducing the quantum yield ¢>r diminishes the efficiency of 

triplet sensitization as well. 

Singlet sensitization is the dominant way of J O2 fonnation for strongly fluorescing 

compounds with negligible quantum yields of ISC in the absence of O2 (<p~ ~ 0). The 

direct contribution of SJ to <PI02 is expressed by the tenn pfllst.. The efficiency of 

fluorescence quenching pfl is mostly not larger than 0.20 in air saturated liquids, if the 
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Srstate lifetime is not much longer than about 10 ns. Compounds with TrSJ > 20 kJ mol-

I and L1Es-T > E,1 are efficient J 02 sensitizers. Quenching of fluorescence contributes also 

indirectly because TJ is populated by O2 enhanced ISC with efficiency pf> II (II is 

efficiency of Trstate formation during 02 quenching of SJ). The overall quantum yield of 

ISC in the presence of O2 is tP~ (1- pfl) + pfl II and tPI01 is expressed by equation (2.26) 

in the case of negligible IC. 

(2.26) 

For strongly fluorescent compounds with negligible CT interactions fulfilling the above 

energetic requirements, for example, rubrene, II = 1 and Is'" = 1 hold true. tPl strongly 
0 1 

depends on concentration of O2 in solution and may approach 2 at high O2 partial 

pressures, when pfl reaches unity. Increasing ofCT interactions reduce II, Is'" and $,1 

and, consequently, the overall quantum yield of J O2 formation. The decrease in tPlo is 
l 

greater in polar solvents due to the enhancement of CT interactions. 

2.2.5. Quenching of I A and 11; excited states of oxygen and their lifetimes in solution 

Five main deactivation processes may compete in quenching of J O2, [56]. These are, in 

the order of increasing rate constants: radiative processes, electronic-to-vibrational 

deactivation (e-v), CT quenching and chemical reactions (CR) (both often of comparable 

magnitude), and electronic energy transfer (EET). 

Efficiency of the first process is negligible if nonradiative processes are observed. 

Contribution of the second process, deactivation by e-v energy transfer, is predominant 

for the molecules with oxidation potential Eox ~ 1.9 V vs SeE in acetonitrile and can be 

estimated using the bimolecular rate constant k~ for e-v deactivation, which is given by 
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the sum of the rate constants k~ (see Table 2.1) for e-v deactivation by each individual 

tenninal X- Y bond of the quencher molecule: 

(2.27) 

Here Nxr is the number of tenninal X-Y bonds per quencher molecule. Lifetime f,1 of 

OleA) in a mixture of liquids can be estimated by (2.28), where [i] is the molar 

concentration of the component i: 

(2.28) 

This equation can be applied for pure solvents and homogeneous liquid mixtures of 

several components. In the case of CS2 and perhalogenated solvents f,1 is additionally 

reduced by quenching of OleA) by O2• Deviations from real f,1 may also result if a 

strongly deactivating X-Y bond, such as O-H, is sterically hindered, as k~ were derived 

for freely accessible X-Ybonds. 

Table 2.1. Rate constants k~ andk~ of quenching of OllI:) and 02eA) by bonds X-X in 

the liquid phase [56]. 

X-V ktJ. M-I -I 
XY> S 

e· M-I -I 
XY' S X-v eM-I -I 

XY' S 
k'f. M-1 -I 

XY' s 

O-H 2900 1.5 x 109 C-D 10.4 3.3 x 10 7 

N-H 1530 4.7 x 108 c=s 0.351 1.6 x 106 

C-Har 494 1.1 x 108 C-Far 0.625 1.5 x 106 

C-H 309 1.0 x 108 C-F 0.049 5.6 x 105 

O-D 132 2.7 x 108 C-CI 0.181 1.6 x 105 

C-Dar 21.7 5.3 x 107 

Any experimental quenching rate constant exceeding the value estimated according to 

(2.28) can be attributed to an additional deactivation pathway competing with e-v 

quenching. Among the three possible mechanisms, CT and CR may compete in any 

situation, whereas EET is possible only for quenchers with low triplet energies (i.e., Er ~ 

94 kJ mor l ) then e-v, CT, and CR are negligible. 
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In the same way, the rate constants k~ for e-v deactivation of 02eE) by the individual X

Y bonds from Table 2.1 can be used for estimation of the rate constant k~ for the overall 

e-v deactivation of 02e E) by a given quencher. Lifetime of 02e E), '.E, can be estimated 

from the same rate constant, k~, if we apply an equation similar to (2.28). Very small 

values of '.E SIns (except perhalogenated solvents and CS2) are generally obtained. The 

chemistry of OllE) has not yet been discovered, despite significant efforts. Thus, any 

experimental value exceeding the rate constant for e-v quenching can be attributed to CT, 

unless the Er of quencher is lower than 157 kJ mOrl. In the latter case, EET and diffusion 

controlled quenching are expected. CT and e-v deactivation lead to quantitative formation 

of 02eA) and the quencher ground state, whereas EET leads to the formation of 02eE) 

and the triplet state of sensitizer. 

2.2.6. Optimization of singlet oxygen sensitizers 

The highest yields of 102 generation are obtained when 102 is formed due to quenching of 

both Sl and TI by 02 [56]. In this case Q,d can be as high as 2, i.e., two molecules of 102 

are formed per photon absorbed. However, this situation is rare, since quenching 

processes compete with both intra- and intermolecular deactivation pathways. The 

efficiency of Oll A) formation during O2 quenching of Sl approaches 2 when five 

conditions are simultaneously met: (i) the energy gap between Sl and TI exceeds 94 kJ 

morl, (ii) no second triplet state lies below Sl, (iii) the Sl state is quantitatively quenched 

by O2, (iv) the 02 quenching process leads to quantitative formation of the TJ state, and 

(v) the subsequent quenching of TI leads to quantitative formation of 102. However, 

conditions (iii) and (iv) contradict each other. Efficient fluorescence quenching with 

diffusion controlled rate constant ksQ was found only for sensitizers with moderate to 

strong CT interactions, which reduce efficiency of the Tl-state population during 

quenching. However, sensitizers with negligible CT interactions have values of kl « 
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kdijf- As a consequence, the quantum yield close to 2 is only obtained in nonpolar solvents 

at very high 02 partial pressures (9,10-dicyanoanthracene is an example [56]), where the 

danger of combustion increases with hydrocarbon solvents. 

Under normal conditions in Orsaturated solutions 102 is most efficiently formed via 

sensitization from triplet states. The maximum yield of unity in this case is achieved if the 

following five conditions are met: (i) the triplet energy of sensitizer must be larger than 

94 kJ mor l (optimally larger than 157 kJ mor l
, to allow for competitive formation of 

02eE)); (ii) the triplet state is quantitatively formed via intramolecular ISC; (iii) the 

triplet state is quantitatively quenched by O2 (this is commonly observed for most me-

excited triplets, where almost complete quenching occurs already in air-saturated 

solutions unless other quenchers are present at very high concentrations), as opposed to 

mr*-excited triplets, which often react chemically; (iv) Franck-Condon factors are 

favourable for energy transfer and unfavourable for enhanced internal conversion (this is 

observed for all 7l'7r:--excited aromatic hydrocarbons, as opposed to n7l'*-excited ketones); 

(v) CT interactions are negligible. This is fulfiled in nonpolar solvents at high sensitizer 

oxidation potentials and low triplet energies. 

To obtain the maximum amount of usable 102, it is also important to minimize its 

deactivation by the the surrounding media, in particular by the sensitizer. Deactivation of 

102 by the sensitizer can be both chemical (leading to modifications in the sensitizer, 

which, in most cases, reduce its 102 sensitization ability) and physical (leading to 

formation of O2 and the sensitizer ground state). Chemical reactions occur mainly with 

electron-rich aromatic rings, dienes, or double bonds, and with amines and sulphides. 

Significant physical quenching can occur via (i) diffusion-controlled EET, if the sensitizer 

triplet energy is only a few kJ mor
l 

higher than 94 kJ mor l
, or (ii) CT, if the oxidation 
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potential of the sensitizer is sufficiently low. Thus, a high sensitizer oxidation potential 

favours 102 formation both by increasing its efficiency of production and by minimizing 

its physical and chemical deactivation. It is also important to mention that no aggregation 

of ground-state sensitizer molecules occurs, and that no formation of exciplexes occurs. 

Such interactions can reduce both the triplet yield and (/>,1. In these cases the 102 yield 

decreases with the increasing sensitizer concentration. 

2.2.7. Porous silicon as a singlet oxygen sensitizer 

Recently, it was discovered that H-terminated porous silicon nanostructures, PSi, may 

also be used as I02 photosensitizers [33,34, 72,80-87]. PSi may be produced by chemical 

synthesis (see for example, [88] and links therein), electrochemical etching of bulk Si 

crystals [89] or chemical etching of metal grade silicon powder [23, 90]. Bulk Si is a very 

poor light emitter due to its indirect band gap structure. However, at nanoscale, quantum 

size effects lead to an increase in the energy of excitons and the probability of their 

radiative recombination. Therefore relatively high photoluminescence (PL) quantum 

yields can be achieved [91, 92]. The indirect band-gap structure of Si nanocrystals is the 

reason for very slow recombination rate of excitons (in the order of lOs of IlS at room 

temperature). Statistically 75% of photoexcited excitons persist at room temperature in 

their triplet states [93, 94]. Due to the long lifetime of excitons confined in Si nanocrystals 

the energy of photons is stored in electronic form and can then be transferred to other 

substances [95]. Moreover, the band-gap energy of Si nanocrystals can easily be adjusted 

from the bulk Si band-gap (1.1 eV) up to about 2.5 eV, simply by varying the size of 

nanocrystals, controlled by the preparation procedures [93]. Therefore, by choosing the 

proper nanocrystals size, the energy of excitons can be tuned to match the singlet-triplet 

splitting energy of a certain acceptor, e.g. 02. A large surface area (up to about 

500 m2 g-I), mesopore-range porous structure (ca. 7 nm pore size [96]) and good 
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dispersibility of hydrophobic Si nanocrystals in organic solvents allow good accessibility 

of the surface of Si nanocrystals for different molecules. It should also be mentioned that 

contrary to most conventional photosensitizers PSi efficiently absorbs all photons with 

energies higher than the nanocrystals band-gap. Therefore, a broad range of light sources 

can be used for excitation. 

Excitons photogenerated in PSi were proven to be quenched by 02 forming 102 in 

gaseous environment, in organic solvents and in water [80, 81, 83]. Quenching of excited 

molecules reduces the emission intensity with the same strength over the whole spectral 

range [72]. However, in the case of PSi, PL suppression spectra demonstrate two peaks. 

The maximum suppression level of PL appears at 1.63 eV (excitation energy of OJ(IE) 

[80]. This fact indicates that resonant energy transfer with formation of 02eE) is the most 

effective quenching process. Subsequent e-v energy transfer deactivates 02e E) very 

rapidly and completely to OlIA), identified by the corresponding emission spectrum at 

0.98 eV [82, 97]. The channel of direct 02eA) formation is inhibited due to large excess 

energy to be distributed simultaneously by multiple phonon emission in the nanocrystals. 

The five-fold suppression of PL at 1.63 eV was taken as an indirect measure of the 102 

photosensitization efficiency of 80%. However, this result actually means only an 80% 

quenching efficiency. The second peak in the PL suppression spectrum appears at about 2 

eV (620 nm) and indicates possibly electron transfer quenching with the formation of 

superoxide radical-anion 02- [81]. 

Bleaching of 1,3-diphenylis0benzofuran (DPBF) (chemical scavenger of 102) in the 

presence of photoexcited PSi was demonstrated, both in a spectroscopic cell and in a 

recirculating laboratory scale reactor [23, 33]. The bleaching rate increased with the 

amount of PSi immersed. However, bubbling the solution with N2 to remove O2 led only 
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to about 50% suppressIOn of photobleaching. This result was explained by direct 

interactions between triplet excitons and DPBF via Type-II oxidation reaction [85]. 

Contrary to oxidation by the photosensitised J 02 (Type I pathway), this process occurs via 

direct interaction between sensitizer and substrat leading to proton or electron transfer 

which results further in the fonnation of free radicals or free-radical ions [54, 98, 99]. The 

radicals produced from the photosensitizer can react with O2 to generate reactive oxygen 

species such as O2-, while radicals produced from the substrate may initiate free radical 

chain reactions. Both pathways can lead to degradation of DPBF. 

Thus, the suitability of nanocrystalline PSi as a pure sensitizer of J O2 is still not fully 

proven. The data reported earlier leave doubt over the specific mechanism of 

photobleaching and do not provide direct comparison between the sensitizing efficiency 

of PSi with that of conventional organic dye sensitizers. 

2.2.8. Singlet oxygen in organic synthesis 

2.2.8.1. Singlet oxygen addition to unsaturated and aromatic compounds 

Most reactions of 102 with the unsaturated hydrocarbons can be divided into four major 

groups according to their pathways (Figure 2.6, a-d) [35]. The electron-rich olefins give 

preferably 1, 2-dioxetanes by the [2+2] cycloaddition (a) [100-102], conjugated dienes 

and naphthalene derivatives react preferably by [4+2] cycloaddition to form 

endoperoxides (b), [102, 103], unactivated olefins with allylic hydrogen atoms undergo 

Schenk ene reaction to fonn allylic hydroperoxides (c) [99] (X denotes CR2, NR or 0), 

and phenols and naphthols containing bulky groups in positions 2 and 4 of the ring go 

through 1,4-addition with the fonnation of hydro peroxide ketones (d) [102]. 
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The allylic hydroperoxides that result from Schenk reaction were proven to be 

synthetically useful intermediates (Figure 2.6, e) [104, 105]. While the reduction leads to 

allylic alcohols, the reaction with Ti (N) complexes has been utilized to prepare epoxy 

alcohols from simple ole fins in a one-pot operation [106, 107]. Finally, dehydratation 

[l08] provides a convenient access to synthetically usefu12-cycloalkenones and other a., fl 

-unsaturated carbonyl compounds as enones with silicon (RJ = SiR3) [109] or tin 

substituents (RJ = SnR3) [110] at the a-C atom. 

fI, 

(a) 
10 , • R,:t' 01 [2+2] 

R, ~ 

(b) 

R. R'X 
R, OH 

'~. (<OO~ 
[4+2] X 

R, R. 
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I~ 

R,X 
R, OOH 

• 
Ti(OiPr) • 

(c) Ene 

AC2~O 
DM;P '\ 

Figure 2.6. Reactions of J 02 [35, 102]. (a) 1,2-addition to olefins to form 1,2-dioxetane-

type products; (b) 1,4-addition to conjugated dienes to form endoperoxides; (c) ene type 

reaction of un activated olefins with allylic hydrogen atoms to form allylic hydroperoxides 

(X denotes CR2, NR or 0); (d) addition to phenol derivatives containing bulky groups in 

positions 2 and 4 of the ring to form hydroperoxide ketones; (e) synthetic applications of 

the allylic hydroperoxide. 
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2.2.8.2. Regioselectivity of ene reaction 

Since 102 is a highly reactive oxidant that undergoes reactions with a wide variety of 

substrates, selectivity in its transformations is mandatory for synthetic utility [35]. A 

central problem of Schenck reaction is that of regioselectivity. When a given substrate has 

several allylic hydrogen atoms, abstraction can take place at all possible sites leading to 

complex mixtures of isomeric products. Several empirical rules were proposed to allow a 

priori determination of regioselectivity of reactions with a variety of substrates. The "cis 

effect" describes the finding that H abstraction takes place preferably at the more 

substituted side of the double bond (Figure 2.7, a). The "gem effect" applies to gem-

substituted olefins for which abstraction at the geminal position predominates (Figure 

2.7, h, X= C(O)R, SOxR, eN, SiR3, SnR3, Ph). 

Figure 2.7. Regioselectivity of Schenck reaction [35]. (a) cis effect; (b) gem effect; (c) 

large group nonbonding effect. 

The "large group nonbonding effect", the least general of the regioselectivity rules, 

describes the preferred site of abstraction for highly substituted olefins (Figure 2.7, c). 

Nevertheless, while some progress has been made recently in controlling regioselectivity 

of Schenck reaction, it is important to emphasize that the complexities of regioselectivity 

also influence stereoselectivity of this reaction. 

2.2.8.3. Stereoselectivity 

Owing to the inherent lack of stereochemical features in the linear diatomic 102 molecule, 

stereoselectivity in Schenck reaction is directed by the substrate [35]. The presence of two 

diastereotopic faces (Figure 2.8) in a given chiral substrate allows for two diastereomeric 
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transition states of different energies in the attack of /02• In the product-fonning step, 

hydrogen abstraction takes place either at the neighbouring alkyl group or directly at the 

stereogenic center. In the latter case the stereochemistry of the resulting double bond 

reflects the 1t-facial selectivity of the initial/02 attack (Figure 2.8). In the case when RI = 

H, the E isomer of the two possible products generally prevails for sterlc reasons. 

top 

C-fI < _____ 
boaom 

Figure 2.8. Stereochemical possibilities for chiral substrates In Schenck reaction. 

Adopted from [35]. 

The factors governing 1f-facial selectivity can be divided into four distinct types. In the 

case of sterlc control nonbonding repulsion between substrate and reagent makes one 1f-

face of the double bond more preferable for the attack by 102 than the other. This type of 

interaction is present in all types of substrates and shows little or no solvent dependence. 

The stereo control factor is the most important for rlgid systems (cyclic and polycyclic 

substrates), which cannot adjust their confonnations to minimize sterlc interactions. Thus, 

repulsive interactions between the substrate and 102 can be modulated by stereoelectronic 

and electronic factors. The first factor describes those cases in which one face of a 

substrate displays a higher 1t-electron density due to special features of the overall 

geometry of the substrate molecule, for instance orbital distortion. In contrast, the second 

factor describes specific interactions between a substituent of the substrate and the 

incoming /02 enophile. This includes attractive hydrogen bonding interactions and 

electrostatic attractions and repulsions. Ene reactions with 102, which are controlled 
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primarily by electronic factors, are highly sensitive to solvent polarity. Since the product

forming step involves abstraction of an allylic hydrogen atom, which must not only be 

present in the substrate molecule but also aligned correctly, conformational factor may 

playa dominant role in some cases. This factor becomes important in cyclic systems, in 

which allylic hydrogen atoms may be accessible only on one 7r-face of the substrate. Since 

the most suitable geometry for effective hydrogen atom abstraction requires a 

perpendicular arrangement of the C-H bond with respect to the plane of the double bond, 

subtle conformational features may be decisive factors. 

The most important substrate classes are summarized in Table 2.2 with respect to type, 

sense, extent, and scope of stereocontrol in Schenck reaction [35]. One can see from these 

data that effective stereo control has not yet been achieved for cyclic systems (especially 

for monocyclic substrates) due to low levels of x-facial selectivity. Nonbonding repulsion 

and conformational effects playa major role in such systems. In common, too many 

effects are involved in Schenck ene reaction of cyclic substrates to reduce the 

experimental data to some simple rules. Polycyclic systems in many cases give very high 

levels of diastereoselectivity but only if the substrate already bears very special structural 

features. This is true for many natural products such as monoterpenes and steroids. Thus, 

incorporating into a synthetic sequence a potentially stereos elective Schenck reaction for 

a cyclic substrate is problematic. However, repulsion of 102 by functional groups may be 

a useful approach for controlling anti attack in preparation of ene products of synthetic 

utility from simple cyclic alcohols or carboxylic acids. 

Open-chain systems demonstrate relatively low sensitivity of 102 to sterical effects and 

weak dependence on the conformational arrangements. In these highly flexible substrates, 

electronic effects such as hydrogen bonding and electrostatic repulsion play an important 
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role and override any possible sterical effects. Moreover, perpendicular arrangement of 

hydrogen atom to the plane of double bond (optimal for abstraction) can be readily 

achieved due to insignificance of conformational effects. The high sensitivity to solvent 

effects demonstrates the importance of electronic effects in oxygenation. Since the list of 

non-polar solvents includes very common ones such as CCI4, CHCf3, and aromatic 

hydrocarbons, this is not a major drawback for synthetic applications. 

Table 2.2. Substitute-dependent 1l'-facial selectivity in Schenck reaction. (a) Major 

selectivity-determining effects as defined above [35]. 

Substrate class Type Stereocontrol Sense Scope 
extent 

Monocyclic olefins Steric, Low Anti General 
conformational 

Bi- and polycyclic Steric Moderate Anti Limited 
ole fins to high 

Functionalized cyclic olefins Steric, Low to Anti Limited 
stereoelectronic high 

Acyclic allylic alcohols Electronic High Threo General 
Acyclic allylic ethers and esters Steric Low Threo, General 

erythro 
Acyclic allylic amines Electronic High Threo General 

Diacylated acyclic allylic amines Steric, 
electronic 

High Erythro ? 

Acyclic allylic halides, Electronic High Erythro ? 
sulfoxides, and sulfones 

The Schenck reaction of acyclic allylic alcohols and amines constitutes a very general and 

efficient method for the diastereoselective preparation of highly oxyfunctionalized, threo-

configurated target molecules. The only prerequisite for the substrate structure is the 

presence of a substituent located cis with respect to the chiral center, which allows for 

efficient differentiation in the energies of the different conformers through 1,3-allylic 

strain. Furthermore, simple diacylation of the allylic amines can be used to prepare 

efficiently the erythro product. Other hetero substituents, for example sulfinyl, sulfonyl, 

and halogen groups have erythrodirecting propensity, but for these substrates it is still 
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necessary to define the scope and limitations. The substrate-directed Schenck reaction of 

ole fins with an adjacent, heteroatom substituted chiral centre is a very versatile and mild 

method for the predicted stereoselective oxyfunctionalization of acyclic substrates. 

The operative mechanistic features to perform selective oxyfunctionalizations for 

practical applications are highly diverse and complex so it is difficult to predict and 

rationalize the chemo-, regio-, and stereoselectivity of photooxygenations. Nevertheless, 

102 can be utilized in a highly stereoselective manner in the Schenck reaction for the 

preparation of a variety of valuable oxyfunctionalized target molecules. 
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2.3. PHOTOCHEMICAL ENGINEERING TECHNOLOGY 

2.3.1. Introduction 

Photochemical synthesis has some advantages over thermal, catalytic and other methods 

of producing chemical compounds, namely, selective activation of individual reactants, 

specific reactivity of electronically excited molecules, low thermal load on the reaction 

system, exact control of radiation in terms of space, time and energy [111]. In spite of 

these advantages there are only few examples of practical applications of photochemistry 

due to several reasons, including: (i) absorption characteristics - many reaction systems 

are ruled out for photoreactions because of low light absorption and hence low photonic 

efficiency; (ii) intemallight filters - photoreactions may be rapidly terminated if products 

with competing absorptions are formed; (iii) scale up problems - scalability of reactors 

and light sources often leads to losses in light utilization, non-uniformity of illumination 

of reactors, and heat and mass transfer problems; (iv) investment costs - photochemical 

production plants may incur high unit capital costs if the space-time yield is low as a 

result of limitations imposed by the power of the lamps; (v) electricity costs - light is 

more expensive than heat because considerable losses occur in the production of electrical 

energy and its conversion into usable light energy (the overall efficiency for this process 

is at best only about 9 %). 

Selection of the light source for photochemical transformations on a laboratory scale is 

based on spectral overlap between reagent absorption range and lamp emission spectrum 

(i.e. quantum yield of product formation is maximal at lamp output wavelength interval). 

In the case of a commercial process to this should be added efficiency of light source (in 

terms of watt output light power per watt of consumed power) and lifetime to be 

economically viable. 
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Most of the commertially realized photochemical processes are radical chain reactions 

with quantum efficiences » 1. Therefore they often do not require any optimisation of 

reactor configuration (lamp-reactor geometry). Contrary, for the processes with quantum 

efficiency < 1 the lamp-reactor geometry becomes one of the most important features of 

the photochemical reactors. This geometry (which depends on the choice of reactor and of 

the source of light) determines light distribution and, therefore, efficiency of light 

utilisation inside the reactor (amount of the absorbed photons to the total amount of light 

emitted by the lamp). 

2.3.2. Artificial sources of light 

2.3.2.1. Thermoluminescence lamps 

Incandescent filament lamps generate light by passing an electric current through a thin 

tungsten filament wire until it is extremely hot [112-115]. The higher the filament 

temperature the greater will be the visible light output (thermoluminescence) in lumens 

per watt of electric power input. The glass envelope of incandescent filament lamps is 

usually filled by nitrogen or argon to reduce evaporation of the tungsten filament. In a 

coloured incandescent lamp the envelope is coated either internally or externally with a 

filter. All coloured incandescent lamps operate at reduced efficiency. For example, in the 

case of blue lamps more than 90% of light is filtered out due to low proportion of blue 

light in the spectrum (Figure 2.9, a). 

Incandescent light bulbs generally have efficiencies near or below 351m W- I
. For 

example, an ordinary 100 W incandescent lamp having a total1ight output of 1200 1m has 

an efficacy of just 121m W- I
. Only a small quantity of the electrical energy supplied to an 

incandescent lamp is converted to visible light, and by far the greatest proportion is 

dissipated as useless heat (about 95% heat and 5% light). A higher filament temperature 
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Figure 2.9. Emission spectra of different sources of li ght. (a) Tun gsten fi lament lamp, (b) 

mercury fluorescent lamp, (c) metal ha lide lamp; (d)-(i) spectra of emitted rad iati on fro m 

mercury discharge lamps at varying tube pressures. Sourced from [ I 16]. 

In the tungsten-halogen lamps the quartz enve lope is closer to the fi lament than the glass 

used in conventional light bu lbs and contains iod ine [113 - 1 15]. Heating the fi lament to a 

h igher temperature causes tungsten atoms to evaporate and combine w ith the halogen gas . 

These heavier molecules are then depos ited back on the fi lament surfacc. Thi s rccycling 
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process increases lifetime of the tungsten filament and enables the lamp to produce more 

light per unit of energy. A typical tungsten halogen lamp will provide about 50 % greater 

light output and about twice the lifetime of a conventional tungsten lamp of an equivalent 

wattage (2000-6000 hours). 

2.3.2.2. Discharge lamps 

A discharge lamp consists essentially of a glass, quartz or other suitable material tube, 

containing a gas and, in most cases, a metal vapour [115]. The passage of an electric 

current through this gas/vapour produces light or UV radiation. The nature of the filling, 

the pressure developed and the current density determine the characteristic radiation 

produced by the arc. In most lamps the arc tube is enclosed within an outer glass or quartz 

jacket. This affords protection, can be used for phosphor or diffusing coatings, control of 

UV radiation emission and, by a suitable gas filling, can control the thermal 

characteristics of the lamp. 

All discharge lamps include some mechanism for production of electrons from the 

electrodes within the lamp. The commonly used methods are thermionic emission (hot 

cathode) and field emission (cold cathode), and in both cases emissive material such as 

barium oxide is often contained within the electrode to lower its work function and, 

hence, reduce energy loss. All discharge lamps also require a special fixture and ballast 

for each type and wattage. 

A low pressure mercury lamp contains mercury vapour at pressures of about 0.1 Pa and 

emits mainly at 253.7 and 184.9 run with about 40 % and 10 % efficiency 

correspondingly [112, 114, 117]. Lifetime of this source of light is normally about 8000 

hours. Low pressure mercury lamps are often used for disinfection and purification of 
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water, air or surfaces and sometimes are called germicidal lamps. There are cold and hot 

cathode as well as cooled induction or electrodeless (excited by microwaves) low 

pressure mercury lamps. When the inner side of the low pressure mercury lamp tube is 

covered by an amalgam of Hg with another element such as In or Ga (amalgam lamp), 

these lamps have 2-3 times the UV output for the same length as the standard low 

pressure mercury lamp. Lifetime is also increased twice (16000-20000 hours). 

The interior surface of the low pressure mercury fluorescent lamp tube is coated with a 

fluorescent powder, the phosphor (blend of metallic and rare-earth phosphor salts), which 

converts the UV light produced by the discharge into visible light [50, 114, 115]. The 

colour and spectral composition of radiated light will depend upon the phosphor used. 

Spectrum of a fluorescent lamp with the most widespread halophosphate phosphor 

(CaJo(P04)6(F,C1)2:Sb, Mn) is shown in Figure 2.9, b. Another example of widely used 

fluorescent lamps (known as Black light source) with an added fluorescent layer (for 

example SrB407F:Eu2+) which emits in the UV-A spectral region (315-400 nm). The 

efficacy of fluorescent tubes ranges from about 161m W- I for a 4 W tube with an ordinary 

ballast to as high as about 100 1m W- I for a 32 W tube with a modem electronic ballast, 

commonly averaging 50 to 67 1m W- I overall. 

A medium pressure mercury lamp contains mercury vapour at pressures ranging from 50 

to several hundreds kPa and emits mostly in 200-1000 nm region with the most intense 

lines approximately at 218, 248, 254, 266, 280, 289, 297, 303, 313, 334, 366, 406,408, 

436,546, and 578 nm [112, 117, 118]. 

A high-pressure mercury lamp consists of a pure fused silica arc tube, enclosed within a 

borosilicate outer envelope [113-115, 119]. The arc tube containing a controlled quantity 
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of mercury sufficient to produce a pressure of ca. 8 MPa or higher emits lines over a 

background continuum between about 200 and 1400 nm (Figure 2.9, g-i) [116, 117]. The 

outer envelope is filled to a pressure of 0.25-0.65 atm with either nitrogen or a nitrogen

argon mixture. Phosphors similar to those used for fluorescent lamps can be used to give 

these a colour closer to natural light. Mercury vapour lamps have the longest life of this 

class of bulbs (10000 to 24000 hours) and efficiences of about 60 1m W- I
. 

By adding suitable metals (sodium, thallium, gallium, scandium and others) in the form of 

halides (usually iodides) with lower excitation potentials to the mercury high pressure arc 

tube, it is possible to increase the light output [113, 115, 119]. Thus, no phosphor is 

needed to produce a colour approaching that of a cool white fluorescent lamp with more 

green and yellow than in a mercury vapour lamp emission (Figure 2.9, c). These sources 

of light are known as high-pressure mercury-metal halide lamps. The metal halide lamps 

have efficiency of up to 125 1m W-
1
• 

A low pressure sodium lamp (LPS), also known as a sodium oxide lamp (SOX), consists 

of a long arc tube of glass construction, known as 'ply tubing', filled with low-pressure 

'Penning mixture' gas (Ne and I%Ar) to start the gas discharge [113,115, 119]. The lamp 

also contains a small quantity of metallic sodium, which provides a pressure of about 0.66 

Pa in the lamp when operating. The arc tube is coated with the outer vacuum envelope of 

glass covered by an IR reflecting film (In, Sn, Bi oxides, or gold). LPS lamps produce a 

virtually monochromatic yellow light, which consists of two radiation lines (resonant 

doublet) at 589.0 and 589.6 nm (Figure 2.10). The lines are close to the maximum 

spectral sensitivity of the eye (555 nm) and the lamp is therefore efficient for outdoor 

lighting such as street lights. Lifetime for modern LPS lamps is usually rated around 

18000 hours while efficacies of up to 200 1m W- I are typical. 
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Figure 2.10. Emission spectra of sodium sources of light. From the left to the right: low 

pressure sodium lamp; high pressure sodium lamp; high pressure sodium white SON 

lamp (Philips) (adopted from [116]). 

Most high pressure sodium lamps (HPS) have an arc tube containing metallic sodium 

doped with mercury and Ne-Ar mixture or Xe [113-115]. Sodium is added in a quantity 

which provides approximate ly 100 times higher sodium vapour pressure when operated, 

compared to that of LPS. The mercury vapour adjusts the electrical characteristics, and 

acts to reduce thennal conductivity and power loss from the arc. Ar or Xe aid starting. The 

arc tube is sealed into an evacuated outer jacket. The sodium D-line, broadened due to a 

high pressure of sodium is the main emission line in these lamps (Figure 2.10). 

Efficiency of BPS lamps is about 100-160 1m W -
I
. 

Different variations of the high pressure sodium lamp exist. These lamps operate at higher 

sodium pressures (10- 100 kPa) than the typical BPS lamp (about 10 kPa). However, they 

have higher cost, shorter lifetime, and lower light efficiency. Figure 2.10 demonstrates 

the emission spectrum of Phi lips white SON lamp. 

A Xe arc lamp is an intense source of UV, visible and near-lR radiation produced by 

electrical discharge in Xe under high pressure [50, 112, 114]. The lamp consists of a glass 
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or fused quartz arc tube with tungsten metal electrodes at each end. For stability, these arc 

lamps should be operated near rated power on a well-regulated power supply. 

Xe arc lamps come in two distinct varieties: pure Xe, which contain only Xe, and xenon-

mercury, which contain both Xe and a small amount of mercury. Pure Xe arc lamps have a 

"near daylight" spectrum (Figure 2.11 , a). They are not as efficient as high pressure 

discharge lamps due to strong near-IR lines around 820-1000 nm and normally 

demonstrate an output of 131m W-I for the 75 W size, 13-20 1m W-
I 

for 150 W sizes, 35-

40 1m W-I in 1-1.6 kW sizes, and around 45-51 1m W-
I 

in 10-20 kW sizes. Xe-Hg arc 

lamps have a bluish-white spectrum and extremely high UV output. They are more 

efficient than Xe ones but less efficient than ordinary general purpose mercury lamps. All 

arc lamps have limited lifetime, typically a few hundred hours. 
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Figure 2.11. Emission spectra of Xe arc lamp (a) (sourced from [120]) with dotted line 

solar spectrum, and sulfur induction lamp (b), red curve; black curve represents eye 

sensitivity function (sourced from [121 D· 

The induction lamps are also referred to as the 'electrodeless lamps' [113 , 115] . They 

consist of a tube, containing the radiation-producing element, and a microwave generator, 

which excites the elemental spectra. A mercury induction lamp operates from a separate 

dedicated electronic control gear. The current induced in the mercury vapour gives rise to 
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emission of UV radiation in a similar manner to that in a conventional low pressure 

mercury lamp and the phosphor can also be applied on the inside of the lamp envelope. 

Efficiency can reach 801m WI for 100 W bulbs (Osram Endura lamp). The lamp lifetime 

is typically about 60000 h [113, 115]. 

Another less known highly efficient full-spectrum electrodeless source of light is a sulfur 

induction lamp [121, 122]. The lamp consists of 35 mm fused-quartz bulb containing 

several milligrams of sulfur and rare gas at low pressure. The bulb is enclosed in a 

microwave-resonant wire-mesh cage. A magnetron pumps the 2.45 GHz microwaves 

radiation inside the bulb. The bulb is rotated continuously at high rpm to prevent it from 

melting. The output light generated by S2 dimers of sulfur plasma with a peak at 510 

nanometers is low in IR and UV components and mimics sunlight better than any other 

artificial light source (Figure 2.11, b). 

The sulfur lighting technology was developed in the early 1990s, but had a commercial 

failure by the late 1990s. The first prototype lamps were 5.9 kW units, with a system 

efficiency of 80 lumens per watt. The first production models were 1.4 kW with an output 

of 135000 lumens. The design life of the bulb is approximately 60000 hours. However, 

the design life of magnetrons is currently only about 15000 to 20000 hours. Since 2005, 

these lamps are again being manufactured for commercial use. The later models are able 

to eliminate bulb rotation by using circularly polarized microwaves to spin the plasma 

instead. Se or Te as the light-generating medium and different additives such as CaBr2, 

InBr, LiI and NaI can be used to modify the output lamp spectrum. 

An excimer lamp is an incoherent source of UV radiation capable of producing quasi 

monochromatic radiation from the near UV (A. = 354 nm) to the vacuum UV (A. = 126 nm) 
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[118]. The operation of the excimer lamps relies on the radiative decomposition of 

excimers or exciplexes created by various types of discharges in rare gases, halogens, or 

rare gas-halogen mixtures with fill pressure of about 30 kPa. Some of the commercially 

available wavelengths are 126 run filled with Ar], 146 run filled with Kr], 172 nm filled 

with Xe2, 222 run filled with KrCI, and 308 run filled with XeCI, with the efficiencies of 

5-15 %. The pulsed Xe excimer (Xe2) lamps may have up to 40 % efficiency. Good 

efficiencies are also obtained with XeBr at 291 run and with XeI at 253 nm. Other 

wavelengths, produced with much lower efficiencies, are 207 run (KrBr), 253 nm (XeJ), 

259 nm (CI2), and 341 run (I]) (see Table 2.3). Typical output spectra of excimer lamps 

are shown in Figure 2.12. Similar to mercury fluorescent lamp, different phosphors can 

be used to transform the UV radiation into visible light of various output spectra. 

Table 2.3. Peak wavelengths (run) obtained in dielectric barrier discharges with mixtures 

ofrare gas (Rg) and halogen (sourced from [118]). 

X2 Ne Ar Kr Xe 

Rg2 126 146 172 
F 157 108 193 249 354 
CI 259 175 222 308 
Br 291 165 207 283 
I 341 190 253 

2.3.2.3. Electroluminescent devices 

A light-emitting diode (LED) is an optoelectronic semiconducting device which generates 

light under the action of an electric field via electroluminescence [113, 123-131]. LED 

contains a p-n junction, through which an electric current is sent. In the heterojunction, 

the current generates electrons and holes, which release their energy portions as photons 

when they recombine. LED devices emit light preferentially in one direction via built-in 

reflecting structures. The emission bandwidth of a LED is typically some tens of 
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nanometres (e.g. 40 nm) or even> 100 nm. Semiconducting materials with a bandgap of 

1.65-3.2 eV are capable of producing visible light by electroluminescence. 

To operate LEOs, the current supply is needed to be stabilized as current rises 

exponentially with the increasing voltage. It can be achieved by operation with a current 

source itself, or by using a simple series resistance for connecting to a constant voltage 

supply. The optical output power is proportional to the operation current, except if the 

induced increase in temperature decreases the quantum efficiency. The operation voltage 

is largely determined by the bandgap energy of the material, and thus by the emission 

wavelength; red LEOs may be operated with less than 2 V, while blue ones require 

voltage of the order of 4 V. 

Aluminium gallium arsenide (AIGaAs) is most commonly used in near-IR LEOs and laser 

diodes. Shorter wavelengths in the red spectral region are achieved with gallium arsenide 

phosphide (GaAsP) and aluminium indium gallium phosphide (A lIn GaP). The internal 

quantum efficiency of a LED can be close to 100 % for emission wavelengths around 650 

nm, whereas high efficiencies are much more difficult to achieve at shorter wavelengths 

of e.g. 620 om. Gallium nitride (GaN) is usually used in UV LEDs while indium dopped 

gallium nitride (InGaN) is suitable for blue and violet LEDs. Despite high defect densities 

in these materials, internal quantum efficiencies of 70 % and higher are achieved. Longer 

wavelengths (green and yellow) are obtained by increasing the indium content, but the 

efficiency drops sharply as the wavelength is increased (see Table 2.4). Typical LED 

output spectra are represented in Figure 2.12. 
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Figure 2.12. Typical emission pectra of eximer sources of light (left) (adopted from 

[131]), and LED (ri ght) (adopted from [132]) . 

The technologically most difficult spectral region (in the vi ible range) i that of green-

yellow-orange light. LED based on GaA P have a lower efficiency than e.g. red LOs. 

Zinc se lenide (ZnSe) and zinc selenide telluride (ZnSeTe) have been deve loped for green 

emission, but the lifetime and efficienc ies are not sati sfactory for lighting purposes. 

Various other material s, including both modifi ed II-VI alloys and oxychalcogenides such 

as LaCuOS, are also under cons ideration . 

Table 2.4. Typical semiconductor materials and emission wavelengths of LEOs (sourced 

from [123)). 

Material 
GaN 

InGa / Ga , ZnS 
GaP :N 

AllnGaP 
GaA P, GaAsP :N 

InGaP 
AIGaAs, GaAs 

InGaAsP 

Typical emission wavelengths, nm 
360 

450-530 
565 

590- 620 
610- 650 
660-680 
680- 860 

1000- 1700 

White light can be generated either by mi xi ng the outputs of red, green and b lue LEOs, or 

by using a s ingle UV LED to pump a combinat ion of red, green and blue pho phors, or 

s ing le blue LED and some phosphor, which converts part of the blue light into light with 

longer wavelengths. In the latter ca e the conversion i norma1\y done either with another 
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semiconductor (e.g. ZnS), or with a scintillator crystal containing rare earth ions such as 

Eu2+ or Ce3+. For example, Ce:YAG can be used for converting blue light around 440-

460 run into yellow light around 520-640 run. Modified hosts, e.g. with some of the 

yttrium in Y AG being replaced with Gel+, lead to shifts in the emission ranges of Ce3+. 

A more recent development was made in the area of LEDs based on organic and 

polymeric semiconductors, called organic light-emitting diodes and polymeric light

emitting diodes respectively [133, 134]. Such LEDs have one or several semiconducting 

layers of organic molecules (or polymer layers) situated in-betweeen electrodes. When 

potential is applied holes and electrons recombine near the emissive layer (metal having 

low work function). Even biological materials can be used for preparation of organic 

layers. For example, DNA molecules can exhibit highly efficient electroluminescence. 

Such materials have a potential for cheap mass fabrication of large and mechanically 

flexible devices. They therefore appear to be promising for future photochemical 

applications. However, further research and development are required for improving the 

efficiency and particularly the lifetime of such devices. 

LED based on inorganic semiconductors are the most long-lived illumination devices as 

their lifetimes can exceed 100,000 hours. The luminous efficacy can be well over 100 1m 

W- t , i.e. even better than that of fluorescent lamps. 

Despite the obvious benefits there are some disadvantages arising from using of LEDs as 

a source of light. The cost per watt of output power of an LED is still fairly high. 

Although an LED produces less heat than an incandescent lamp with the same output 

power, adequate heat sinking is necessary to prevent overheating, which would decrease 

the lifetime. The operation current needs to be electronically stabilized, which can reduce 
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the overall power efficiency. However, fast progress is being made to reduce these costs, 

mainly by increasing the output power of the LED chips. The higher cost may be offset 

by reduced electricity consumption and the long lifetime. Also, advanced cooling 

arrangements can make it possible to generate much higher optical power. 

2.3.3. Photochemical Reactors 

2.3.3.1. Batch photoreactor with the external source of light 

Photochemical reactors can be classified based on operation conditions (batch or 

continuous operation) and configuration (internal or external source of light). Batch 

photoreactors are characterised by the unifonn distribution of concentration of reagents 

and products inside the reaction vessel due to agitation. In the case of continuous reactors, 

concentration gradient is fonned along the flow during operation. 

A batch photoreactor with the external source of light is the simplest type of a 

photoreactor configuration constituted of a stirred vessel with a lamp positioned outside 

(Figure 2.13, a) [135]. A disadvantage of this geometry is an inhomogeneous light 

distribution through the solution due to the exponential decay of intensity with distance 

travelled by light, leading to inefficient photons utilisation. Another problem, which is 

general for all batch reactors, is in inefficient heat exchange with the surroundings. 

2.3.3.2. Batchphotoreactors with the internal source of light 

An immersed well photoreactor is one of the most widespread reactor types used in 

routine laboratory photochemical synthesis [l36]. Consisted of a lamp within a cooling 

jacket (which can be used at some extent as a heat exchanger for keeping the reaction at a 

certain tempeature) immersed in the reaction vessel (Figure 2.13, b), this type of a 

photoreactor demonstrates better perfonnance than those with the external sources of 
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light, owing to improved light utilisation. However, the light intensity also falls-off very 

rapidly with increasing the distance from the lamp due to absorption by the reactants and 

divergence of the light rays. Therefore, the volume of the reaction mixture which can be 

irradiated efficiently is limited by the length of a source of light and its intensity. One of 

the large-scale designs of this type of photoreactors was used for photonitrosation by 

Toray (Figure 2.13, c) [4, 137, 138]. The photoreactor consisted of a tank with multiple 

immersed lamps. The main problems of this design are the optimisation of conjoint 

geometry of the light sources to avoid dark zones inside the tank and heat management. 

2.3.3.3. Continuous flow photoreactors with the internal source o/light 

This type of photochemical reactors is represented by photoreactors with a single lamp or 

optic fibre placed in the middle of the reactor tube (annular tubular photoreactor) [139] 

and photoreactors with several sources of light (lamps or optic fibres) situated inside the 

reactor tube in parallel [140-142] (Figure 2.13, d, e). Among the benefits of these 

reactors are an improved heat transfer (owing to inbuilt heat exchanger) and uniform light 

distribution. Laminar flow at low flowrates causes some problems with mass transfer 

which are partially eliminated by applying different baffles across the reactor [143-147]. 

Annular flow reactors are also limited in scale up by the maximum length of a single light 

source and its photon flux, but this can be overcome to some extent by placing several 

reactors in series [4, 148] or in parallel [149, 150] (Figure 2.13, f, g). 

An interesting design of the continuous flow reactor with the internal source was patented 

by Meissner [151] (Figure 2.13, h). He proposed to use gas-filled glass or quartz hollow 

bodies placed in the reaction medium. The gas in the hollow bodies is stimulated by an 

external microwave radiation, such that the light is produced directly within the medium 

thus increasing the light utilisation. 
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Figure 2.13. Different types of photochemical reactors. (a) external source batch reactor 

[135] ; (b) immersed well reactor [136] ; (c) multi-lamp immersed well reactor [4] ; (d, e) 

internal source tubular reactors [4, 140, 142, 152] ; (/) internal source tubular reactors, 

connected in parallel [149, 150]; (g) internal source tubular reactors, connected in series 

[4]; (h) packed bed reactor [lSI]; (i) , (j) and (k) external source tubular reactors [2,4,23, 

153, 154]; (f) film reactor [2]; (m) microstructured reactor (adopted from [21 D. 
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2.3.3.4. Continuous flow photoreactors with the external source o/light 

There are several possible designs of photoreactors with the external sources of light 

(Figure 2.13, i,j, k). One lamp and one tubular reactor is the simplest geometry which is 

used for carrying out radical chain processes (chlorination, sulfooxidation) with high 

quantum yields [4, 153]. In this case for a better performance, the lamp and reactor tube 

are located in the focal points of an elliptic reflector. Sometimes even several tubular 

reactors can be "supplied" from a single lamp [2,4, 154]. In the inversed case one tubular 

photoreactor can be surrounded by several lamps. This design applied in [23] where four 

LED strips irradiated an annular tubular reactor demonstrated high efficiency in terms of 

light utilisation. 

Film/falling film reactors represent a common type of photoreactors which utilise light 

very efficiently owing to thin reaction space [2] (Figure 2.13, I). 

2.3.3.5. Microstructured reactors 

Microstructured photochemical reactors are reactors with a narrow reaction channel with 

the inner dimensions usually between 10 and 1000 micrometers. High specific surface 

areas of microchannels lie between 10000 and 50000 m2 m-3
, while those of traditional 

reactors are generally about 100 m2 m-3 [8] (Figure 2.13, m). The advantage in applying of 

microchannels in photochemical reactors is that the thin layers allow extensive 

penetration of photons into the solution and thus a more efficient light utilisation. This 

allows using highly concentrated solutions of reagents as well as less powerful sources of 

light. 

The large specific phase interfaces give rise to high heat exchange rates with heat 

exchange coefficient values in the order of 10 kW m-2 Kl which are significantly higher 
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than that for traditional heat exchangers [8]. This high heat-exchanging efficiency allows 

fast heating and cooling in reaction mixtures within the microstructures, whereby 

reactions under isothermal conditions with exactly defined residence times can be carried 

out. In addition to heat transport, mass transport is also considerably improved. Due to the 

small dimensions the diffusion times are very short, thus the influence of mass transport 

on the speed of a reaction can be considerably reduced. The outcome is higher selectivity, 

yield, and product quality. The hazard potential of strongly exothermic or explosive 

reactions can also be drastically reduced. Higher safety is also achieved in reactions with 

toxic substances or higher operating pressures. 

The flow in the microchannels is laminar, directed, and highly symmetric. In addition, the 

multiphase flows often exhibit high order between the phases (capillary, low slug or 

segmented flow) due to the dominance of surface and interface forces, as well as tailor

made active areas. 

One of the most important benefits of microreactors is scalability of a photochemical 

process. Once optimized on a single microreactor chip the process then can be transferred 

on a larger scale by numbering up of the chips. However, in spite of all these advantages 

not a single photochemical process was realized on a commertial scale in microreactors so 

far and all the photochemical transformations in microreactors are still carried out on a 

laboratory scale. The reason of this undevelopement is probably due to high costs of the 

equipement. Moreover, utilization of light is far from perfect. Furthermore, problems 

associated with distribution of reagents and products, efficient cooling, monitoring the 

reaction, fouling of microchannels and control over the system in the complex connected 

microstructured reactors are still need to be resolved. 
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2.3.4. Photochemical transformations in microstructured reactors 

2.3.4.1. Liquid phase (homogeneous) photochemical reactions 

Jensen et a1. described for the first time the application of microstructured reactor for 

photochemical reactions [5]. They applied the microfabricated reaction modules with the 

online UV detection in two configurations: coupling individually packaged chips, and 

monolithic integration of the two functions. First configuration with a single inlet, a single 

outlet, and a serpentine shape rectangular channel of 500 Jlm in width, and 250 Jlm depth 

was realized by timed deep reactive ion etching of a silicon substrate followed by anodic 

bonding to a Pyrex wafer. Detection chip with a straight channel of 50 Jlm depth was 

fabricated from quartz substrates and a photo-definable epoxy. For the monolithic 

configuration, the authors designed a sandwich structure of a silicon wafer between two 

quartz wafers with the reaction channel of 500 Jlm wide and 500 Jlm depth (Figure 2.14, 

a). Quartz wafers were bonded to patterned silicon wafers at room temperature using a 

Teflon-like polymer CYTOP. Inbuilt miniature UV lamp with peak wavelength at 365 nm 

was applied in the both cases. The authors studied the formation of pinacol from 

benzophenone and isopropanol as a model reaction. 

OH + aceton 

Technical reaction data, such as the dependence of the flow rate on conversion and 

quantum-yield values were determined based on online analysis of the reaction mixture. It 

was shown that the extensive penetration of light through the solution causes a highly 

efficient light utilisation in the microstructures. 

The photochemical [2+2]-cyc1oaddition reaction of cyc1ohex-2-enone with vinyl acetate 

was examined by Fukuyama et a1. using a Mikroglas Dwell Device [155], which is made 
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ofFoturan glass and has a channel 500 /lm deep, 1000 Jlm wide, and 1.4 m long (Figure 

2.14, b) [7, 10]. 

The device was equipped with water cooling heat exchanger, allowing keeping the reactor 

under a controlled temperature (20°C). The reaction mixture was introduced to inlet at a 

flow rate of 0.5 mL h-1 (residence time 2 hrs), and the reactor was irradiated using a 300-

W high-pressure mercury lamp located 1 cm from the reactor. The desired [2+2] 

cycloaddition product was obtained in 88 % yield. The reaction using a flow rate of 1.0 

mL h-1 via two serially connected microreactors gave a similar result. The authors 

obtained 2.9 g of the desired product in 85 % yield after continuous operation for 45 

hours. When the identical reaction was run in batch mode using a 10 mL Pyrex flask with 

the same light source, the cycloaddition product was obtained in 8 and 22 % yields after 

irradiation of 2 and 4 hrs, respectively. Thus, the microflow system dramatically 

shortened the reaction time, and increased the yield. 

The same group successfully carried out the Barton reaction (nitrite photolysis) of a 

steroidal substrate, to give a key intermediate for the synthesis of an endothelin receptor 

antagonist in a stainless-steel microreactor covered by a Pyrex glass plate (Dainippon 

Screen Mfg.) [7, 11]. It was shown that a 15 W black light (peak wavelength: 352 nm) as 

the light source suffices for the Barton reaction. Similar conversions were achieved using 

UV-LED light (peak wavelength at 365 nrn, 35 mWx48 pieces) instead of black light 

lamp [156]. When the reaction was carried out in a microreactor having a microchannel of 

1000 Jlm width, 107 Jlm depth, and 2.2 m length at a flow rate of 1.0 ml h-1 (residence 

time: 12 min) (Figure 2.14, c1), the desired oxime was obtained in 71 % yield. 
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Multi-gram scale production was atta ined usmg two serially connected, multi -lane 

microreactors with extended channel lengths (1000 !-.lIn wide, 500 )lm deep, 0.5 m long, 

16 lanes, with a total holdup vo lume of 8 mL) and eight 20 W black lights (Figure 2.1 4, 

e2). After continuous operation for 20 hours, 3.1 g of the desired product was obtained 

(60 % isolated yield). 
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Figure 2.14. Microstructured reactors used for continuous homogeneous liquid phase 

synthesis. (a) microreactor applied in monolithic configuration of reaction module with 

online UV detection unit used by Jensen et al. (adopted from [5]); (b) M ikroglas Dwell 

Device microreactor (adopted from [10]); Cel) Dai nippon Screen Mfg. microreactor, (e2) 

two seri ally connected Dainippon Screen Mfg. microreactors (adopted from [11 D. 

Finally this group can-ied out a continuous reaction uSll1g a PC-controlled automated 

photo-microreactor station, manufactured by Dainippon Screen Mfg. Co. Ltd. [156]. This 

automated system employed one set of a Type B microreactor and six small (15 W) black 

light lamps. After continuous operation for 40 h, we obtained 5.3 g of the desired product 

(6 1 % isolated yield) . 
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Maeda et al. examined the intramolecular photocycloaddition of a l-cyanonaphthalene 

derivative in microreactors made of polydimethylsiloxane (PDMS) by photolithography 

[12]. Pyrex glass spin-coated by a positive type photoresist was irradiated by a tungsten 

lamp through a contacted photomask. The development and wet-etching by an HF-NH4F 

aqueous solution gave a template having a protruded curve line. The PDMS was molded 

by the template, and was attached to another flat PDMS plate. Finally, capillary tubes 

(diameter of 100 Ilm) were inserted. The obtained channels of 300 Ilm width and 50 Ilm 

depth, had the lengths of about 45 and 202 mm. Xe lamp with UV filter used as irradiation 

source. Flow rates in range of 0.03-0.05 mL h- I were applied. By using the microreactors 

and flow system, both the efficiency and regioselectivity increased compared with those 

under batch conditions. 

Interesting design was proposed by Hook et al. who constructed and optimized several 

compact flow reactors to perform organic photochemistry in continuous flown on a large 

scale [157]. Although the devices used for this reaction are better described as flow 

reactors than microreactors, similar cycloadditions have been performed in a glass 

microreactor with microchannels of only 500 Ilm depth with high efficiency [10]. The 

reactors were constructed from commercially available or customized Vycor glass 

immersion well equipment combined with UV -transparent, solvent-resistant 

fluoropolymer tubing (0.7 mm internal diameter, 150 and 176 m length, or 2.7 mm i. d., 

37 and 49 m length) (Figure 2.15). The reactors were assessed using the [2+2] 

photocycloaddition of malemide 1 and I-hexyne forming the cyclobutene product 2 and 

the intramolecular [5+2] photocycloaddition of 3,4-dimethyl-l-pent-4-enylpyrrole-2,5-

dione 3 to form the bicyclic azepine 4 (Figure 2.15). The reagents were introduced to 

inlet at 8 mL min-I. The photochemical reactors were shown to be capable of producing 
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685 g of cyclobutene product and 175 g of bicyclic azepine In a continuous 24 h 

processing period at 80 % and 84 % yield correspondingly. 
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Figure 2.15. Vycor continuous flow photochemical reactor and schemes of carried out 

photocycloaddition reactions (adopted from [157]). 

2.3.4.2. Gas-liquid interface photochemical reactions 

Wootton et al. demonstrated 10 2 mediated synthesis of ascaridole from a-terpinene with 

conversion of85 % in a microstructured reactor [13]. 

0 2. Rose Bengal . 
hv 

The glass microchip (5 cm x 2 cm) with two inlets and a serpentine channel (total length 

of 50 mm, depth and width of 50 .urn and 150 11m respectively) was made using direct-

write laser lithography, wet chemical etching and thermal bonding techniques (see Figure 

2.16, a). The serpentine section of the chip was irradiated by the microscope overhead 

tungsten lamp (20 W) at a distance of 10 cm from the reactor surface. A solution of Rose 

Bengal (RE) sensitiser and a-terpinene in methanol was introduced into inlet "A" F igure 

2.16, a) of the reactor chip at a flow rate of 1 ilL min-I. Pure 0 2 was introduced into inlet 

"B" of the reactor chip at a flow rate of 15 ilL min-I. In this example, light penetration 

through the liquid layer also played an important role as the dissolved RB photosensitizer 

possesses a large extinction coefficient and all of the light is absorbed over a rather short 
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distance. In addition, due to the small volumes involved, the hazard potential of this 

process was greatly reduced. 

Further, Ehrich, and Jahnisch et al. reported that a falling-film microreactor can also be 

used for photochemically induced gas-liquid reactions, such as the photochlorination of 

toluene-2,4-diisocyanate [8, 14]. 
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A falling-film microreactor consisted of32 parallel microchannels (each 66 mm long, 600 

microns wide and 300 microns deep) was developed by the Institut fur Mikrotechnik 

(lMM, Mainz) (see Figure 2.16, hI, h2). The authors carried out the reaction under 

continuous operation using both a nickel and an iron reaction plate. They demonstrated 

that with similar conversions a significant increase in selectivity is observed in the falling-

film microreactor compared to conventional batch system. The application of a nickel 

plate showed the highest selectivity, while the iron plate exhibited catalytic activity that 

favoured ring substitution (side reaction). The advantage of microstructured reactors in 

this case, in terms of selectivity and space-time yield, stems also from the better 

penetration of photons and the higher mass-transfer rates in the thinner liquid films. 

Chlorine radicals are located over the total film volume and high local radical 

concentrations, which lead to recombination, are avoided. In a conventional reactor, the 

radical concentration near the light source is high while, in contrast, it is very low at the 

centre of the reactor. As a result the selectivity of the desired side-chain chlorinated 

derivatives decreases, since without photochemical induction chlorination prefers to take 

place at the aromatic core. 
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(a) 

~ondopef o.kI. 
(b2) 

Figure 2.16. Microstructured reactors applied in gas- liquid photochemical synthesis. (a) 

schematic of reactor chip for a-terpinene photooxidation, A and B are liquid and gas 

inlets correspondingly, C is outlet (adopted from [13]); (bi, b2) falling-film microrcactor 

(adopted from [8, 14]); (c) borofloat glass microreactor (adopted from [16]). 

Jahnisch et a!. also showed that the falling-film microreactor is suitable for the continuous 

photochemical oxygenation in the presence of 10 2 [15]. The authors investigated the 

photooxygenation of cyc10pentadiene in methanol using RB as a 102 photosensitiser to 

generate 2-cyclopenten- l ,4-diol. 

0 - -0 

O 0 2. hv H RcduCl iol1 HO~OH 
~ t Rose Ben; , 1 U- . LJ 

As the liquid reactants flowed downwards they contacted with a cocurrent O2 flow (15 L 

h-I ) and the entire mixture was irradiated using a Xe lamp. The explosive endoperoxide, 

which appears as an intermediate, was reduced with thiourea to give 2-cyclopenten- 1 ,4-

diol , which is of pharmaceutical importance. With active cooling of the system the 

au thors demonstrated an overall product yield of 20%. Unfortunately, no data relating to 

vo lumetric throughput was di sclosed. 
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Recently Meyer et al. compared performance of a 40 mL immersed well reactor and a 270 

IlL borofloat glass microreactor (Little Things Factory GmbH) with semicircular 1 mm 

wide and 500 /lm deep channels in a model photosensitized citronellol oxygenation in the 

presence of Ru('bpY)3Ch sensitizer [16] (Figure 2.16, c). 

LED arrays with peak wavelength of 468 nm were applied as a source of radiation (2x 15 

and 4xl0 LEDs with specific output powers of6.15 and 3.0 mW cm-2 for immersed well 

and microstructured reactor respectively). Direct comparison of the space-time yields 

(amount of product per reactor volume per time) after 20 min reaction time demonstrated 

about one order of magnitude higher performance of a microreactor compared with an 

immersed well reactor. This study has demonstrated what the photosensitized citronellol-

oxidation can successfully be transferred into a microreactor. The employment of LED's 

as irradiation source exemplified the high potential within chemical technology for light 

driven processes, however, quite low photonic efficiencies were obtained (0.022 and 

0.048 for the immersed well and microstructured reactors correspondingly) probably due 

to low LEDs specific output powers. 

2.3.4.3. Liquid-liquid interface photochemical reactions 

Veno et al described photocyanation of pyrene across an oil/water interface using two 

types of polymer microchannel chip [17]. The chips (channel depth of 20 /lm, width of 

100 /lm and 350 mm total length) with two and three inlets were fabricated on the basis of 

photolithography and an imprinting method, with micromachined silicon templates being 

used for imprinting (Figure 2.17, a). An aqueous NaCN solution (nucleophile) and a 

propylene carbonate solution of pyrene (electron donor) and 1,4-dicyanobenzene 

(electron acceptor) were brought separately into a V-structured microchannel chip with 
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the same flow velocity by pressure driven flow. Irradiation by a high-pressure Hg lamp 

resulted in the formation of l-cyanopyrene in the oil phase (Figure 2.17 , b). The results 

demonstrated that the interfacial photochemical reaction ofpyrene proceeded successfully 

along the water/oil solution flow in the microchannel. Under optimum conditions by 

using a three-layer channel chip (water/oil/water phases), absolute l-cyanopyrene yields 

as high as 73 % were attained with a reaction time of 210 s. As characteristics of an 

interfacial photoreaction in a microchannel chip, furthermore, it was demonstrated that 

the yield was proportional to the contact time between the two fluids. The reaction yield 

in such systems can be controlled by the flow rate, the channel geometry, and the channel 

length. As at flow rates slower than 0.2 )lL minot stable oil/water stream in the 

microchannel was not formed, the authors proposed further optimisation of the total 

channel length as another way to improve the reaction yield. 

(a) 3.0cm 

Figure 2.17. (a) Schematic drawings of channel designs: two- and three-layer channel 

chips. (b) Photocyanation reaction of pyrene in a microchannel. A represents 1,4 

dicyanobenzene, PyH is pyrene. Adopted from [17]. 

2.3.4.4. Liquid-solid interface photochemical reactions (supported systems) 

Gorges et al. constructed a photocatalytic microreactor with immobilized titanium dioxide 

as photocatalyst [21]. The microstructured device was manufactured using a low 

temperature ceramic green body in which 19 microchannels with a cross-section of 300 

)lm x 200 )lm were milled by precision computer numerical control machining. The 

micromachining followed a calcination step in order to obtain the ceramic substrate from 

the structured green body. This substrate was then subjected to the deposition of a 
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titanium film (approximately 5 J.1m thick) by physical vapour deposition and subsequently 

to the deposition of the photocatalytic TiD2 film by anodic spark deposition. Following 

the deposition of the catalyst, the microstructure was sealed with a glass top using epoxy 

glue, and mounted in stainless steel housing (Figure 2.18, a). Illumination was carried out 

with an array of 11 UV-A LEDs with the peak emission wavelength of 385 nm and total 

incident light intensity of 1.6 mW cm-2
• The authors tested the microreactor for the 

degradation of the model substance 4-chlorophenol. 

-0- Ti02 
CI \ j OH + 1/2 O2 --h-v-- 6C02 + 2H20 + HC) 

They demonstrated that there is no mass-transfer limitation for the employed operating 

conditions, and therefore the measured kinetic data really reflect the intrinsic kinetics of 

the photocatalytic reaction. Quite low photonic efficiencies were obtained compared with 

those in suspension systems (0.02-0.03 % versus 0.7-1.1 %). These efficiencies depend on 

many experimental parameters, such as catalyst type and reactor geometry. The obtained 

values clearly indicate that further improvement of the catalytic activity of the 

immobilized catalyst is required. 

Takey et al. fabricated a TiD2 modified microchannel chip and applied it to a 

photocatalytic redox-combined synthesis of L-pipecolinic acid from L-Lysine [18] 

(Figure 2.18, b). 

eOOH 

H2N~NH2 bv Q • 
PI m02 N 'OOH 

H 

The chip was composed of two Pyrex glass substrates (0.7 mm thick). Branched 

microchannels (770 J.1m width, 3.5 J.1m depth) were fabricated by photolithography - wet 

etching techniques. A TiD2 thin film of 300 nm thickness composed of approximately 100 

nm diameter TiD2 particles was prepared on another substrate via a sol-gel method from 

titanium tetra-n-butoxide ethanol solution as a starting material. Pt (0.2 wt% of the TiD2 
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film) as a reduction site was loaded by photodeposition from 0 .5 mM H2PlCi6 aqueous-

ethanol so lution. The two substrate were thennall y bonded at 650 °C for 4 h. A hi gh-

pressure mercury lamp with UV transmitting filter was used as a li ght source ( 110 mW 

cm-2). The conversion rate obtained in the ch ip was 70 times larger than that in a cuvette 

using Ti02 nanoparticles with almost the same se lectivity and enantiomeric excess. These 

resu lts indi cate that the photocatalytic redox-combined system may be successfull y 

integrated into the microchannel and applied in photocatalytic synthes is. 

IN..A LEOs 

(a) 
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Figure 2.18. Photocatalityc microreactors with Ti02 coated microchannels. (a) Ceramic 

body microreactor (adopted from [21]); (b) Pyrex glass microreactor (adopted from [1 8]) ; 

(c) strait channe l mi croreactor (adopted fro m [9]). 

Matsushita et a l. studied degradation and reduction of organic compounds, and amine N-

alkylation in microreactors made by micromilling of quartz which has a straight 

microchan nel of 500 Ilm width, 10- 500 Ilm depth , and 50 mm length [9 , 19]. The bottom 

and side wall s of the microchannel were coated with a photocatalytic Ti02 layer in 

anatase form by using the sol-gel process. Particl es of PI were loaded on the Ti02 layer 

for the study of photocatalytic N-a lkylation of amines by using a photodeposition method. 

The microchannel was covered wi th a quartz pl ate (see Figure 2.18, c). UV li ght emitting 

diodes (365 and 385 nm with 0.30 and 0.67 mW output correspond ingly) were chosen as 

a source of light. 
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Photodegradation of chlorophenols, bisphenol A, and dimethylformamide was examined 

in a microreactor of 100 Jlm depth. Photonic efficiencies of 0.28 and 0.01 with 365 and 

385 nm UV LEDs were obtained in the case of dimethylformamide degradation. 

The authors also demonstrated photocatalytic reduction of benzaldehyde in three alcohol 

media: methanol, ethanol, and 2-propanol. The reaction yields benzylalcohol and ketone 

corresponding to the alcohol media. The highest efficiency of the reaction to yield 10.7% 

of benzyla1cohol was obtained within the irradiation time of 60 s. The efficiency is 

slightly lower in methanol and the lowest when 2-propanol is employed as a solvent. 

+ 

Photoreduction of p-nitroacetophenone was carried out with nitrogen or 02-saturated 

ethanol solutions. Sample solutions were introduced into a microreactor of 100 Jlm depth 

and irradiated with an array of 365 nm UV LEDs. The reduction extent increased with 

increasing the irradiation time and reached 92.5 % at the irradiation time of 120 s. The 

photonic efficiency of the photoreduction was calculated to be 0.69 %. Photoirradiation of 

the solution purged with O2 did not yield any detectable p-aminoacetophenone due to 

electron transfer from excited Ti02 to 02 molecules. 

The N-alkylation of benzyl amine and aniline in ethanol was studied in the photocatalytic 

microreactor of 300 Jlm depth with immobilized PtlTi02 excited with 365-nm UV-LEDs. 

The reaction proceeded within only 150 s to yield 85% of N-ethylbenzylamine from 

benzylamine and 34 % of N-ethylaniline from aniline. The photonic efficiency of the N

alkylation of benzyl amine was calculated to be 0.35%. 
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In contrast to the results obtained in batch reactors, the authors also successfully 

demonstrated N-alkylation reaction of aromatic amines by using the microreactor with 

immobilized pure Ti02. The N-alkylation in ethanol proceeded within only 150 s to yield 

43% of N-ethylbenzylamine with PI-free Ti02. 

Another supported system was developed by Kitamura et al [20]. They applied silica gel 

beads of 10 Jlm in diameter covalently modified with metal-free 

monopyridyltriphenylporphyrin via a silane coupling reagent (PyTPP-Si02) which were 

introduced into a polystyrene microchannel chip. The microchip with a 2.3 cm total 

length dam-structured channel (450 Jlm width, 130 Jlm deep and 6 mm length for 

accommodating PyTPP-Si02 particles; 450 Jlm width, 130 Jlm deep and 2.3 mm length 

for the flow space) was fabricated by an imprinting method using Teflon substrates as 

templates. The number of the PyTPP-Si02 particles introduced into the microchannel chip 

was estimated as 8 x 10
8

• 

The microchip was applied to photodecomposition of phenol under 300 W high pressure 

Hg lamp irradiation (1.0 M CUS04 solution filter, A > 330 nm was used). The authors 

demonstrated that photodecomposition yield of phenol in the microchannel is dependent 

on the solution flow rate. At 0.5 JlL min-1 the decomposition yield was as high as 93% 

with the reaction time of 42 s, while that in a bulk aqueous PyTPP-Si02 suspension was 

73% with the reaction time of 2 hrs. In the microchannel chip experiments, furthermore, 

the yield increased with decreasing the thickness of the solution flow layer above the 

PyTPP-Si02 particles. These results demonstrated again high potential of the 

microstructured reactors towards highly efficient photochemical transformations. 
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Carofiglio et.al recently compared oxygenation of a-terpinene in a gas-liquid flow using 

dissolved fullerene (C6o) with that performed employing solid-supported C60 in a custom

made microreactor [158]. The microreactor was built as follows: a layer of thiolene, 

acting as a negative resist, was poured between two glass plates covered by mask 

containing the desired micro fluidic network and cured under UV light illumination. The 

uncured adhesive was flushed away with acetone, leaving the microfluidic channels. The 

assembled microreactor consisted of three zones: gas and liquid inlets, mixing zone and 

catalytic chambers for inclusion of solid supported sensitizers of 102 (Figure 2.19, a). 

Authors also invented the inbuilt reversible press-fit interconnects for connecting the 

microreactor to a flow system. The microreactor was kept at _5°C by ice/NaCi bath or by 

water bath at 10 °C. A 300-W tungsten halogen lamp (light intensity 19000 lux) was 

placed 25 cm away from the microreactor. In homogeneous conditions a 97 % conversion 

of a-terpinene was achieved at 1 mL h-I flowrate of the reaction mixture (a-terpinene 1.0 

mmol, C60 0.012 mmol and n-tetradecane 0.5 mmol as internal standard for gas 

chromotography analysis in 10 mL of toluene). O2 was introduced at a flowrate of 2 mL 

h- I . However, only 51 % of ascaridol was obtained which was attributed to decomposition 

of product. In heterogeneous reaction authors applied solid-supported photosensitizer 

prepared by nucleophilic addition of C60 to the primary amino groups of Tentagel resin 

beads (TG-C60). The reactor contained 14.3 mg of TG-C6o corresponding to 0.45 mg of 

C60 (0.6 mmol). A 97 % conversion was obtained at similar flowrates of gas and liquid. 

The microreactor was also tested in photooxidation of I-methionine methyl ester to the 

sulfoxide by 102 in D20 with the TG-C60 and functionalized fulleropyrrolidine-Si02 

hybrid (Si-C60). For TG-C60, under the irradiation of the tungsten lamp, an increase of the 

total residence time from 32 to 102 seconds rises the conversion of methionine from 38 to 

85 %. The Si-C60 demonstrated a quantitative conversion of methionine at a total 
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residence time of 33 seconds. A 5x3 array of white LED (18000 lux) was also employed 

in oxygenation. A 95% conversion of methionine was achieved for a 42 seconds total 

residence time. 

2.3.4.5. Oxygenation in supercritica/ C0 2 

Recently it was demonstrated that supercritical CO2 (sce02) can also be employed as a 

solvent for oxygenation in a continuous flow [159]. Although the reactor described in this 

work is not a microreactor, the work itself is worth mentioning. The authors performed 

oxygenation of a-terpinene and cytronellol by J O2 in a tubular sapphire continuous 

photoreactor (internal diameter of 7.8 mm, the wall thickness of 1.2 mm, the total volume 

of 5.7 mL, and irradiated volume of 4.1 mL) (Figure 2.19, b). Two arrays of four 

composite white LEDs (1000 lumen each, composed of a cluster of six individual diodes) 

were mounted on two aluminum heat sinks. The arrays were situated at a distance of 

about 0.5 cm from the sapphire reactor and cooled by two 5 cm diameter fans. Liquid 

C02 was pumped at 2.0 mL min·), a-terpinene with the dissolved 

tetra(pentafluorophenyl)porphine sensitizer was pumped at 0.2 mL min·), and O2 was 

introduced at a rate of two molar equivalents to organic reactant at 140 bar. 8 h run 

yielded 96 mL of ascaridol with about 0.5% of a-terpinene. 

The reactor was also tested in the oxidation of citronello!. In this case authors met 

problems of solubility of tetra(pentafluorophenyl)porphine and products of citronellol 

oxidation in scC C02). The problem of photosensitizer solubility the difficulties associated 

with second phase formation were overcome using downflow configuration. A 100 % 

conversion of citronellol with distribution of products 1 :0. was overcome by addition of 

equimolar concentration of dimethyl carbonate to citronellol, while 92 was achieved 

during the single-pass at 0.1 mL min-), 1.0 mL min-) of CO2, and two equivalents of O2 at 
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180 bar. The reaction was performed for approx imately 4 h converting 12 mL of 

citronello\. Selectivity of 97 .6 % towards Rose Oxide (mixture of cis and trans isomers) 

was achieved after treatment by Na2S03 and acidification step in aqueous !-ICI . Space-

time yie ld for the sapphire reactor was found to be about 70 mmol L-! min-! which is 

nearly two orders of magnitude higher than that obtained earlier in a microreactor [16]. 

The proposed approach to oxygenation using scC02 as a so lvent looks promising 

although insolubility of reagents or products in scC02 should be considered in each case. 

(a) 
~ 

(b) 

-

Figure 2.19. Microreactor with the inbuilt photocatalytic chambers (a). (A) is O2 inlet, 

(8 ) is so lution inlet, (C) is mixing zone, (D) is micro-chamber zone, (E, H, and M) arc 

photocatalyst feed ports, (F, G, I, L, ) are outlet/connection ports, (FI, F2, F3) are paper 

filter restrains. Adopted from [158] . (b) Sapphire tube reactor. (R) is reactor mounted in 

the reactor housing, L are two LED arrays, HS is aluminum heat sink. Sourced from 

[ 159]. 

2.3.5. Industrial photochemical processes 

2.3.5.1. Chlorination, sulfochlorination, sui/oxidation 

In practice, radical chain reactions with high quantum yields (for example, chlorination) 

are frequent ly conducted without any great attempt being made to optimize utilization of 

the light [4, III] . An example of industrial chlorination is the production of 

monochloroalkanes from a C" - 14 n-paraffin refinery cut by Phillips Petroleum [153]. The 

production unit consists of two pairs of Vycor tubes (7.5 x 150cl11) and a water-cooled 7.5 
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kW mercury lamp. A cylindrical reflecting shield of polished aluminium reduces 

dissipation of light to the surroundings. The plant has a production capacity of some 27 

tonnes of chloroparafin per day, corresponding to about 10000 tla. 

Photochlorination of benzene to produce y-hexachlorocyc1ohexane (insecticide) was 

developed by Ethyl Corporation with a 15 % yield [4, 111, 160]. The photochemical 

reactor comprises 18 connected annular flow tubular segments with the lamps surrounded 

by the reaction solution. Two 40 W fluorescent lamps are located at the centre of each 

segment. The photochlorination of toluene to benzyl chloride, benzylidene dichloride, and 

benzotrichloride was developed in a series of four lead-lined photoreactors at 80-110 °C. 

Photochemical sulfoxidation (so-called light-water process) for the manufacture of 

surfactants was evolved as an industrial process at Hoechst with the total capacity of ca. 

50000 tla [2, 4, 111, 161]. O2 serves in this process as an oxidizing agent instead of 

chlorine used in the conventional sulfochlorination. The primary sulfoxidation product 

(peroxysulfonic acid) is trapped by water inside an immersed well photochemical reactor 

before it can undergo radical decomposition. Compared to conventional sulfochlorination 

the light consumption of sulfoxidation is very high. About 0.2 kWh of electrical energy is 

required for lamp operation in the production of 1 kg of alkanesulfonate [161]. This 

means that only ca. 1600 tla can be produced with one 40 kW mercury lamp. 

2.3.5.2. Photonitrosation (oximation) 

Photonitrosation of cyc1ohexane, i.e. the light induced reaction of nitrosyl chloride with 

cyclohexane to form cyc1ohexanone oxime (production of caprolactam or monomer of 

Nylon 6) was conducted by Toray in a large production plant on a 160000 tla scale [2, 4, 
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111]. Each immersed reactor with a capacity of 10000 tJa needed 50 Tl doped 60 kW high 

pressure mercury lamps, in total 48 MW of electric power for lamps operation. 

Another industrial application of photonitrosation is the production of lauryllactam, the 

monomer of Nylon 12, developed by Aquitaine-Organico. The photochemical plant 

comprises several photoreactors, each containing 27 immersed lamps of 60 kW power 

consumption each with a total capacity of 8000 tJa. 

2.3.5.3. Photooxygenation 

Synthesis of ascaridole discovered by Schenck (reaction of a-terpinene with 102) was 

carried out on a technical scale after 1945 [4, 111, 162, 163]. At that time, ascaridole had 

some significance as an anthelmintic, and previously it could only be obtained from 

natural oil of chenopodium. The first chemical pilot plant used solar radiation for the 

synthesis and was sponsored by the Marshall Plan. Air was passed into ordinary glass 

carboys containing a-terpinene in ethanol, with chlorophyll from the leaves of stinging 

nettles as the sensitizer. This solar chemical production process was later abandoned 

because of the discontinuance of the pharmacological use of ascaridol due to its 

significant side effects. 

The ene-reaction with J O2 is being used by two perfumery manufacturers, Symrise 

(former Dragoco and Haarmann & Reimer) and Firmenich, for the production of Rose 

Oxide fragrance from citronellol [4, 111, 164-166]. They produce 60-100 tla of the 

chemical each year, using high pressure vapour lamps (mercury and sodium). 

Another example of commercial J O2 use is the synthesis of 1,2-dioxetanes. Once 

stabilized, these compounds are triggered enzymatically to decomposition with 
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chemiluminescence emission and therefore, can be used for bioanalysis (immunoassay, 

gene expression studies, DNA sequencing, identification of infectious agents, etc.) [167]. 

The commercial synthesis of stabilized 1,2-dioxetanes is realized by Lumigen Inc [168-

170] using polymer RB, a merrifield polymer to which RB is immobilized and halogen 

lamp as a source oflight [171]. This reusable heterogeneous sensitizer has been patented 

and sold under the tradename Sensitox TM. 

2.3.5.4. Vitamin D3 and dydrogesterone synthesis 

Synthesis of vitamin D3 is one of the oldest non-radical industrial photoreactions [2, 4, 

111]. Vitamin D3 is produced from cholesterol extracted from wool grease. The 

cholesterol is converted to 7-dehydrocholesterol in four steps. Then photochemical ring 

opening of 7-dehydrocholesterol gives previtamin D3 which on heating to 50-80°C 

undergoes a hydrogen shift to give the final vitamin D3. The energy consumed in the 

photochemical step (40 kW mercury lamps irradiation) is ca. 80 kWh per kg of vitamin 

D3. One of the largest manufacturers of vitamin D3 is Philips-Duphar in Netherlands. In 

analogy to the mentioned above photochemical transformation of 7-dehydrocholesterol, 

irradiation of the pregnadiene derivative gives the retrosteroid which is cleaved by Hel in 

alcohol to form the sexual hormone dydrogesterone [2,4, Ill]. 

2.3.5.5. Radioactively labeled aldosterone production 

The functionalization of saturated carbon atoms by photolysis of nitrites (Barton reaction) 

is used by an American company New England Nuclear in the multistep production of 

tritium-labeled aldosterone on a small scale for use as a medical diagnostic aid [4]. 
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2.3.5.6. Photo isomerization o/vitamin A acetate 

Synthesis of vitamin A acetate, perfonned on an industrial scale at BASF, affords a 

mixture of two stereoisomers, the all-trans and the ll-cis fonn [4]. Only the all-trans 

isomer is suitable for use in phannaceuticals and animal feeds. A very mild 

photochemical method has been developed at BASF for converting ll-cis- into all-trans

vitamin A acetate: it consists in irradiating the stereoisomeric mixture with visible light in 

the presence of a coloured sensitizer such as Zn-tetraphenylporphine or chlorophyll. 

2.3.5.7. Photocatalytic oxidation 

Semiconductor photocatalysts, namely polycrystalline Ti02. in the allotropic phases of 

both anatase and rutile are used for both domestic and industrial water purification 

applications [172]. UV illumination with energy of photons greater than the 

semiconductor bandgap produces electron-hole pair which can participate in reduction

oxidation reactions involving electron acceptor or donor species adsorbed on the surface 

of the catalyst particles. Photocatalytic air or water treatment decomposes pollutants, 

nuisance colour, taste and odour compounds, bacteria, and viruses to hannless by

products (mineralisation process) [173, 174]. 

Treatment of water can be accomplished by adding a powdered fonn of Ti02 to the water, 

or it can be immobilized on a substrate. Polluted air streams purification is often more 

efficient than liquid waste water treatment due to the fast gas phase kinetics. This fact has 

led some people to utilize air stripping of pollutants from liquid phase for treatment in the 

gas phase. In the process of air streams treating, Ti02 must be dispersed in a matrix with a 

high surface area to allow the gas to pass over it and react under UV irradiation. 
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Several companies intensively promote photocatalytic purifiers to the market. Purifies is 

such an industrial water treatment company specializing in photocatalysis [175]. They 

developed a Photo-Cat process. This industrial process is based on a patented closed loop 

Ti02 photocatalyst slurry process. The technology is comprised of sets of modular 

photocatalytic racks, each containing a number of individual cells. Depending on the 

concentration of the contaminants and the throughput required, the racks are linked 

together in a serial and/or parallel mode. The catalyst is continuously separated from the 

purified water and reintroduced into the inlet stream. Air Oasis [176], Biozone PureWare 

[177], and Multi-Tech [178] are just several examples of air purifier manufacturers that 

flooded the market. 

2.4. INFERENCE 

Present literature review clearly demonstrated that photochemistry is a very powerful tool 

of synthetic chemistry which is still under utilized in industrial applications due to 

complexity of scale up processes and high cost of running the equipment. Application of 

the microstructured photochemical reactors opened up new horizons for highly selective 

and safe process operation due to improved mass and heat transfer as well as more 

efficient light utilization in microstructures. Moreover, scale up can be easily achieved by 

numbering up of the base units. Rapid development of micro fabrication techniques 

enables to obtain multifunctional microstructured units at low cost. Recent studies clearly 

stated that LEDs are very promising efficient compact sources of light suitable for 

microengineered reaction systems owing to narrow width of the emission band, 

availability in different wavelengths and easy manufacturing of the compact arrays. Fast 

progress is being made to reduce the cost and increase the output power of the LED chips. 
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Photochemical Schenk ene reactions of olefins with 102 open new routes for synthesis of 

terpene-derived chiral ligands as well as for oxyfunctionalisation of chiral homoallylic 

alcohols to obtain fine chemicals. For further development of products it is important to 

elaborate an efficient and convenient approach for oxygenation of allylic substrates by 

102 which can be used further for scale up the syntheses. It is desirable also to develop an 

efficient heterogeneous photosensitiser to resolve the problem of separation of a 

homogeneous sensitizer from the reaction mixture. PSi in the form of colloids or 

nanoporous films may be promising candidate on this role. Therefore the present study is 

devoted to development of a scalable photoreactor and determining the applicability of 

PSi as a 102 sensitizer and support for dye sensitizers. 
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3. EXPERIMENTAL 

3.1. CHEMICALS 

In this work the following chemicals were used: a-pinene (ACROS Organics, 97 %), a

terpinene (ACROS Organics, 90 %), diphenylisobensofurane (DPBF) (Sigma-Aldrich, 97 

%), pyridine (Py) (ACROS Organics, 99 %), 4-dimethylaminopyridine (DMAP) (Fisher 

Scientific, peptide synthesis grade), acetic anhydride (AC20) (Sigma-Aldrich, 99 %), 

5, 10, 15,20-Tetraphenyl-21H,23H-porphine (TPP) (ACROS Organics), 5,10,15,20-

Tetrakis(4-hydroxyphenYl)-21H,23H-porphine (TPP(OH)4) (Sigma-Aldrich, 95 %), 

5,10,15,20-Tetrakis( 4-allyloxy)-21H,23H-porphine (TPP( OC3H5)4) (Sigma-Aldrich, 90 

%), Rose Bengal (RE) (ACROS Organics), CH2CI2 (Fisher Scientific, 99.99 %), ethanol 

(Fisher Scientific, 99.99 %), 1,1 ,2-trichloro-l ,2,2-trifluromethane (F 113) (Riedel-de 

Haen, 99.7 %), CrJ'6 (Sigma-Aldrich, > 99.5 %), CC14 (Sigma-Aldrich, > 99.5 %),0.1 M 

HC/ (Sigma-Aldrich, 99 %), NaHC0 3 (Sigma-Aldrich), Na2S04 anhydrous (ACROS 

Organics, 99 %), CDCh (ACROS Organics, 99.8 %), 1,10 phenanthroline (Sigma

Aldrich, 99+ %), sodium acetate (Sigma-Aldrich, ACS reagent), H2S04 (98 % analytical 

grade, Fisher Scientific), H2PtC/6·H20 (Sigma-Aldrich, 99.995 %), AICh 0.5 M in 

tetrahydrofuran (Sigma-Aldrich), tolyene (Sigma-Aldrich, H20 < 0.005%, 99.7 %), 

methanol (Sigma-Aldrich, H20 < 0.01 %, 99.5 %), O2 (BOC Gases), N2 (oxygen-free, 

BOC Gases). Water was purified by a ELGA water filter (18 MOm). Potassium 

ferrioxalate K3Fe(C20,J3 ·3H20 was prepared according to Hatchard and Parker's 

procedure [179] from K2C20 4 (Fisher Scientific, analytical grade) and FeCh anhydrous 

(ACROS Organics, 98 %). Porous silicon (PSi) powders and modified PSi powders were 

prepared as described in Chapter 3.3.6. 

116 



3.2. EQUIPMENT 

3.2.1. Immersed well photochemical reactor 

A standard quartz batch immersed well photochemical reactor (Photochemical reactors) 

consists of a light source 1 surrounded by a cooling jacket, which is immersed into the 

reaction media (Figure 3.1, a [136]) . Inlet 2 and outlet 3 are fo r circulation of a cooling 

liquid and 4 and 5 are designed for O2 inlet and outlet. Total reactor volume is 300 mL. 

Medium pressure Hg lamp with a nominal power 125 W (model 3010) has an overall 

length 260 mm, discharge length 30 mm and diameter 12 mm and produces 

predominantly 365-366 nm radiation with smaller amounts also in the UV region at 254, 

265, 270, 289, 297, 302, 313 and 334 run (Figure 3.1 , b). Significant amounts of rad iation 

are produced in the visible region at 405-408, 436, 546 and 577-579 nm . Total light 

output, J measured by ferrioxalate actinometry in a quartz immersion well reactor is 
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Figure 3.1. Immersed well batch reactor (a) [136]. I -light source ( 125 W Hg medium 

pressure lamp) immersed in the reactor, 2-gas inlet, 3-cooli ng fluid inlet, 4-cooling fl uid 

outiet, 5-gas outlet. Emission spectrum of the 125 W medium pressure Hg lamp (obtained 

from Photochemical reactors) (b) . 
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3.2.2. Annular recirculating photochemical reactor rig 

3.2.2.1. General description 

The recirculating photochemical reactor rig (Figure 3.2) consists of the thermostated 

Pyrex annular continuous photochemical reactor 1 (1.5 mm thickness of annular space 

and a total reactor volume of 9.5 mL, see Figure 3.3, a) connected to the gas-liquid 

separator 3 from one side and to reservoir 4 from another, producing closed loop for 

circulation of liquid. Similar reactor was used in the work of Lapkin et al. [23]. The 

photorector was surrounded by LED strips, actinic fluorescent tubes or illumiated from 

one side by a Xe lamp 2 (see next section and Figure 3.3 for details). A valve-less rotary 

piston dispensing pump 6 (lsmatec Ltd) was used for the liquid flow. Gases flow rates 

were controlled by mass flow controllers 9 (Bronkhorst Hi-Tech). Liquid and gas were 

mixed in aT-piece at the inlet into the reactor and directed upwards, establishing slug 

annular flow. A solution of reactants in the liquid reservoir was continuously stirred using 

a magnetic stirrer 5 (SBI61, Stuart) during the reaction. The gas vent line from the gas

liquid separator was equipped with a heat exchanger 8 to reduce solvent loss, connected 

to a Haake thermostat DC30 (Thermo Electron Corporation), kept at -7°C by circulating 

ethylene glycol-water mixture (1:1). Haake thermostat DClO 7 (Thermo Electron 

Corporation) was used to control temperature of the reactor by circulating thermostated 

water through the inner reactor tube. 

3.2.2.2. Light sources and lamp-reactor geometry 

Three different light sources in different geometries were used in the experiments with the 

annular recirculating reactor: custom-built LED lamp made of 10 strips, 24 LED's each, 

240 LED's in total (Farnell, peak wavelength at 524 nm), mounted onto a dark plastic 

case providing a 15 em long illumination zone surrounding the photoreactor, a custom 

made fluorescent lamp assembled usung two V-shaped 420 nm actinic fluorescent 
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Figure 3.2. Recirculating photochemical reactor test bench, (a) photo, and (b) scheme. 1-

Pyrex glass annu lar continuous photochemical reactor, 2-lamp, 3-gas-liquid separator, 4-

reservoir, 5-magnetic st irrer, 6-1smatec pump, 7-Haake thell110stat DC 1 0 (coolant water), 

8-ethylene glycol cooled condenser (connected to Haake thennostat DC30), 9-02 and N2 

mass now controllers . 
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bulbs of 24 Wand 25.6 cm length each, (Catalina Aquarium) surrounded by aluminium 

cylindrical reflector, and a Xe 75 W short-arc lamp (Osram XB075WL2, 9 cm bulb 

length) in a rectangular case (Photon Technology Intemational) with 3.5 em illuminated 

reactor length (see Figure 3.3 , b, c and d correspondingly). Illuminated surfase areas of 

the annular photoreactor and the corresponding reaction volumes as well as the amounts 

of photons absorbed in these volumes (obtained from the actinometry data, see Appendix 

A) are shown in Table 3.1 for all lamp-reactor geometries . 
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Figure 3.3. Annular photoreactor (a) and lamp-reactor geometry for (b)-75 W Xe arc 

lamp (I - lamp, 2-lens, 3-illuminated zone); (c)- 1.44 W 524 nm LED array cross-section 

( 1-IOx24 LEOs per strip , illuminated length is 15 cm) (d) -48 W Actinic fluorescent 420 

nm ( I-U-tube bulb x2, 24 W each, illuminated length is 23 cm), 2-annular space of 

reactor, 3-heat tran fer fl uid, 4-reflector. 
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The LED were powered using a 60 V power supply via Supertex eL2 LED drivers and 

1.2 k.Q resistors. The electrical design of the LED lamp is depictured in Figure 3.4. The 

actinic fluorescent lamp was powered using 128 W solid state electronic ba ll ast. The Xe 

arc lamp was powered by the arc power supply LPS-220 (Photon Technology 

International). Emission spectra of all the lamps used with the annular photoreactor as 

we ll as the absorption spectra of the dye photosensitizers are shown in Figure 3.5. 
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Figure 3.4. Electrical design of the 240 LEDs lamp (10 strips of 24 LEDs each, 524 nm 

peak wavelength). 
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Figure 3.5. Em iss ion spectra of light sources and absorption spectra of dye 

photosens iti zers. (a) Green peak corresponds to the 524 run LED, black line-to the Xe are , 

vio let line is tetraphenylporphine (TPP) in CH 2C/2, red line is Rose Benga l (RE) in 

ethanol, and orange line is Rodamine 6G (R6G) in ethanol (sourced from [ 180]). (b) A 420 

nm act inic fluorescent lamp emission spectrum (sourced from [181 D. 
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Table 3.1. Lamp-reactor geometry parameters. AR is illuminated area, cm2
, VR is 

illuminated reactor volume, mL, and J a is flux of the photons absorbed by 

photosensitizer during oxygenation, Einstein s-I, measured by ferrioxalate actinometry. 

Lamp 
420 nm Actinic 

524 nm LED 
Xe arc 

3.2.3. Microreactor rig 

3.2.3.1. General description 

111.91 
76.30 
15.00 

11.0 6.3xl0-6 

9.5 4.4x 10-6 

3.0 6.8xl0-7 

Microreactor rig (Figure 3.6) consists mainly of a microreactor chip 1 pressed to a 

stainless steel heat exchanger 2 by two plastic flangeless fittings (two 114'-28 PPS nuts 

and two Tefzel ferrules with stainless steel lock rings, Upchurch Scientific) which serve 

at the same time as connections for ethyltetrafluoroethylene (ETFE) tubings (1116" OD, 

0.75 mm ID, Upchurch Scientific) to the inlet 9 and outlet 10. Reaction mixture was 

pumped from reservoir 3 through the microreactor by the HPLC pump 4 (Knauer S 1 00, 

10 mL pumphead). Haake thermostat DClO 7 (Thermo Electron Corporation) was used to 

control temperature of the reactor by circulating thermostated water through the heat 

exchanger. A source oflight 2 (524 nm or416 nm LED arrays (5 x 9 LED), 75W Xe arc or 

250 W metal halide lamp were used) was attached to the top of the micro reactor. The 

microreactor chip (Figure 3.7) was made from a Si wafer (n-type, 75 mm in diameter) 

using photoresist mask for stain etching of the meandering channel 

(widthxheight=500x240 Jlm, length=199.5 cm, V = 240 JlL). A Pyrex 7740 glass plate 

cover (77.5 x 40 x 2 mm) with two round holes for inlet and outlet was attached by anodic 

bonding. Fabrication of Si wafer and anodic bonding were done in the collaborating 

research labs in St. Petersburg, Russia. The heat exchanger (Figure 3.7) was fabricated by 

Cawkwell Engineering, UK using micromachining. Briefly, stainless steel plate with the 

countercurrent channels (35 channels for each inlet, widthx height=500 x 500 Jlm, length of 
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each channel is 97.75 cm, and 500 Jlm space between the channels), two drilled inlets and 

four outlets is covered by the stainless steel sheet, sealed with the o-ring in-between and 

assembled together with the bolts inbuilt into the metal base. 

The microreactor rig allows two different modes of operation (continuous and 

recirculating, see Table 3.2) with easy switch from one mode to another by valve 11. 

Each mode of operation makes it possible to use two different approaches towards 

saturation of the reaction mixture by O2: bubbling O2 through the reaction mixture and 

segmented gas-liquid flow. In the case of continuous O2 bubbling through the reaction 

mixture the mixture in the reservour 3 was continuously saturated by O2 and agitated by 

magnetic stirrer 4. The flow of O2 was set at 30 mL min-I by a low flow metering valve 8 

(Swagelok). For reduction of solvent loses the reservoir 3 was equipped by condenser 5 

connected to a Haake thermostat DC30 (Thermo Electron Corporation). The condenser 

was kept at _7°C by circulating ethylene glycol-water mixture (1:1). O2 bubbling was 

started 1 hour before each experiment. After 1 hour the lamp was switched on and the 

reaction mixture was pumped through the illuminated microreactor at different flowrates. 

Aliquotes were collected directly from the outlet of the microreactor or from the reservour 

in the cases of continuous and recirculating modes correspondingly. Back pressure 

regulators 12 (2.8 and 5.2 bars, Upchurch Scientific) and relief valve 13 set at 2.5 or 5 

bars (Swagelok) were used in experiments at elevated O2 pressures. 

In the case of segmented gas-liquid flow 02 was supplied via ETFE tubings (1/16" OD, 

0.75 mm ID, Upchurch Scientific) attached to a ETFE tee connection (0.5 mm through 

holes, Upchurch Scientific) and the established two-phase gas-liquid flow entered the 

illuminated microreactor. Aliquotes were collected directly from the outlet of the 

123 



(a) 

(b) 

7 

12 r······· 

3 

4 

Figure 3.6. Microstructured photochemica l reactor rig (a) scheme and (b) photo. 1-

anodica ll y bonded glass-to sil icon microstructured photoreactor with 5x9 LED array, 2-

heat exchanger, 3-reservoir, 4-magnetic stirrer, 5-ethylene glyco l coo led condenser 

(connected to thermostat) , 6-HPLC pump, 7-thermostat (coo lant water) , 8 and 8'-02 

metering valves, 9- inlet, IO-outlet, II-switch va lve, 12-baek pressure regul ator, 13- re lief 

valve. 
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Figure 3.7. Crossections of heat exhchanger, (a)-vertical, (b)-horisontal. I-LED array, 2-

microreactor, 3-microreactor inlet, 4-microreactor outlet, 5-heat exchanger outlets, 6-heat 

exchanger inlet, 7-groove with o-ring, 8-stainless steel sheet, 9-assembly holes, IO-base. 

Table 3.2. Modes of operation and types of O2 saturation used in the microreactor rig. 

Mode of operation 
Recirculating 

Continuous 

Lamp O2 saturation type 
4 16 nm LED Bubbling O2 in tank 

Metal halide Segmented gas-liquid flow 

4 16 nm LED 
524 nm LED 

Xe arc 

Bubbling O2 in tank 

4 16 nm LED Segmented gas-liquid flow 

125 

Scheme 

O2 flow 

~Reactorb 



microreactor or from the reservour in the cases of continuous and recirculating modes 

correspondingly. Different patterns of a segmented gas-liquid flow were obtained.by 

varying flowrates of gas and liquid. The flow of 02 was controlled by low flow metering 

valve 8' (Swagelok) and measured volumetrically. Back pressure regulators 12 (7, 17,34, 

51 bar, Upchurch Scientific) were used in the experiments at elevated 02 pressures. 

3.2.3.2. Light sources and lamp-reactor geometry for microreactor 

Two custom built LED arrays of 45 LEDs (5 x9) (Farnell, peak wavelength at 524 run and 

Roithner Laser Technik, peak wavelength at 416 run) were mounted onto metal cases and 

fixed above the microreactor at a distance of 4.5 cm (see Figure 3.7). LEDs were 

powered using a 60 V power supply via Supertex CL2 LED drivers and 1.2 kn resistors. 

The electrical design of the LED lamps is similar to that depictured in Figure 3.4. A Xe 

75 W short-arc lamp (Osram XB075WL2, 9 cm bulb length) in a rectangular metal case 

(Photon Technology International), powered by arc power supply LPS-220 (Photon 

Technology International) was mounted at a distance of 9.2 cm above the microreactor. A 

double-ended (FC2 endslbase) 250 W aquarium metal halide lamp (2.5 cm length of 

discharge tube, 10000 K, with UV cut glass bulb, iQuatix) was mounted onto a 

rectangular metal box with two built-in cooling fans and downwards looking glass IR 

filter window. The distance between the lamp and the microreactor was 11.3 cm. The 

lamp was powered by a 250 W magnetic ballast (Mark 3, MaxiBright). The illuminated 

surface area of the microreactor was 9.98 cm2 and reaction volume was 240 ilL. The 

emission spectra of lamps are depictured in Figure 3.8. Amounts of photons absorbed in 

the microreactor during oxygenation obtained from the actinometry data (see Appendix 

A) are shown in Table 3.3 for all sourses of light. 
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Figure 3.8. Emission spectra of light sources and absorption spectra of dye sensitizers. 

(a) 416 run LED (violet peak), 524 run LED (green peak), Xe arc (black line), Rose 

Bengal (RE) (red line), tetraphenylporphine (TPP) (violet line), tetra-( 4-hydroxy) -

phenylporphine (TPP(OH)4) (blue line). (b) Metal halide lamp (soursed from [182]). 

Table 3.3. Lamp-reactor geometry parameters. AR is illuminated area, cm2
, VR is 

illuminated volume, mL, and J a is flux of the photons absorbed by photosensitizer, mol s-

I , measured by ferrioxalate actinometry. 

Lamp 
416 nm LED 
524 run LED 

Xe arc 
Metal halide 

9.98 
9.98 
9.98 
9.98 

2Ax 10-4 

2Ax 10-4 

2Ax 1 0-4 

2Ax 10-4 
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3.3. PROCEDURES 

3.3.1. Actinometry procedure 

The intensities of absorbed light for all the light sourses were measured under flow 

conditions (liquid circulation through the reactor) following the Hatchard-Parker 

procedure [179]. 

3.3.1.1. Actinometry solutions 

The ferrioxalate actinometer solution (0.15 M) (a) was prepared as follows. 36.84 g of 

solid K3Fe(C204h ·3H20 was dissolved in 400 mL of distilled H20, then 50 mL of 0.5 M 

sulphuric acid was added and solution then was diluted to 1 L with distilled H20. The 

solution was prepared in dim light and stored in a dark place. 1,10-Phenanthroline 

solution (0.1 % in water) (b) was prepared as follows. 0.180 g of solid was dissolved in 

100 mL of distilled H20. This solution is also light sensitive so it was also prepared in 

dim light and stored in the dark. Acetic buffer solution (c) was prepared as follows. 600 

mL of 1 M CH3COONa was mixed with 360 mL of 1 M H2S04 and then was diluted to 1 

L by distilled H20 . 

3.3.1.2. Calibrationfor actinometry 

The molar absorption coefficient e was obtained from the absorbance measurements of 

the known quantities of F/+ solutions (see Appendix A). These calibration solutions 

were prepared using methods described in [179]. To each 20 mL flask varying amounts of 

4xl0-4 M F/+ in 0.05 M H2S04 solution were added (0, 0.5, 1, 1.5,2,2.5,3,3.5,4,4.5 

and 5 mL). To these were added 2 mL of solution (b), 5 mL of solution (c) and 3 mL of 

distilled water. The solutions were made up to 20 mL with 0.05 M sulphuric acid. 

Samples were left for one hour so that the complex can be formed and then were 

measured in a UV -VIS spectrometer at 510 nm in a 1 cm quartz cell. The solution with 
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zero concentration of the Fi+ ions was used as the reference. All measurements were 

repeated three times and averaged. 

3.3.1.3. General procedure 

N2 was bubbling at 30 mL min-I through the solution (a) prior to and during each 

experiment. An aliquot was taken as a blank sample before each experiment. The solution 

was then irradiated for certain periods of time during recirculating/pumping through the 

reactor and aliquots were taken at the end of each period. 

3.3.1.4. Aliquots preparation, analysis and data treatment 

2-3 mL of irradiated potassium ferrioxalate solution (5-9 mL in the case of LED lamp in 

annular recirculating experiment) was sampled into a non-transparent bottle so that no 

further reduction of the Fe3
+ occured. Then an aliquot V} of the sample (V}=2 mL in the 

cases of 524 nm LED and Xe arc lamps with the annular recirculating reactor and V}=1 

mL in all the other cases) was put into a 20 mL flask (V2). To this flask, 2 mL of the 

solution (b) and 1 mL of the solution (c) were added. Then the mixture was made up to 20 

mL by distilled water, thoroughly mixed and left in a dark place for one hour, providing 

enough time for the Fi+ -phenanthroline complex formation. Absorbance of samples was 

measured on UV-VIS spectrometer Shimadzu UV-1601 at 510 nm using a 1,0.5 and 0.1 

em quartz cells. The sample taken before exposure to light was used as the reference. All 

measurements were repeated three times and averaged. 

3.3.1.5. Calculation of the intensities of light absorbed inside the photoreactors 

At every time t; when an aliquot is taken, the amount of Fe2
+ in the tank of the annular 

recirculating photoreactor rig, nr(t) is equal to nrtt)=crtt) Vr mol, where crtt) is 

concentration of Fi+ in tank, Vr is the volume of actinometer in the tank. The amount of 
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Fi+ taken with the aliquot VI for preparing the solution V2 = 2x 10-2 L for analysis is 

na~t)=crtt)VJ mol. Therefore, concentration of Fi+ in the analysed solution (mol L- I
) 

after dilution to V2 is: 

(3.1) 

The optical density is expressed via Beer-Lambert law equation: 

(3.2) 

Here e is the molar extinction coefficient, t;= 11310 L mor l cm- I which was determined 

from the calibration graph, see Figure At in Appendix A, I is the length of the 

photometric cell. In the case of the 524 nm LED lamp with the annular photoreactor the 

decrease of the volume of the actinometer solution due to collection of the aliquots for 

analysis was significant enough to be neglected. Therefore, corrected optical densities D: 

were used for the calculations in (3.2) (see Appendix A). Concentration of Fi+ ions in 

the tank after combining (3.1) and (3.2) is then expressed as follows: 

(3.3) 

2 de (t) . 
Rates of accumulation of Fe + ions in tank, T were found as slopes of the hnear 

dt 

. dc (t) de (t) 
Plots crtt). In the case of mlcroreactor T = R = rF, 2+ where CR(t) IS 

dt dt e 

. f L' 2+ • d· f . f L' 2+ • concentratIon 0 re In reactor an rFe2+ IS rate 0 generatIOn 0 re In reactor. 

To shift from the accumulation rate of Fi+ ions in tank to the actual reaction rate in the 

annular reactor one should take into account the dilution of photogenerated ions in the 

tank. The model shown in Figure 3.t was used for mass balance calculation in the 

annular recirculating rig. Volume of the connecting tubes was neglected in this 

consideration. 
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v. dCR(t) 
R dt 

V. dc,.(t) 
T dt 

Figure 3.9. Model representing the annular photoreactor for the mass balance 

calculations. 1 is reactor, 2 is tank. For the abbreviations see text. 

Mass balance for the tank is expressed as follows: 

(3.4) 

Here UL is liquid flowrate, ULCin and ULCout are molar flows of Fe2
+ in and out of the tank. 

Similar equation for the reactor with taking into account the rate of generation of Fi+ 

inside the annular reactor due to photochemical reaction, r
Fe

2+ can be obtained: 

(3.5) 

Mass balance for the whole photochemical reactor rig is then: 

(V + V) dCr. (t) = V dcR(t) + V dcr (t) 
R r dt R dt T dt (3.6) 

Here crtt) is an overall concentration of Fi + in the photochemical rig. From the other 

side, a change of concentration of Fi + in the system occurs only due to reaction in the 

annular photoreactor: 

(3 .7) 

Expression (3 .7) can also be obtained via combining (3.4) , (3.5) and (3.6) and keeping in 

mind that c~ur = Gin and cour = c;n · Finally, we can obtain the equation of mass balance in 

the system: 
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V -v dcR(t) v: dcr(t) 
r 2 - R +r 

R Fe' dt dt (3.8) 

If we assume that concentration does not change significantly during one cycle, i.e. 

CR(t) ~ Cr(t) we can rewrite (3.8) as follows: 

(3.9) 

Here VR+ VT = 250 mL in the cases of the 524 nm and Xe arc lamps and 100 mL in the 

case of the 420 nm actinic fluorescent lamp. Intensity of light absorbed by ferrioxalate 

actinometer, 1: (mol L S-I) was calculated using the following equation: 

(3.10) 

Here e(A) is the quantum yield of Fe2
+ formation at the emitted wavelength. From the 

original Hatchard and Parker data [179] it was estimated by interpolation that e(A)=1.08, 

0.58, and 1.07 at A=416, 524 and 420 nm in the cases of 416 nm LED, 524 nm LED, and 

420 nm actinic fluorescent lamp correspondingly. 

To obtain the intensity of light absorbed inside the reactor during the oxygenation of 

allylic substrate, 1a (mol L-1 
S-I) we have to account for the amounts of light absorbed by 

actinometer and photosensitizer in the reactor: 

(3.11) 

Here Es and EF are molar extinction coefficients of the sensitizer and ferrioxalate, Cs and CF 

are concentrations of sensitizer and ferrioxalate, I is pathlength of light in the 

photoreactor. All the parameters used for the calculation of the absorbed light inside the 

annular reactor and microreactor are listed in Table 3.4, 3.5. 
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Table 3.4. Parameters used for calculation of light absorbance by ferrioxalate 

actinometer. 10 is intensity of light prior to absorption. 

'A,nm E Lmor l cm- I 
F, 1, cm cF,M 1: lIo 

Annular reactor 420 110 0.3 0.006 0.316 
524 0.35 0.3 0.15 0.036 

Microreactor 416 140 0.024 0.006 0.045 
524 0.35 0.024 0.15 0.003 

Table 3.5. Parameters used for calculation of light absorbance by TPP. 10 is intensity of 

light prior to absorption. 

'A,nm Es, L mor l cm- I 1, cm cs,M 1a lIO 

Annular reactor 420 399663 0.3 8.1xlO-4 1 
524 10900 0.3 1 

Microreactor ( 416 345000 0.024 1 
'524 10900 0.024 0.39 

Planck equation for the energy of a single photon was used for estimation of the power of 

the adsorbed photons: 

c 
E=hv=h-

A 
(3.12) 

where h is Plank constant (h = 6.63 x 10-34 J s), v is frequency oflight, c is velocity oflight 

in vacuum (c = 3.00x 108 m S-I) and A. is a wavelength of light. Then the absorbed power 

can be found as: 

(3.13) 

Here NA=6.02 x 1023 mor l is Avogadro constant and J a = 1aVR • According to (3.12), 

energy of a single photon for 416, 420 and 524 nm wavelengths are equal to 4.8 x lO-19
, 

4.7xlO-19 and 3.8xl0-19 J (or 287639 284900 and 228355 J mor l of photons), 

correspondingly. An example of calculation of the amount of absorbed photons, absorbed 

power and and overall efficiency in the case of the 524 nm LED lamp (240 LEDs) with 

the annular reactor is given in Appendix A. 
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The Xe arc lamp and the metal halide lamps have continuous spectra from UV to IR 

region. Therefore it is not possible to employ the same approach for the Ia calculation as it 

was used for the LED lamps because quantum efficiencies e(A) of Fi+ generation are 

different for the different wavelengths A. The only possibility for estimating the number of 

photons in these cases is using an average quantum yield. 

Let us extrapolate the values for quantum yields of Fi+ generation given in [179] for 

several wavelengths, Aj' on intervals L1Aj = Aj+l - Aj until the next known values at Aj+l to 

cover the entire range of the emitted wavelengths. Then, after partition the radiation 

spectrum of the Xe arc or metal halide lamp on the smallest possible equal L1A; intervals 

(intervals of spectral resolution), the rate of Fe2
+ generation inside the reactor can be 

written as: 

n j+l 

rFe2+ = LLI; e(~Aj) (3.14) 
j=1 ;=j 

Here e(L1Aj) is the quantum yield of Fi+ generation under illumination by photons from 

L1Aj interval, I; is the intensity of photons with wavelengths from the range L1A;, mol L-t s-

1, absorbed by the ferrioxalate actinometer. After calculating each area under this graph, 

A; = N ;AA; we can express the particular contribution of each group of photons to the total 

intensity of the emitted photons: 

(3.15) 

Where A is total area of intensity vs. wavelength graph in arbitral units, A = LA; , I: is 

an overall intensity of photons absorbed by the actinometer inside the reactor, mol L-t s-t, 

N; is intensity of the emitted photons in interval L1A; taken from the emission spectrum of 

lamp used, and N = LN;~A; . Combining (3.14) and (3.15) we will obtain (3.16): 
; 
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(3.16) 

Now it is possible to work out the total intensity of photons, absorbed by the actinometer 

inside the photochemical reactor: 

(3.17) 

I II j+ 1 

The sum - I I N; 8(6Aj ) or the average quantum yields calcu lated as integrals for the 
N j=1 ;=j 

curves from the Figure 3.10 are equal to 0.37 and 0.74 in the cases of Xe arc and metal 

halide lamps correspondingly. 
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Figure 3.10. Emission spectra of Xe arc and metal halide lamps, corrected on quantum 

yields for ,1Aj intervals taken from [179]. 

To obtain the amounts of light absorbed inside the photoreactors during oxygenation we 

should take into account, that Lambert-Beer equation is fulfilled only for each particu lar 

wavelength } 'i. Therefore, a modified equation (3.11) should be written as: 

I N; (1-lO -CS(A,),cS ) 
J = J F ~; ____ ~~_ 

Q Q I N ;(I_lO -CF U,),cF ) (3 .18) 

where I is equal to 0.5 cm for the Xe arc lamp with the annu lar reactor and microreactor 

and 1 cm in the case of metal halide lamp, cs=8.1 x 10-4 
M, and cr:= 0.15 M in the case of 
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the annular reactor and 0.006 M in the case of the microreactor. Coefficients of extinction 

for TPP and ferrioxalate as functions of wavelength as well as the modified emission 

spectra of the lamps (with taking into account absorption by TPP and ferrioxalate) used 

for the calculation of sums in (3.18) are shown in Figure 3.11 and listed in Table 3.6. 
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Figure 3.11. Coefficients of extinction for TPP and ferrioxalate as functions of 

wavelength (a) . Graphs used for the calculation of sums in equation (3.18) for Xe arc and 

metal halide (MH) lamps, (b) with the annular reactor (AR), (c) and (d) with the 

microreactor (MR). Blue and red coloured sums (L) represent integrals of the 

corresponding curves. 
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Table 3.6. Parameters used for calculation of the amounts of light absorbed inside the 

photoreactors during oxygenation, 1a in the cases of Xe arc and metal halide lamps 

obtainded from Figure 3.11. MH is metal halide lamp, ITPP = INj (l-lO-es
(J.,)/cS ), and 

LFerrioxalate = IN
j
(l-lO-eF

(J.,),cF ). 

j 

Lamp 

Annular reactor Xe arc 
Microreactor Xe arc 
Microreactor MH 

3.3.2. Photodegradation of DPBF 

3.3.2.1. General procedure 

~TPP 

156.2 
81.9 
0.42 

~Ferrioxalate 

124.5 
31.8 

0.028 

~TP P /~F errioxalate 

1.3 
2.6 
15.0 

One millimolar solution of DPBF and 0.2 % wt of PSi in in 250 mL of FI13 were 

pumped with 40 mL min-1 flow rate through the annular recirculating reactor. Reactor 

temperature was kept at 20°C in all the experiments. The reaction mixture was pre-

saturated for 20 minutes with Nz or Oz depending on the experiment carried out. Then, the 

524 nm LED lamp was switched on and the solution was irradiated for a period of several 

hours. Aliquots were taken every 15 or 30 minutes. Flowrates of gases were 30 or 50 mL 

min-I in the case of Oz and 30 mL min-I in the case of Nz. 

3.3.2.2. Preparation and analysis of samples and treatment of data 

Ca. 2.5 mL of irradiated solution was filtered prior to making a sample for analysis to 

avoid the influence of PSi particles. Then 0.5 mL of sample was placed into a glass bottle 

and all the F113 solvent was evaporated under air flow. Then the dry residue was 

dissolved in 10 mL of ethanol. Photo-degradation of DPBF was measured by monitoring 

the intensity of absorbance at 410 nm in a 1 cm quartz cell using UV -VIS spectrometer 

Shimadzu UV -1601. Pure ethanol was used as the reference sample. All measurements 

were repeated three times and averaged. The initial rates of DPBF photoderadation in the 
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tank were found as slopes of the linear fits of the experimental data (see Appendix C for 

details). Photodegradation rates inside the annular photoreactor, rR were recalculated 

using the equation (3.9). Quantum yields of DPBF photodegradation were estimated 

using equation (2.7) shown in Literature Review. 

3.3.3. Oxygenation of a-pinene to pinocarvone 

3.3.3.1. Reaction mixture and general procedure 

Oxygenation of a-pinene was carried out using modification of the method reported in 

[108]. The reaction mixture (a-pinene mix) was prepared as follows: 5.85 mL of a

pinene, 0.45 g of DMAP, 4.23 mL of acetic anhydride and 5 mL of pyridine were 

dissolved in 20 mL of solvent (CH2Ch, Fl13, CCI4, or ethanol, for details see Table 3.7, 

3.8) inside of the light-proof reservoir. Then a sensitizer (RB, R6G, TPP, TPP(0H)4, or 

different types of PSi) was added and the mixture was diluted by a solvent to 100 mL and 

mixed. In the case of RB and R6G the a-pinene mixture was diluted up to 250 mL in total 

by the solvent. Concentrations of sensitizers in all the experiments in the microreactor 

were 8.1 xl 0-4 M. The reaction mixture was recirculated/pumped through the reactor. In 

the cases of the immersed well, the annular recirculating reactor, and the microreactor 

operated in continuous and recirculating modes, a-pinene mixture was saturated by O2 via 

continuous bubbling of gas at a flowrate of 30 mL min-I for 1 hr before and during each 

experiment. Then the lamp was switched on and aliquots were taken at different times. 

Liquid flowrate was 40 mL min-) in the case of the annular recirculating reactor. 

Microreactor in a recirculating mode operated at 2 mL min-I. Aliquotes were collected 

from the reservoir. In a segmented flow mode the microreactor was irradiated 

continuously while O2 was introduced into the microchannel at various gas and liquid 

flowrates and pressures through a tee-connection forming the segmented gas-liquid flow. 

Aliquotes in this case were collected directly from the outlet of the microreactor operated 
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in a continuous mode and from the reservoir in the recirculating mode. All the reactors 

were kept at 20°C. 

Table 3.7. Concentrations of sensitizers and solvents used in oxygenation of a-pinene in 

the immersed well reactor. 

Sensitizer Solvent 125 W Hg 
TPP CH2Clz 8.1xlO-5 M 
PSi CH2Clz 0.2%wt 
PSi CH2Clz 0.02 %wt 
PSi CCl4 0.02 %wt 

Table 3.8. Concentrations of sensitizers, and light sourses used in the oxygenation of a-

pinene in the annular recirculating reactor. 

Sensitizer Solvent 524 nm LED 75 W Xe arc 420 nm actinic 
PSi CH2Clz 0.2%wt 
PSi FIB 0.2%wt 
PSiI FIB 02%wt 
PSiII FIB 0.2 %wt 
TPP CH2Clz 8.1 x 10-4 M 8.lxI0-4 M 8.1 x 10-4 M 

10-4 M 
10-5 M 

5xlO-6 M 
5xlO-7 M 

R6G CH2Clz 7.1 x 10-4 M 7.1 x 10-4 M 

RB Ethanol 6.0xlO-4 M 

J Hand 13 C NMR spectra were recorded using NMR spectrometer (Brooks, 300 or 400 

MHz). NMR samples were prepared by using about 20 mg of sample dissolved in CDC/3 

solvent and chemical shifts were expressed in ppm with respect to the appropriate residual 

solvent peak (CH3C/ at 7.27 ppm). Conversions of pinocarvone and byproduct Xi were 

calculated using the following equation: 

(3.19) 
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There Bi is the area of peak corresponding to i-th compound obtained from NMR spectra. 

Initial reaction rates and quantum yields of pinocarvone generation were calculated 

similar to that for DPBF oxidation. 

3.3.4. Oxygenation of a-terpinene 

3.3.4.1. Reaction mixture and general procedure 

5.85 mL of (1-terpinene and sensitizer (TPP or PSi) were dissolved in 250 mL of solvent 

(CH2Ch or F 113) inside a light-proof reservoir. The reaction mixture was recirculated in 

the annular recirculating rig and saturated by O2 via continuous bubbling at a flowrate of 

30 mL min-I. 02 bubbling was started 1 hr prior to each experiment. Then the lamp (Xe 

arc or 524 om LED) was switched on and aliquots were taken during the experiment at 

different times. Liquid flowrate was 40 mL min-I. Reactor was kept at 20°C. Table 3.9 

summarises the experimental parameters. 

Table 3.9. Concentrations of sensitizers and sourses of light used in oxygenation of (1-

terpinene in the annular recirculating reactor. 

Sensitizer 
PSi 
PSi 
TPP 

Solvent 524 nm LED 
FI13 0.2%wt 

8.7xlO-5 M 

3.3.4.2. Aliquots preparation, analysis and data treatment 

75WXe 

0.2 %wt 

About 2-3 mL of irradiated reaction mixture was evaporated (filtered prior to evaporation 

in the case of PSi). The residue was dissolved in - 2 mL of CDClj and analysed by I H 

and 13 C NMR. Conversion was calculated from I H NMR spectra using the equation 

(3.19). 
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3.3.5. Oxygenation of trimethylsilane (TMS) derivative of ACHA 

0.2 g of TMS derivative of ACHA and 5*10-2 g of TPP were dissolved in 100 mL of 

CH
2
Ch. The reaction mixture was recirculated in the annular reactor recirculating rig and 

saturated by O2 via continuous bubbling at a flowrate of 30 mL min-I. O2 bubbling was 

started 1 hr prior to each experiment. Then the 420 run actinic fluorescent lamp lamp was 

switched on and aliquots were taken during the experiment at different times. In the case 

of the microreactor two modes were used for oxygenation of TMS derivative of ACHA. 

Microreactor was illuminated by the 416 run LED lamp when the continuous mode and 

continuous 02 bubbling via reaction mixture were used while in the recirculating mode 

with segmented gas-lquid flow the reactor was illuminated by the 250 W metal halide 

lamp. 0.1 and 0.3 g of TMS derivative of A CHA in 100 mL of CH2Ci2 were used in these 

cases correspondingly. Conversions were calculated from 1 H NMR spectra using the 

equation (3.19). 

3.3.6. NMR spectra 

Pinocarvone. lHNMR CDCl3 (300MHz) 0 0.74 (3H), 1.19 (d, J = 10.3Hz, IH) 1.29 (s, 

2H), 2.13 (m, IH), 2.46 (m, IH), 2.60 (m, 2H) 2.7 (t, J=6,IHz, IH), 4.95 (s, IH), 5.91 (s, 

1H) [183]. 

Ascaridol. lH NMR (CDCh 500 MHz) 0 0.95 (3H, s), 0.98 (3H, s), 1.34 (3H, s), 1.48 

(2H, m), 1.89 (lH, m), 1.99 (2H, m), 6.37 (lH, d, J = 8.5 Hz), 6.46 (IH, d, J = 8.5 

Hz); J3C NMR (CDCh, 125 MHz) 0 17.1, 17.2,21.3,25.5,29.4, 32.1, 74.3, 79.7, 133.0, 

136.3. J3C NMR (CDCh 125 MHz) 17.1, 17.2,21.3, 25.5,29.4, 32.1, 74.3, 79.7, 133.0, 

136.3 ppm [184]. 

(R)-( + )_(E)_trimethyl(1-phenylpent-3-enyloxy)silane (TMS derivative of A CHA). IH NMR 

(400 MHz; CDCh) 0 0.0 (s, 9H), 1.60 (d, J = 5.7 Hz, 3H), 2.34-2.39 (m, 2H), 4.58 (dd, J 

= 7.6,5.4 Hz, IH), 5.21-5.48 (m, 2H), 7.17-7.31 (m, 5H). 
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Syn-( (1 R,3S)-( + )-3-hydroperoxy-l-phenylpent-4-enyloxy )trimethylsilane (1). I H NMR 

(400 MHz; CDCh) 8 0.0 (s, 9H), 1.74 (ddd, J = 14.3, 6.4, 4.9, IH), 2.25 (ddd, J = 14.3, 

8.7, 7.8 Hz, IH), 4.39 (q, J = 7.0 Hz, IH), 4.76 (dd, J = 8.7, 4.4 Hz, IH), 5.29-5.33 (m, 

2H), 5.88 (ddd, J = 17.5,10.5,7.1 Hz, 1H), 7.24-7.35 (m, 5H), 8.35 (s, IH). 

Anti-( (1 R, 3R)-( + )-3-hydroperoxy-l-phenylpent-4-enyloxy)trimethylsilane (2). I H NMR 

(400 MHz; CDC h) 8 0.0 (s, 9H), 1.82 (ddd, J = 14.8, 8.7, 3.1 Hz, IH), 1.92 (ddd, J = 

14.8,9.2,3.9 Hz, IH), 4.48-4.53 (m, IH), 4.85 (dd, 9.2,3.1 IH), 5.21 (dd, J= 10.5, 1.2 

Hz, IH), 5.27 (dd, J = 17.4, 1.2 Hz, IH), 5.79 (ddd, J = 17.4, 10.5,6.9 Hz, 1H), 7.11-7.27 

(m, 5H), 8.42 (s, IH). 

3.3.7. Preparation of PSi powders 

Powders of Si nanocrystals (PSi, psl and PSilI) were obtained by chemical etching of 

metallurgical grade polycrystalline Si powder (mean particles size of 4 11m) or by 

electrochemical etching of the B-doped Si (100) wafers. In the case of chemical etching 

the polycrystalline Si powder was first immersed in a solution of HF and water to remove 

surface Si02 layer, then HN03 was added gradually until the ratio of used chemicals was 

about 4: 1 :20 of HF:HN03:H20 . The etching was finished when an efficient red-orange 

emission under illumination by UV light appeared. The powder was stored in air and used 

in oxygenation reactions with and without refreshment in HF vapour (PSl and PSi 

samples correspondingly). pst! was prepared by crushing of microporous Si layers 

obtained via electrochemical etching of B-doped (100) wafers with a typical resistivity of 

2-10 Q cm. The electrochemical etching was performed in a mixture of ethanol and HF 

(49 wt. % in water) 1: 1 by volume using a Pt wire as cathode. The etching current density 

was 3D-50 rnA cm-2
• The powder was refreshed in HF vapour prior to use in the 

reactions. An average pore size of all the obtained powders was in the range of 3-7 nm, 

and surface area was about 160 m2 g-I [90,96]. 

142 



3.3.8. Dye immobilization on the surface of II-terminated PSi 

Thermal and photochemical synthesis. To solution of TPP(OC3H5)4 (0.005 gin 100 mL of 

dry toluene) was added 1 g of PSi and the suspension was vigorously shaked for several 

minutes. The reaction flask was continuously stirred during reaction and N2 bubbled 

through the reaction mixture. The reaction mixture was refluxed during heating at 105 °e 

or during irradiation by a 75 W Xe arc lamp from the side of the reaction flack at room 

temperature. The reaction was stopped after 45 hrs. 

Ultrasonic synthesis. Ultrasonic synthesis was carried out in a UNIlab Workstation 

Glovebox (MBraun), H20 < 1 ppm, O2 < 1 ppm using Sonicator 3000 (Misonix 

Incorporated). 1 g of PSi was added to solution of TPP( OC3H5)4 (0.005 g in 80 mL of dry 

toluene and 20 mL of dry methanol). After sonication for 20 minutes a 1 mL of a 0.05 M 

H2PtCl6 solution in methanol was added to the reaction mixture. Alternatively, 4 mL of 

0.5 M AlCl3 in tetrahydrofuran were added to the solution of the dye with added PSi. The 

sonication was continued during 3 hours at 18 W. Reaction temperature was about 80 °e. 

The immobilized PSi nanoparticles were filtered using vacuum filtration assembly (Sigma 

Aldrich) and 47 mm diameter glass fiber filters, 0.7 Ilm pore size (Fisher) and washed 

several times by CH2Cl2 (3 x 100 mL) and 3x20 mL of acetone until disappearance of dye 

fluorescence in the filtrate. Then the powder was washed by 0.1 M Hel (10 mL), 

H20:acetone = 1:1 (20 mL) and finally by acetone (50 mL). Filtrated powders were dried 

on air. 

3.3.9. FTIR measurements procedure 

IR spectra of PSi samples in absorbance mode were measured in the spectral range of 

400-4000 cm- I using a Spectrum 100 FTIR spectrometer (Perkin Elmer). About 1 mg of 
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sample was mixed with 100 mg of KEr, grinded carefully and pressed to a pellet at 

pressure of lObar. Background was collected with a pure KBr tablet before measuring 

samples. Spectra were acquired after collection for 7 minutes with 2 cm·\ resolution. 

3.3.10. Photoluminescent spectroscopy measurements procedure 

30 mg of PSi powder (or 37 11M of TPP) were dispersed in 2 mL of solvent (CH}Ci), 

CrF6 or CCI4) and different amounts of a-terpinene were added in different experiments 

as specified in Results and discussion. PL was excited by an Ar+ laser (energy 2.54 eV) 

with an excitation intensity of up to 500 mW cm-2
• Near-IR PL measurements aiming for 

detection of radiative relaxation 0[10} e.t1_3L' transition) were performed in O}-saturated 

solvents using an InGaAs array detector coupled with a single monochromator. For 

measurements in the visible range a Si charge-coupled device was used. All optical 

spectra were corrected to the sensitivity of the respective optical setup. 
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4. RESULTS AND DISCUSSION 

4.1. OXYGENATION OF ALLYLIC SUBSTRATES BY '02 IN THE ANNULAR 

RECIRCULA TlNG PHOTO REACTOR 

4.1.1. Oxygenation of a-pinene 

Oxygenation of a-pinene (0.36 M solution in 100 mL of CH2CI2, TPP as a 

photosensitizer) was first carried out in a conventional immersed-well quartz 

photoreactor. A 53 % conversion was achieved after 7 hours of illumination by a 125 W 

medium pressure Hg lamp and continuous bubbling of O2 through the reaction mixture 

(see Figure 4.1 , 0 and Table 4.1). The quantum yield of pinocarvone production under 

these conditions was about 0.062. Complete conversion of a-pinene required several days 

of illumination. 
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Figure 4.1. Conversion of a-pinene to pinocarvone. (0) Annular recirculating reactor, 

Co=3.6 x 10-1 M in 100 mL of CH2C12 with 524 run LED, 420 nm fluorescent and Xe arc 

lamps (green, violet and grey lines) 8.l x l0-4 M of TPP and immersion well reactor with 

Hg lamp (dotted line), 8.1 x 10-5 M of TPP. (b) Annular recirculating reactor, Co=1.5 x 10-1 

M in 250 mL, (+) 5.95 x I 0-4 M RB in ethanol (only intennediate peroxide was fonned), 

(_) 7.1x l0-4 M R6G in CH2CI2 and 524 run LED lamp (green lines); (e) 7.1 X 10-4 M R6G 

in CH2CI2 and Xe lamp. The liquid flowrate in all the recirculating experiments was 40 

mL min-I. O2 flow rate was 30 mL min-I and T=20 °c in all the experiments. 

145 



Next, oxygenation of a-pinene was studied in an annular recirculating photoreactor. Three 

different sources of light and three different geometries were used: 524 nm LED, 420 nm 

actinic fluorescent, and 75 W Xe arc lamps (see Experimental for details). The intensity 

of the absorbed photons fa (mol L-1 s-I) for these lamp-reactor geometries was measured 

by ferrioxalate actinometry (see Experimental and Appendix A). The highest intensity 

of the absorbed photons was achieved in the case of the 420 run actinic fluorescent lamp, 

followed by the 524 run LED lamp, while the Xe arc lamp demonstrated the lowest 

performance (see Table 4.1). 

Table 4.1. A summary of a-pinene mixture oxygenation (100 mL, 0.36 M of a-pinene in 

CH2CI2) performed in the annular recirculating and immersed-well photoreactors with 

8.1 x 10-4 M and 8.1 x 1 0-5 M of TPP correspondingly. 

Lamp la, T R Xp (t=7 hrs) <PR '0 , '0 , Einst L-1 S-I mol L-1 S-I mol L-1 s-I 

Actinic 420 run 5.7xlO"4 2.0xlO-s 1.8x 10-4 0.86 0.322 
524 nm LED 4.6xlO-4 l.lx 10-5 1.1xl0-4 0.68 0.248 

Xe arc 2.3xlO-4 2.1 x lO-6 7.0x 10-5 0.16 0.303 
Hg med. pressure 1.2xlO-4 7.6x 10-6 7.6xlO-6 0.53 0.065 

An overall efficiency of the photoreactor (power absorbed during oxygenation, Phv to the 

supplied power, Pin) taking into account efficiency of the light source and the specific 

lamp-reactor geometry may be expressed as: 

(4.1) 

where 1]LR is efficiency of the lamp-reactor geometry, 1]PL is efficiency of power-to-light 

. P"v p,,°v d p'0 • ttl . d f h converSIOn, 1] LR = p'0 ' 1] PL = p' an hv IS 0 a emltte power output 0 t e lamp. In 
hv In 

the case of the 524 nm LED lamp it was possible to estimate the p,,°v (see Appendix B) 

and therefore, the efficiency oflamp-reactor geometry, 1]LR. Using the number of photons 

absorbed inside the photoreactor (measured by actinometry) it was found that about 70 % 
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of light illuminated by the lamp was used in the photoreaction (Table 4.2). The observed 

high efficiency of light utilization stems from the circular geometry of the LED lamp and 

the narrow radiation pattern of a single LED bulb (the off-axis angle where the intensity 

drops to 0.5 of the on-axis intensity is 7.5\ The origin of light losses in the system is 

most likely due to the reflection of light from different interfaces (air-glass, glass-liquid, 

and 02 bubble-liquid interfaces). The efficiency of the power-to-light conversion, T/PL 

taking into account 30 drivers with the total power consumption of 20.9 W used for 

stabilization of the LED feed current, was about 3.9 %. Without the drivers the power 

conversion increases to 8.8%. This number is two-three times lower than that normally 

delivered by conventional light sources, such as Xe arc and fluorescent lamps, which 

routinely demonstrate about 20-40 % power-to-light conversion efficiency [185]. An 

overall efficiency of the annular recirculating reactor, " with the 524 nm LED lamp was 

found to be about 2.7 and 6.1 % with and without drivers, correspondingly (see Table 

4.2). 

Table 4.2. Efficiency of the lamp-reactor geometry, power-to-light conversion, and 

overall efficiency of the annular recirculating photoreactor for the 524 nm LED and 420 

nm actinic fluorescent lamps. 

Lamp 

524nmLED 
524 nm LED & drivers 

Actinic 420 nm 

T/LR' % 
69.1 
69.1 

9.5-19 

T/PL' % 
8.8 
3.9 

20-40a 

T/, % 

6.1 
2.7 
3.8 

Two other sources of light used with the annular photoreactor should have even lower 

levels of light utilization. Indeed, in the case of the 420 nm actinic fluorescent lamp in 

addition to reflection of light from the interfaces, about half of the total photon flux is 

propagated towards the direction opposite to the reactor and mostly wasted despite the 

• Taken from ref. [184]; b value estimated using equation (1.1) and 'IPL = 20-40 % [184]. 
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reflector surrounding the bulbs. As a result, 1'/ of only about 3.8 % (an overall efficiency) 

was achieved in this lamp-reactor geometry (estimated efficiency of the lamp-reactor 

geometry for the 420 nm actinic fluorescent lamp is less than 20 % which is about three 

times less compared to that found in the case of 524 nm LED lamp, see Table 4.2). Due 

to the inefficient lamp-reactor geometry used with the Xe arc lamp only a small fraction 

of the total photon flux (approximately 5 % of the total flux) illuminates the reactor. 

However, it was impossible to estimate quantitatively the efficiency of the lamp-reactor 

geometry and the overall efficiency for this lamp, as the total flux of photons can be 

calculated only by using an integrating sphere. 

The initial rates of pinocarvone accumulation in the tank and its generation inside the 

annular reactor follow the trend of the amount of absorbed photons: the more photons are 

absorbed inside the reactor, the higher are the initial rates of generation and accumulation 

of the product. The highest rate was achieved with the 420 nm actinic fluorescent lamp 

followed by 524 nm LED lamp (see Figure 4.1, a, and Table 4.1). The Xe arc lamp 

initiated the lowest reaction rate which is likely due to the inefficient light utilization in 

the non-optimal lamp-reactor geometry (only a small segment of the annular reactor was 

illuminated by the lamp with most of the photon flux wasted). This tendency is also 

reflected in the quantum yields of pinocarvone generation (Table 4.1). It is remarkable 

that quantum yields obtained in the annular photoreactor are higher compared to those 

found for the immersed-well reactor illuminated by a Hg lamp. 

Two other photosensitizers of 102 generation, RB and Rhodamine 6G (R6G), were tested 

in the oxygenation of a-pinene into pinocarvone. RB has a small absorption band at ca. 

519 nm and the main absorption peak at 559 nm and R6G with an absorption peak at 

529.8 nm (see Experimental) (quantum yields of 102 generation are 0.8 and 0.12 
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correspondingly [54]). Emissions from the Xe arc and the 524 nm LED lamps have good 

overlaps with the absorption bands of both photo sensitizers and, therefore, they were used 

for illumination of the photoreactor. One can see from the experimental data that the 

initial reaction rates of product generation (and therefore, quantum yields) are 

significantly lower compared with these mediated by TPP (Figure 4.1, a, b, Table 4.1, 

4.3) even taking into account the difference in the recirculating volumes of a-pinene 

mixtures (100 mL for TPP and 250 mL in the case of RB and R6G). In the oxygenation 

with RB only the product of ene reaction (an intermediate peroxide formed in a-pinene 

oxygenation to pinocarvone by 102) was obtained after 6 hrs of illumination. The reason 

why pinocarvone was not formed under these conditions can be explained by inhibition of 

the step of peroxide acylation by ethanol used as a solvent due to the formation of ethyl 

acetate. A shorter lifetime of 102 in ethanol compared to that in CH}Ci2 (1.6x 10-5 
VS 

7.7xlO-5 s [64]) and deactivation of RB due to its agglomeration [186] and binding with 

acetylpyridinium ion (similar to binding of RB with dimethylviologen [187]) may also be 

responsible for the observed low conversion. Low activity in the case of R6G stems 

probably from the low quantum yield of 102 generation. 

Table 4.3. A summary of a-pinene mixture oxygenation (250 mL, 0.15 M of a-pinene) 

performed in the annular recirculating reactor with 6.0x 10-4 M RB in ethanol and 7.1 x 10-4 

M R6G in CH2Ci2' 

Sens Lamp la, T R 
tPR ro , ro , 

Einst L- I S-I mol L- I s-I mol L-I S-I 

RB 524nmLED 4.6xl04 6.4x 10-7 1.7xlO-S 0.037 
R6G 524nm LED 4.6xl0-4 1.3x 10-7 3.4xlO-6 0.007 
R6G Xearc 2.3xl0-4 3.6xl0-8 3.0xlO-6 0.013 

The influence of the amount of absorbed photons on the initial rate of a-pinene 

oxygenation was studied in more details. Several experiments with various concentrations 

of TP P (from 8.1 x 10-4 to 5 X 10-
7 

M) were carried out in the annular recirculating reactor 
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with the 420 run actinic fluorescent lamp. It was found that low concentrations of TPP are 

correlated with the reduced initial reaction rates, which increase with the increase in the 

TPP loading. A similar behavior was mentioned in the literature for other sensitizers, see 

for example [16, 186] . The reaction mixture containing 5x lO-7 M TPP showed a steady-

state conversion at the level of about 50 % after 24 hours of illumination accompanied by 

a change of the reaction mixture ' s color from purple to brown. The observed changes are 

explained by the shift of the sensitizer absorption bands towards longer wavelengths due 

to partial protonation of TPP by acetic acid formed in the reaction [188, 189]. A decrease 

in the triplet quantum yield of the protonated TPP [190] as well as a smaller overlap 

between the shifted absorption bands of TPP and emission spectrum of the 420 nm. 

fluorescent lamp are the reasons responsible for low conversion. 
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Figure 4.2. A dependence of a-pinene conversion (Co=3.6 x 10-
1 

M) to pinocarvone in the 

annular recirculating reactor on the amount of sensitizer in 100 mL of a-pinene mixture 

(8.1 x lO-4 M, 10-4 M, 10-5 M, 5x l0-6 M, and 5x l0-7 M ofTPP) (a). A dependence of the 

initial reaction rate of pinocarvone generation in the annular recirculating reactor on the 

amount of sensitizer added (b) . The liquid flowrate is 40 mL min-I, O2 flowrate is 30 mL 

min-I, and T = 20 0 C. 

The data obtained in the experiments with various concentrations of TPP also revealed 

that the reaction rate is proportional to the amount of absorbed photons and for the fixed 
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intensity of incident light there is an optimum in the photosensitizer concentration which 

coincides with the complete absorption of incident light by the reaction layer (Figure 4.2, 

b). The concentrations higher than the optimum do not lead to any increase in the initial 

reaction rate. Moreover, an excess of a photosensitizer results in the formation of dark 

zones inside the volume of a reactor, which, together with poor mixing, may reduce the 

overall efficiency of oxygenation. This might be the main reason responsible for lower 

quantum yield of oxygenation in the immersed-well reactor. Indeed, concentration of 

8.1 x 10-5 M TPP in the 1.8 cm thickness of the reactor space is more than enough for 

absorption of all the photons emitted by the Hg lamp. Therefore, a dark zone inside the 

reactor is unavoidable in this case, while agitation by the magnetic stirrer is likely to be 

insufficient for instantaneous homogeneous mixing. The annular recirculating reactor 

with the optimized geometry i.e. a 0.15 cm thickness of the annular space and efficient 

mixing provided by the well-dispersed rising bubbles of O2 does not have such a 

disadvantage even at an 8-time excess in the amount of the photosensitizer over the 

optimum (see Figure 4.2). Moreover, in the case of higher concentrations of a sensitizer 

more photons are absorbed by the same volume of solution, which results in a higher 

concentration of triplet states, and hence in a higher rate of J O2 generation. Therefore, the 

thickness of the reaction layer is an important parameter responsible for high quantum 

yield, which is highest in the case of narrow reaction space and concentrations of 

photo sensitizers high-enough for complete absorbance of all the emitted photons. It is 

also worth mentioning that multiple experiments on optimization of the amount of 

sensitizer usually done by some researchers [16, 191] may be avoided as this parameter 

can be calculated using Lambert-Beer law. 

A variation of the reaction scale two times up and two times down revealed a decrease 

in the reaction rate with the increase of a-pinene concentration in the reaction mixture 
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(amounts of pyridine, DMA P and AC20 were altered proportionally) and decreasing 

solvent reagents ratio (sec Figure 4.3). A similar result was mentioned in [108] where 

a lower conversion was observed after tripling the reaction scale. This behavior is 

explained by stronger quenching of 10 2 at elevated concentrations of pyridine and 

DMAP (N-containing compounds are known as efficient quenchers of J O2 [64, 192]) 

leading to a lower steady-state concentration of 102 and the consecutive reduction in 

the reaction rate. This explanation is also supported by the developed kinetic model of 

the reaction , which is di scussed later. 
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Figure 4.3. Conversion versus time-on-stream of a-pinene to pinocarvone in the annular 

recirculating reactor at different initial concentrations of a-pinene (1.8 x to-' M, 3.6x 10-' 

M and 7.2x 10-' M, amounts of acetic anhydride, pyridine and DMAP were changed 

proportionally, 8. 1 x 10-4 M TPP, CH2C/2 as solvent, 100 mL in total). The liquid flowrate 

is 40 mL min-I , O2 flowrate is 30 mL min-I, T = 20°C. 

A simple kinetic model of the oxygenation inside a photoreactor was developed based on 

a steady-state approximation applied to the concentration of 102 [54, 64] : 

(4.2) 

, 
HererG= I/lJ'Ol ' rD =kD ['02], and rC=kR[R]C02] are the rates of 102 generation, 

quenching of 102 by solvent and consumption of 10 2 in physical quenching and reaction 
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with reagent R, correspondingly. kD is a first order 102 decay constant, k R' is an overall 

bimolecular rate constant for physical quenching and chemical reaction of 102 with R, 1a 

is intensity of light absorbed in the volume of a reactor, and lP10z 
is quantum yield of 102 

generation. The expression for the rate of reaction rR = kR[R]C02] in the annular 

photoreactor may then be written in tenns of reagent concentration: 

(4.3) 

Here k R is a bimolecular reaction rate constant of reagent R with 102. One can see from 

equation (4.3) that reaction rate is proportional to the intensity of absorbed light, which 

corresponds to experimental observations. After taking into account equation (3.9) in 

Experimental, integration and rearrangements we obtain the solution as implicit function 

of product conversion, X p = 1- [R] / Ro : 

(4.4) 

Here Ro is an initial concentration of reagent; V.r=VR+Vr and VR and Vr are volumes of a 

reactor and a recirculating tank, correspondingly. For detailed derivation of equation (4.4) 

see Appendix E. 

By varying quantum yield of 102 generation in the cases of different lamps with all other 

parameters being fixed (Table 4.4, Figure 4.4, a), and by varying quantum yield and 102 

decay rate constant at different initial concentrations of a-pinene and various amounts of 

absorbed light (Table 4.5, 4.6, Figure 4.4, b, c), the best fits of the model to the 

experimental data were obtained using the least squares method. 1a was extracted from the 

actinometry data, lifetime of 102 in CH2CI2, kD, and rate constant for physical quenching 
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, 
and chemical reaction of 102 with a-pinene, kR were taken from [54, 64]. Physical 

, 
quenching of 102 by a-pinene was neglected in current consideration, i.e. kR ::::; kR. 

Table 4.4. Parameters used in the least squares fitting of the kinetic model to the 

experimental data of a-pinene oxygenation in the annular recirculating reactor with 

different lamps. 

IaxVRNI, t/Jl~ q,I02 

a Ro, k b k b SM R , D , 
Einst L-1 S-1 M L mor1 s-I S-1 

420nm 6.3x 10-5 0.65 0.5-0.8 3.6x10-1 4.3x104 1.3xl04 0.010 
Fluorescent 

524nm 4.4x 10-5 0.55 0.5-0.8 3.6x10-1 4.3x104 1.3x 104 0.008 
LED 

Xe arc 6.9x 10-6 0.67 0.5-0.8 3.6xlO-1 4.3x 104 1.3x104 0.005 

Table 4.5. Parameters used in the least squares fitting of the kinetic model to the 

experimental data of a-pinene oxygenation in the annular recirculating reactor with 

different concentrations of a-pinene. 

IaxVRNI, q,I02 

* q,l~ 
a Ro, k b k ',6 R , D , SM 

Einst L-1 S-I M L mOr l S-I -I s 

420nm 6.3x 10-5 0.68 0.5-0.8 1.8x 10,1 4.3x104 l.Ox 104 0.010 
fluorescent 6.3xlO-5 0.65 0.5-0.8 3.6xlO,1 4.3x 104 l.3x104 0.010 

6.3x 10,5 0.68 0.5-0.8 7.2xlO,1 4.3x104 1.7x 104 0.004 

Table 4.6. Parameters used in the least square fitting of the kinetic model to the 

experimental data of a-pinene oxygenation in the annular photoreactor with different 

concentrations of TPP corresponding to different amounts of the absorbed photons. 

IaxVRNI' q,l~ * q,l~ 
b Ro, k b k ',e R , D , SM 

Einst L-I S-I M Lmor l S,I ,I 
s 

420nm 6.3xlO,5 0.65 0.5-0.8 3.6xlO,1 4.3x104 l.Ox 104 
0.010 

Fluorescent 6.3xlO-5 0.67 0.5-0.8 3.6xlO,1 4.3x 104 l.3x104 0.002 
5.2xlO-5 0.52 0.5-0.8 3.6xl0,1 4.3x 104 l.3x104 0.001 
4.8x 10'5 0.47 0.5-0.8 3.6xlO,1 4.3x104 l.3X104 0.003 
8.3xlO,6 0.85 0.5-0.8 3.6xl0,1 4.3xl04 l.Ox 104 0.0001 

a values are taken from [54], b values are taken from [64], C kD is in the range from 1.0 xl 04 to 1.9 xl 04 [64], 

• is best fitted parameter, SM = i[x~r;menl_x;eo"'j is minimal sum of squared residuals. 
;=1 
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Figure 4.4. Fitting of the model to the experimental data of a-pinene oxygenation in the 

annular recirculating reactor using least square method; (a) with different lamps: <> 420 

run fluorescent, !:1 524 nm LED and 0 Xe arc lamp; (b) at different concentrations of a-

pinene : 0 1.8x lO·1 M, <> 3.6x lO- I ,!:1 7.2x lO- 1 
M; (c) at different concentrations of TPP 

corresponding to different amounts of absorbed photons: <> 8.1 x 10-
4 

M, !:1 10-4 M, 0 10-5 

M , 0 5x lO-6 M, and x 5x lO-7 M; (d) is the dependence of the reaction rate on the amount 

of absorbed photons in the annular reactor: 1 is 420 run fluorescent , 2 is 524 nm LED, 3 is 

Xe arc lamps and in the immersed-well reactor, 4 is medium pressure Hg lamp. Markers 

represent experimental data, lines are best fits . 

Figure 4.4, d, shows the dependence of the initial reaction rate on the amount of absorbed 

photons in the annular reactor and in the immersed-well reactor with different lamps used 

for illumination. The data fit to a linear plot with the s lope of 0.351. Applying values of 
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Ro, used in the experiments (3.6 x 10-1 M) and the values for kD and bimolecular rate 

constant kR' taken from literature (1.3 x104 
S-I and 4.3xl04 L morl 

S·I [64]) to equation 

(4.3), quantum yield of 102 generation was found to be 0.65. The calculated value is also 

in agreement with the values obtained in the earlier studies [54]. The developed model 

also supports the explanation made earlier on steady-state concentration of 102 

dependence on variation of the reaction scale. Indeed, the best fits of the model to the 

oxygenation curves require an increase of the quenching constant with the increase in 

concentrations of quenchers (see Table 4.5). All the mentioned above examples 

demonstrate good agreement of the theory with the experimental data and therefore, this 

simple kinetic model can be employed further in optimization of the photoreactor in order 

to increase its performance as well as in the design and modeling of novel improved 

photoreactors. 

4.1.2. Oxygenation of ACHA 

Earlier study by our collaborators from the University of Loughborough (group of Prof. 

A. Malkov) carried out in the immersed-well photoreactor for 36 h under 150 W Hg lamp 

illumination demonstrated that ACHAs are less reactive towards oxygenation by 102 

compared to a-pinene. The reaction has poor regioselectivity due to weak electronic 

directing influence of hydroxyl group. Two regioisomers (two diastereoisomers each, in 

approximately equimolar ratios) are the main products in the reaction mixture: 

OH 

~ 
O2, TPP • 

hv 

OH 

~ V * OOH 
+ 

2 isomers (l:l) 2 isomers (1: 1) 

(4.5) 

Following the observation that steric and stereoelectronic factors of Si substituents 

influence regio- and diastereselectivity of 102 ene reactions [193] several silane 

derivatives of ACHA with the protecting group attached to the alcohol were studied. It 
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was found that oxygenation of TMS derivative of ACHA in the immersed-well reactor 

under 400 W sodium lamp illumination at -20 DC produced better regio- and 

diastereoselectivity with a clear preference toward compounds 1 and 2 with terminal 

double bond ((1+2):(3+4)= I :0.64 and 1 :2=0.54: L) compared to free alcohol (see equation 

(4.6)). Furthermore, the presence of TMS protecting group made the chromatographic 

separation of diastereoisomers 1 and 2, and the mixture of 3 and 4 possible. Compound 2 

is further used in a series of transformations leading to the value-added C-nucleosides 

(see Figure 1.2 in Introduction). However, the overall efficiency of the oxygenation in 

the immersed-well reactor remaines low and has to be improved for the overall process to 

have a chance of being commercially interesting. 

I S(' 
0'" "-. 

1 

\ / 
Si-

2 d OOH 

~ 
I 
S(' 

4 0"''' 

',0 

UboH 

(4.6) 

10 order to achieve higher efficiency in the oxygenation of a TMS derivative of ACHA 

(Co=8.5 x 10-3 M) the reaction was carried out in the annular recirculating photoreactor 

illuminated by the 420 nm actinic fluorescent lamp at 20 DC (see Figure 4.5). Again, a 

mixture of two regioi somers was obtained with a preference toward compound 2 with 

tenninal double bond with slightly worse regio- and stereoselectivity: ((1+2):(3+4) = 

0.64: 1 and 1:2 = 0.44: I) . A lower selectivity may be explained by the partial cleavage of 

TMS group due to its hydrolysis . Product 2 was obtained with the yield of about 24 % in 

two days of the oxygenation in the annular recirculating reactor with a significantly lower 

consumption of power used for illumination due to a thinner reaction layer. 
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Figure 4.5. Conversion of TMS derivative of ACHA (Co=8.5 x 10-
3 

M in 100 mL of 

CH2C12) in the annular recirculating reactor under 420 nm actinic fluorescent lamp. 

Concentration of TPP is 8.1 x 10-4 M, the liquid flowrate is 40 mL min-' , O2 flowrate is 30 

mL min-' and T = 20 °C. 

According to equation (3 .9) derived in Experimental the initial rate of accumulation of 2 

in the tank, 1.2x lO-8 mol L-' s-' (evaluated from kinetic data, Figure 4.5) corresponds to 

the initial reaction rate of l.l x lO-7 mol L-' s-' in the annular reactor. Using expression 

(4.3) for the rate of reaction and applying the value of Ro, used in the experiment 

(Ro=8.5 x lO-3), the amount of the absorbed light (5.7x l0-4 Einst L-' s-') and values for kD 

and l/J'02 taken from literature (1.3 x l0
4 

s-' and 0.6, respectively [54, 64]), the bimolecular 

reaction rate constant kR was estimated to be about 4.9 x 10
2 

L mor' s-' . The obtained value 

is about two orders of magnitude less than that for a-pinene. Therefore, a more powerful 

source of light should be used in order to obtain higher productivity (mol s-') as well as 

utilisation of light should be improved. 
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4.2. OXYGENATION OF ALLYLIC SUBSTRATES BY 10z IN THE 

MICRO REACTOR 

4.2.1. Homogeneous oxygenation of a-pinene in Oz-saturated solutions 

4.2.1.1. Oxygenation in a continuous mode 

Previous chapter demonstrated that reactors with narrow reaction space are superior to 

these with thick optical pathways due to better utilization of light in the reactions. In all 

the mentioned above cases the oxygenation was carried out in solutions saturated by O2 at 

atmospheric pressure via continuous bubbling of O2 through the reactors. It would be 

useful to investigate the influence of O2 pressure on the efficiency of oxygenation. 

However, neither the immersed-well nor the annular recirculating reactors allow using 

elevated 02 pressures. Moreover, both photoreactors have limited scale-up potentials as 

was mentioned in Literature Review. To overcome the drawbacks of the conventional 

photoreactors we developed a photochemical rig equipped with a glass-silicon 

microreactor chip with channel dimensions in the order of hundreds micrometers. The 

microreactor rig allows two different modes of operation, i.e. recirculating and continuous 

and two different approaches towards saturation of the reaction mixture by O2 i.e. pre

saturation of the reaction mixture via O2 bubbling and in-line saturation using segmented 

gas-liquid flow, at various pressures (1 to 60 bars), see Experimental for details. 

Three different sources of light were used for illumination of the microreactor: the in

house assembled 524 and 416 nm LED arrays and a Xe arc lamp (see Experimental for 

details). The amount of the absorbed photons was estimated from the ferrioxalate 

actinometry data (see Experimental and Appendix A). The highest amount of photons 

was absorbed in the case of the 416 nm LED array, followed by the Xe arc lamp and the 

524 nm LED array (see Table 4.7). The efficiency of the lamp-reactor geometry was 

estimated for both the LED arrays. It was found that about 7 and 21 % of light emitted by 
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the 524 run and 416 run arrays is used in the photoreaction (Table 4.8, Appendix B). 

Low efficiencies of this lamp-reactor geometry are explained by the long distance 

between the microreactor and the light sources. In order to achieve better values the 

arrays should be situated at the shortest possible distances. The overall efficiencies for the 

LED arrays, taking into account 5 drivers, were found to be 0.3 % and 1.6 % 

correspondingly while without drivers the values increase about two times. Although the 

estimated values of lamp-reactor geometry efficiencies are quite low, the specific (per 

volume of the microreactor) intensities of light absorbed inside the microreactor are of the 

same order of magnitude (or even higher as in the case of the 416 run LED array) with 

these found for the annular photoreactor (compare Table 4.7 and Table 4.1). 

Table 4.7. Oxygenation of a-pinene in the microreactor illuminated by the 524, 416 nm 

LED arrays and Xe arc lamps. The reaction was carried out in the continuous mode at 

continuous saturation by 02 at 1,3.5 and 6 bar in the tank. 

Lamp P, la, R ifJR ro , 
bar E' t rl -I InS S mol L- I S-I 

Xearc 1.0 3.3x1O-4 1.4x1O""4 0.420 
524 run LED 1.0 3.2x 1O-4 1.3xl0-4 0.404 
416 run LED 1.0 1.9x1O-3 3.3x 1 0-4 0.171 
416 run LED 3.5 1.9x 10-3 7.4x 1 0-4 0.384 
416 run LED 6.0 1.9x 10-3 8.5xl0-4 0.414 

Table 4.8. Efficiency of the lamp-reactor geometry, power-to-light conversion, and 

overall efficiency of the microreactor with the 524 and 416 run LED arrays. 

Lamp ThR' % 1]PL' % 1], % 
524 run LED 6.7 8.8 0.6 

524 run LED & drivers 6.7 3.9 0.3 
416 run LED 21.4 15.3 3.3 

416 run LED & drivers 21.4 7.4 1.6 

After determining the efficiencies of light utilization the microreactor was tested in the 

oxygenation of a-pinene using the LED arrays and the Xe arc lamp for illumination. The 
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reaction was carried out in a continuous mode at various liquid flowrates (UL = 2.5, 2.0, 

1.5, 1.0, 0.75, 0.5, 0.25, 0.1, 0.05, 0.01, 0.005 mL min-I) using continuous O2 pre

saturation of the reaction mixture via O2 bubbling in the feed tank at different pressures 

(1, 3.5 and 6 bar). It was found that at high flowrates conversion of a-pinene increases 

with the decrease in the flowrate of the reaction mixture, until a stationary conversion is 

achieved (Figure 4.6). This is associated with the increase in the residence time in the 

reactor, r= VR/UL. The stationary conversion (or maximum conversion) at a given 

concentration of a sensitizer is determined either by the amount of a-pinene or by the 

amount of the dissolved O2. Concentration of O2 in CH2Ch saturated by O2 at normal 

pressure is 8.8 xl 0-3 M while in ethanol and in CHCf3 the concentrations are slightly 

higher (9.8 x 10-3 M and 9.2xlO-3 M respectively) [194, 195]. Therefore, consumption of 

all the dissolved 02 in the reaction with 0.36 M solutions of a-pinene (about 40 times 

excess) corresponds to the maximum possible conversions of 2.4, 2.7 and 2.6 % in 

CH2Ch, ethanol and CHCi), respectively. The obtained values are in good agreement with 

the experimental data (Figure 4.6). In the case of ethanol at short residence times only 

intermediate peroxide was obtained. 

At long residence times the conversion falls down exponentially (Figure 4.6, a) which 

may be associated with the reduction of 02 concentration in the reaction mixture due to 

diffusion of 02 through the walls of Teflon tubing or interconnections. 

The maximum converSIOns also correlate with the amounts of O2 dissolved in the 

particular solvents at elevated pressures (see Figure 4.6, c, d). The saturation 

concentration of 02 in CH2Ch at 3.5 bar is about 3.1 x 10-2 M [194], which corresponds to 

the maximum conversion of 8.5 % while at 6 bar 02 solubility is increased up to 5.3 xl 0-2 

M [194] and 14.7 % conversion respectively. Similar values were obtained for CHCi) 

161 



saturated by O2 at 6 bar (5.6 x 10-2 M [194] and maximum conversion of 15.4 %). These 

numbers are in agreement with the experimental data (see Figure 4.6, c, d). Slight 

discrepancies between experiments and the theory may be attributed to a lower O2 

capacity of the a-pinene mixture compared to that of the pure solvents and to the faster 

diffusion of O2 through the walls of Teflon tubing at elevated pressures. 
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Figure 4.6. Conversion of a-pinene (Co=3.6x I 0-1 
M) to pinocarvone (to intennediate 

peroxide in the case of ethanol) in the microreactor in a continuous mode at continuous 

saturation of reaction mixture via O2 bubbling (a) at 1 bar in ethanol with TPP(OH)4 (red 

circles) , and in CH2Cf2 with TPP (black circles) illuminated by 416 nm LED array; (b) at 

I bar in CH2Cf2 with TPP illuminated by ~ Xe arc lamp, A 524 nm LED array, 0 416 nm 

LED array; (c) in CH2Cf2 and (d) in CHCf3 with TPP at A 6 bar, 0 3.5 bar, • I bar 

illuminated by 416 nm LED array. Dotted lines represent maximum conversion 

corresponding to consumption of all the O2 dissolved in the particular solvent at particular 

pressures. Concentrat ion of sensitizers is 8. 1 x 10-4 M, T = 20 °C. 
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The initial reaction rates and quantum yields estimated for different O2 pressures and 

sources of light are listed in Table 4.7. The obtained data suggest that higher conversions 

of a-pinene (0.36 M) may be obtained at higher O2 saturation pressures with suitable 

residence times. It was estimated that 40 bars is sufficient for attaining 0.36 M 

concentration of O2 in CH2CI2. However, saturation of the reaction mixture by O2 at such 

a high pressure involves an increased risk of explosion and therefore normally should be 

avoided. Therefore, due to safety reasons this experiment was not carried out. 

Using the initial reaction rates at different pressures of O2 in CH2CI2 (Table 4.7) it was 

possible to estimate the formal reaction order for O2 pressure as a slope in coordinates 

In(roixrOjY' versus In(Pi x Pjr , (see Figure 4.7). It was found that n = 0.7±0.2 in the range 

of pressures studied. 
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Figure 4.7. The dependence of logarithm reaction rates ratio on logarithm O2 pressures 

ratio to determine a formal reaction order with respect to O2 pressure. A slope of 0.7±0.2 

of a linear fit of the experimental data in coordinates In(roixro/') versus In(Pixp/'). Here 

rOi is initial reaction rate at Pi pressure. 

4.2.1.2. Oxygenation in a recirculating mode 

It was demonstrated above that the concentration of O2 dissolved In CH2CI2 at 
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atmospheric pressure is about 10-2 M. If concentration of a reagent is higher than the 

amount of available 02 the compound will not be completely oxygenated in the 

continuous mode during one pass, as stoichiometry of ene reaction is 1: 1. For 

example, in the experiments carried out with 0.36 M solutions of a-pinene about 97 % 

of a-pinene remained unreacted. In order to obtain 100 % conversion the reaction 

mixture should be re-saturated by O2 and passed through the reactor several times in a 

recirculation mode. 

The recirculating experiments were carried out at a flowrate of 2 mL min-1 using the 416 

nm LED array for illumination of the microreactor and continuous saturation of the 

rection mixture by bubbling O2 in the tank at 1 and 6 bar. These conditions correspond to 

conversions of about 1 and 2 % obtained in one pass in the continuous mode (see Figure 

4.6, b, c) while concentration of O2 is not depleted completely during the oxygenation. 

Kinetic curves obtained in both experiments are shown in Figure 4.8. One can see from 

these data that about 4-5 days is required for complete oxygenation of all the a-pinene 

(0.36 M) in 100 mL of the reaction mixture saturated by O2 at atmospheric pressure. The 

initial reaction rate recalculated from the initial rate of the product accumulation in the 

tank using equation (3.9) from Experimental (and therefore, quantum yield) is close to 

that estimated earlier in the continuous mode experiment (see Table 4.7 and 4.9). The 

initial rate of reaction increases approximately three times at 6 bars of O2 saturation 

pressure, similar to the experiments carried out in the continuous mode. The obtained 

value is in satisfactory agreement with that obtained in the continuous mode. About 2 

days is required for 100 % conversion of 100 mL in the microreactor unit. The reaction 

order with respect to 02 pressure was estimated using the initial reaction rates from Table 

4.9. The obtained value of about 0.6 is close to that obtained in the continuous mode of 

oxygenation (0.7±0.2). 
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Figure 4.8. Conversion of a-pinene (Co=3.6 x 10-1 M in 100 mL of CH2Ci2, concentration 

of sensitizers is 8.1 x 10-4 M) to pinocarvone in microreactor illuminated by the 416 nm 

LED array in recirculating mode at continuous saturation of reaction mixture via O2 

bubbling at 6 bar and at 1 bar. The liquid flowrate is 2 mL min-I, T = 20°C in all the 

experiments. 

Table 4.9. Oxygenation of a-pinene in the microreactor illuminated by the 416 nm LED 

array and carried out in a recirculating mode at continuous saturation by O2 in the feed 

tank at P= I and 6 bar. 

Lamp P, la, T R ¢R ro , ro , 
bar Einst L-I S-I mol L-I S-I mol L-I S-I 

416 nm LED 1.0 1.9x 10-3 8.9 x 10-7 3.7x 1 0-4 0.192 
416 nm LED 6.0 1.9x 10-3 2.6x 1 0-6 1.l x 10-3 0.562 

4.2.2 . Oxygenation of a-pinene in the gas-liquid segmented flow in microreactor 

The major drawback of operating a microreactor in the recirculating or continuous modes 

with pre-saturation of the reaction mixtures by O2 in a reservoir at normal and elevated 

pressures is the hazard of explosion of the formed Ororganic vapor mixtures. It was 

reported earlier that microreactors allow safe and efficient way of carrying out gas-liquid 

reactions in a segmented flow including oxygenation of allylic substrates by 

photogenerated J O2 and gas-phase reactions at elevated O2 pressures due to short 
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quenching distances in a microchannel, small volumes of gas bubbles and excellent heat 

exchange (see [8] and references therein). Moreother, small dimensions and meandering 

geometry of a microchannel provide efficient internal mixing in segmented gas-liquid 

flows [196, 197]. 

The influence of different O2 pressures and flowrates on the conversion of a-pinene in a 

segmented gas-liquid flow was studied in more detail. The oxygenation was carried out at 

a fixed liquid flowrate (0.1 mL min-I) with O2 injected into the reaction mixture via a t

connector. The 416 nm LED array was used for illumination of the microreactor. Several 

different types of segmented flow were observed depending on O2 flowrate. At low O2 

flowrates « 0.5 mL min-I) small gas bubbles were separated by liquid slugs of 

approximately the same length. The length of the bubbles became longer with increasing 

the 02 flow rate, while the regularity of the obtained patterns (lengths of bubbles and 

liquid plugs) decreased. Inset in Figure 4.9, a represents a typical gas-liquid flow pattern 

obtained at 02 flowrate of 700 mL min-1 at 6 bars. At O2 flowrates > 15 mL min-1 an 

annular flow was observed. There are many factors crucial for the stability of segmented 

flow [198]. Most important among them are the configuration of gas injector, geometric 

changes in the channel, such as bends, and spatial variation of the surface roughness and 

the microchannel cross-section. In the current study a simple I-connector was used as an 

02 injector for the formation of gas-liquid flow inside the Teflon tubing. The obtained 

segmented flow was then introduced into rectangular meandering microchannel via tight 

compression fitting connection. As a consequence, variations in bubble lengths in the 

obtained flow were up to 30-40 % of the bubble length. 

At the elevated 02 pressures in the range of gas flowrates between 1-10 mL min-I 

pulsations of the two-phase flow were observed. This phenomenon, known as 'pulsed 
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flow', was extensively studied due to its importance in operation of the industrial three-

phase gas-liquid trickle-bed reactors [199, 200]. Pulsing behaviour is explained by the 

fonnation of global convective instability in a system. The conditions of the transition 

from trickle-flow to pulsed flow are determined by densities, viscosities and surface 

tensions of the gas and the liquid, as well as by the internal structure and the material of 

the bed (in our case by the internal structure of cartridges used in the back pressure 

regulator). The specially designed high-precision backpressure regulators suit better for 

operation of microreactors in segmented gas-liquid flow regime without the pulsations 

[201]. However, these regulators are rather expensive and it is therefore useful to develop 

some simple and cheap alternatives. 

It was found that pulsations of segmented flow at high pressures of O2 can be 

significantly reduced by using 1/16" Teflon tubing packed with PSi as a back-pressure 

regulator. However, further investigation of pulsed flow was not pursued, because the 

range of pulsed flows was outside the window of maximum perfonnance of the 

microreactor. 

It was found that conversion of a-pinene increased with a decrease in the flowrate of O2 

in the range of pressures studied (1-52 bar), see Figure 4.9, a. This is explained by the 

shortening of a total residence time, fFVRI(uc;+UL) and smaller liquid holdup, 

PL=UJ(UC;+UL)' The apparent O2 flowrate, Ua can be expressed as a function of O2 pressure 

from the mass balance equation (4.7), taking into account the amount of dissolved 02 at a 

gi ven gas pressure, p. H . U L • 

(4.7) 
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Here P is O2 pressure, Po = I atm, R is ideal gas constant, T is temperature, u~ and UL 

are the actual volumetric flowrates of O2 and liquid phase, H is Henry constant 

(H=8 .8x I 0.3 M atm-' for CH2Cl2 [194]). 
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Figure 4.9. A summary of performance of the microreactor operated in a gas-liquid 

segmented flow modc_ (a) Conversion of a-pinene (3.6 x 10-
1 

M) to pinocarvone in the 

gas- liquid segmented flow vs . actual O2 flowrate at different gas pressures (1,8, 18,35, 

52 bar). Vertical dotted lines are at 1 and 30 mL min-i. lnset: photo of gas-liquid 

segmented flow in the microchaJmel. (b) Conversion and liquid holdup vs. O2 pressure for 

the actual gas flowrates of I mL min-' (0) and 30 mL min-' (. ), black circles are for 

conversion, blue are for liquid holdup. (c) The dependence of conversion on the liquid 

holdup. (d) The reaction order with respect to 0 2 pressure. Solvent is CH2C/2, 

concentration of TPP is 8.1 x 10-4 M, the liquid flowrate is 100 J..lL min-I, the 416 nm LED 

array was used for illumination , T = 20°C. 
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The conversion (and therefore, quantum yield of reaction) is proportional to O2 pressure 

at low flowrates of 02 while at the high gas flowrates it becomes virtually independent of 

pressure (Figure 4.9, b, Table 4.10) and governed by the total residence time and liquid 

holdup. Figure 4.9, b, c show that conversion of a-pinene is proportional to the liquid 

holdup. The formal reaction order for O2 pressure of 0.4±0.1 extracted from the 

experimental data (Figure 4.9, d) is lower than that found in the homogeneous conditions 

(O.7±0.2) using pre-saturation of the reaction mixtures by O2• This may indicate mass

transfer limitations due to slow diffusion of O2 from gas bubble to the liquid media. 

The region of 02 flowrates below 1 mL min-l was studied in more detail at a fixed 02 

pressure of 2 bar and different liquid flowrates in order to determine optimal conditions 

for oxygenation of a-pinene. A more powerful 250 W metal halide lamp was used for 

illumination of the microreactor. It was expected that the lamp will allow obtaining higher 

conversions. However, the intensity of the absorbed photons estimated using the 

actinometry data was found to be about 3.6x 10-3 Einst L-l 
S-I which is only twice higher 

than that obtained for the 416 nm LED array (1.9x lO-3 Einst L-I 
S-I) (see Experimental 

and Appendix A). Such a low value found in the case of the 250 W metal halide lamp is 

explained by the inefficient lamp-reactor geometry and about 1.6 times longer distance 

between the lamp and the microreactor. The lamp emits light in all directions and only a 

small part of the total flux of photons illuminates the reactor while most of the photons 

are wasted. An improvement in light utilization can be achieved only if the lamp is used 

for the illumination of several microreactors situated in a circular geometry around the 

lamp. This example again demonstrates the benefit of using LEDs in photochemical 

applications which stems from their flexibility in terms of arrangement with the reactors, 

together with high intensity of the emitted light and low power consumption. 
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The consumption of 02 during the oxygenation of a-pinene was regulated using visual 

monitoring of the disappearance of O2 bubbles inside the microchannel. It was found that 

for the fixed liquid flowrate at low gas flowrates the conversion of a-pinene varies in a 

linear manner as a function of the O2 flowrate, i.e. the reaction is limited by the supply of 

02 (Figure 4.10, a). For the higher rates of O2 flow, the a-pinene conversion reaches a 

maximum and then decreases due to the shortening of the total residence time. A similar 

behaviour was observed in a gas-liquid-solid catalytic oxidation of benzyl alcohol in a 

compact multichannel reactor and in the hydrogenation of methyl styrene in monolith 

reactors [202, 203]. The maximum of the a-pinene conversion for each particular liquid 

flowrate corresponds to complete disappearance of gas bubbles at the outlet of the 

microchannel due to consumption of O2 in the reaction. At these conditions the 

microreactor operates at its maximum performance. 

A decrease in the liquid flowrate results in higher conversions of a-pinene but, at the 

same time, the rate of reaction (or productivity, expressed in mol S·I) becomes lower (see 

Table 4.10). Higher conversions are explained by the longer total residence times while a 

decrease in the rate of gas-liquid mass transfer and smaller gas and liquid holdups (and 

therefore, smaller amounts of a-pinene and 02 available for oxygenation per unit time) 

lead to lower reaction rates [202-204]. It is worth mentioning that the rates of reaction are 

close to or even higher than these obtained in the annular and immersed-well reactors due 

to better light utilization in the microreactor (see for comparison Table 4.1 and Table 

4.10). 

Figure 4.10, b represents the observed correlations between productivity and the amounts 

of available a-pinene and O2 versus total residence time fr calculated for the conditions of 

complete consumption of 02. These data suggest that using 5 identical microreactor units 
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connected in series (providing a 5-times longer single reaction channel) with independent 

supply of each uni t by 0 2 (similar to staged injection of O2 along the length of the 

microchannel applied in [202]) in the regime of low conversions is more effi cient in terms 

of productivity than the same 5 microreactors connected in para llel with the fl owrates 

adjusted to obtain 100 % conversions in each microreactor unit. 
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Figure 4.10. Dependence of a-pinene conversion (Co=3.6 x 1 0-1 M) to pinocarvone on the 

flowrate of O2 at different flowrates of the reaction mixture (a) . Correlations of the 

productivity with the amounts of available O2 and a-pinene vs. total residence time (b) . 

Table 4.10. Oxygenation of a -pinene carried out in the micro reactor in segmented fl ow 

mode illuminated by the 416 run LED array at different O2 pressures with fi xed fl owrates 

of 0 2 and reaction mixture (uG= l mL min-I, uL= l OO /lC I min-I) and illuminated by the 

250 W metal halide lamp at various UL and fixed P. Values of UG are taken at maximum 

performance of the microreactor. 

Lamp P, (bar)1 Ia R ¢R 
Ul , (!IL-I min-I)! (Einst L- I S-I) 

ro , 
(mol C l S-I) ( L-I . -I) 

UG. ~ mm _ 
416 nm LED 1.01 I 0011 000 l.9x 10-3 l.O x 1004 0.053 
416 run LED 8.0/1 00/1 000 l.9 xl O-3 2A x I 0-4 0.125 
4 16 nm LED 18.0/1 0011 000 1.9x lO-3 3.3 x I0-4 0.1 71 
4 16 nm LED 35 .0/10011 000 1.9x 10-3 4. 1x I0-4 0.217 
250 W MH 2.0/25/436 3.6x 1 0-3 4.9x 1 0-4 0.136 
250 W MH 2.0/50/503 3.6xl0-3 6.2x I0-4 0. 172 
250 W MH 2.0/1 00/605 3.6x l0-3 9.5 x I0-4 0.263 
250 W MH 2.0/20017 \6 3.6x 10-3 1.1 x 10-3 0.306 
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It is worth to compare different types of photoreactors in tenns of productivity (in moles 

of a-pinene per unit of time) . Productivity was calculated as Xp(/J xRox VE x /;- } or 

XP(/i) xRo X UL in the cases of the recirculating and the continuous modes of operation, 

respectively (see Figure 4.11) . One can see from these data that productivity is 

decreasing with the increase in the residence time for the recirculating reactors while it is 

constant for the reactors operating in a continuous mode. Although the productivities of a 

single microreactor unit are 3-7 times lower than these estimated for the annular 

recirculating and the immersed-well reactors the quantum yields of a-pinene oxygenation 

are mostly similar or higher in the case of the microreactor, due to better utilization of 

light in the reaction . 
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Figure 4.11. Maximum productivity of different types of photoreactors (moles of a-

pinene per second) tested at different conditions (various sources of light, O2 pressures, 

flowrates, modes of operation). ARR is annular recirculating reactor, rw is immersing 

well reactor, MR-C, MR-R and MR-SF represent the microreactor operating in a 

continuous, recirculating and the segmented flow modes . 420ACT is 420 nm actinic 

lamp, MH is metal halide lamp. Numbers represent the liquid flowrates in ilL min-I. Red 

dots represent quantum yields of a-pinene oxygenation at the specified conditions and 

correspond to the right axis . 
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4.2.3. Oxygenation of ACHA in the micro reactor 

Oxygenation of TMS derivative of A CHA in the microreactor was tested first in the 

continuous mode with continuous pre-saturation of the reaction mixture by O2 in a tank at 

atmospheric pressure. The 416 run and the 524 nm LED arrays were used for illumination 

of the microreactor. The initial concentration of ACHA (4.3 x l0-3 M) used in the 

experiments is two times lower than the concentration of the O2 dissolved in CH2Ch at 

atmospheric pressure (8.8x 1 0-3 M). Therefore, potentially, all the A CHA may be oxidized 

in the microreactor. However, only about 25 % of ACHA was transformed into the 

products 1-4, which correspond to about 9 % conversions towards 2 under both the 524 

and the 416 run LED arrays illumination (Figure 4.12, a, b). This may be attributed to a 

low reaction rate constant (estimated value is about 4.9x102 L mor! s-\ low initial 

concentration of ACHA and the diffusion of O2 through the walls of Teflon tubes at long 

residence times. 

The oxygenation of A CHA was also carried out in the recirculating mode using segmented 

gas-liquid flow at 2 bar of O2 pressure (4 and 1 mL min-) for O2 and liquid flows 

correspondingly). Temperature of the microreactor was kept at 10 °e. The 250 W metal 

halide lamp was applied for the illumination of the microreactor. The kinetic curves of 

oxygenation of ACHA are shown in Figure 4.12, c. It was found that the rates of product 

accumulation differ about 4 times for the annular recirculating reactor and the 

microreactor in the recirculating mode (1.2xl0-
g 

and 3.4xlO-9 mol L-) s-) 

correspondingly) while the rate of reaction is about 10 times higher in the case of the 

microreactor due to better light utilisation (Table 4.11). Reaction rates and quantum 

yields evaluated for the microreactor operated in the continuous mode also significantly 

surpass these for the annular recirculating reactor. 
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Figure 4.12. Oxygenation of ACHA (4.3 x 10-
3 

M) in the microreactor, (a) and (b) In 

continuous mode with 0 2 presaturation of the reaction mixture under the 416 nm LED 

and the 524 run LED illumination correspondingly, T = 20 °C; (c) in the recirculating 

mode and the segmented gas-liquid flow under the 250 W metal halide lamp illumination, 

liquid flowrate is 2 mL min-!, O2 flowrate is 4 mL min-!, T = 10°C. (d) The ratio of 

products distribution in different experiments performed. 1 corresponds to the experiment 

in the annular recirculating reactor with the 420 run actinic lamp, 2, 3, and 4 correspond 

to the experiments (c), (a) and (b) respectively. 

Together with the higher reaction rates and quantum yields of oxidation of ACHA, the 

microreactor operated in the continuous and the recirculating modes demonstrated better 

selectivity towards 2 compared to the annular reactor (Figure 4.12, d). The selectivity 

slightly increases in the case of the continuous mode of operation. This fact can be 

explained by a lower residence time spent in the reactor when probability of side 
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reactions, such as hydrolysis of TMS directing group leading to the decrease in selectivity, 

is less. 

Table 4.11. Oxygenation of a TMS derivative of ACHA carried out in the annular 

recirculating reactor (ua=30 mL-1 min-I, uL=40 mL-1 min-I), in the microreactor in the 

continuous mode (uL=50 ilL-I min-I) with O2 pre-saturation of the reaction mixture and in 

the recirculating mode (uL=lOOO ilL-I min-I) in gas-liquid segmented flow (ua=4000 IlL-I 

min-I) at 2 bar of 02 pressure. 

Reactor Lamp Ia T R ¢JR ro , ro , 
(mode) (Einst L-I S-I) (mol L-I S-I~ (mol L-I S-I} 

Annular 420 nm actinic 5.7xlO=4 1.2xlO-8 1.1 x 10-1 1.9x 10=4 
(recirculating) 

1.9xlO-3 9.9xl0-7 5.2xl0-4 Microreactor 416 nm LED 
(continuous) 

3.2xlO-4 7.0xlO-7 2.2xl0-3 524nmLED 
Microreactor 250WMH 2.1xlO-3 3.4xlO-9 l.4xl0-6 6.7xl0-4 

( recirculatin~) 

4.2.4. Factors influencing the efficiency of oxygenation of aUylic substrates by 102 

Efficient photosensitized oxygenation of allylic compounds by 102 in photo reactors 

requires complex optimisation of several main factors. These are: (i) the geometry and 

materials of construction of a photoreactor, (ii) intensity, spectral composition and 

type of the light source used, (iii) the lamp-reactor geometry used, (iv) concentration, 

photostability and quantum yield of a photosensitizer, (v) saturation of reaction 

solution by 0], (vi) the rate of heat exchange, and (vii) potential for reuse of a 

photosensitizer. Summarizing all the available data it is possible to propose some 

simple design rules in order to develop efficient and safe photoreactors for 

photochemical applications and, in particular, for oxygenation of allylic compounds 

by photogenerated 102. 

Quantum yield of oxygenation is highest in the case of narrow reaction layers due to 
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better utilization of light in a reaction. The rate of reaction depends on concentration 

of the exited triplet states which is a function of the photosensitizer concentration and 

flux of photons. According to Lambert-Beer equation, the smaller the depth of a 

reaction layer, the higher the concentration of a photosensitizer is required for 

complete absorption of the incident light by the reaction layer. Therefore, the minimal 

depth of a microchannel is restricted by the solubility of a photosensitizer in a 

particular solvent. Moreover, high concentrations of photosensitizers close to the limit 

of their solubility may diminish concentration of 102 in solution due to quenching. 

The optimal depth of the micro channel estimated for the case of 10-3 M TPP and the 

416 nm LED array is in the order of 150-300 microns. 

The residence time in the reactor is proportional to the length of the microchannel. A 

longer microchannel in a single microreactor unit provides higher conversion. 

Therefore an optimal packing of a meandering microchannel should provide 

maximum ratio of the illuminated area of a microchannel to the illuminated area of a 

microreactor unit. 

Materials of the photoreactor and the type of assembly are also of a great significance. 

For example, many polymer materials as well as adhesives used in sealing of 

microreactor parts are not suitable as they cannot withstand elevated temperatures, 

pressures or organic solvents. The anodically bonded glass and glass-to-silicon 

photoreactors with etched densly packed meandering microchannels are simple and 

reliable devices which are capable of withstanding high temperatures, pressures and 

most common solvents. 
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The intensity and spectral composition of a light source used for illumination of 

photoreactors are also crucial for efficient oxygenation by J 02. As it was shown earlier, 

the rate of oxygenation is proportional to the intensity of the absorbed light. Therefore, it 

is necessary to use light sources of high intensity for better productivity of the 

photoreactor. Sources of polychromatic (white) light are useful in the case of screening a 

suitable photo-stable sensitizer with high quantum yield of J 02 generation. However, 

monochromatic sources of light matching certain absorption band of a photosensitizer are 

more preferable if the photosensitizer is already chosen. It is easy to obtain more than 99 

% of light absorption because the amount of the absorbed photons is regulated by 

concentration of a photosensitizer according to Lambert-Beer relation. High internal 

efficiency of power-to-light conversion and long lifetime of a light source also increase 

the overall efficiency of a system. 

The lamp-reactor geometry should also be optimized to provide the maximum possible 

utilization of light. The flux of photons from a light source is inversely proportional to the 

square of the distance from the light source. Therefore, the shortest possible distances are 

essential for better light utilization. The compact LED bulbs are the most suitable light 

sources because they can be arranged very efficiently with virtually any reactor geometry. 

Mono- and polychromatic high-power LED arrays (100-300 Ware already commercially 

available, Figure 4.13, a, b) are ideally suited to flat microreactor units. In this case the 

best utilization of light is achieved in a stacking geometry (Figure 4.13, c). Specially 

designed LED arrays tailored to the geometry of a microchannel would give an additional 

improvement to the overall efficiency. High-power LED arrays require efficient cooling 

to increase light output and to increase stability. Therefore, heat exchangers should be 

integrated into the system to provide efficient cooling of the LED arrays and the 

microreactor units in order to keep the desired temperature of reaction and to prevent 
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damage of the LED arrays . Heat management will play an increasingly important role 

with the increasing power of LED arrays used for illumination. 

Thermosta t 

(a) I Products 

Cooling 

LEO array 

Reactor 

Cooling 

LED array 

(b) Reactor 

Cooling 

I Reagents 

Figure 4.13. Photographic images of commercially available mono- (a) and 

polychromatic (b) high-power LED arrays of 100 and 300 W. A proposed scheme of a 

sandwich-type multilayer module comprised of several flat glass-to-silicon microreactor 

units with the integrated LED arrays and heat exchangers for homogeneous or 

heterogeneous oxygenation reactions (c). 

A problem of saturation of the reaction mixture with O2 is another important issue 

crucial for both safety and efficiency of oxygenation. Present study have shown that 

concentration of dissolved O2, controlled by the nature of solvent, composition of the 

reaction mixture used and O2 pressure, directly influences the rate of oxygenation. 

However, highly explosive hydrocarbon vapor/0 2 mixtures can form in the reservoir 

during saturation of the reaction mixture by O2 via bubbling. The hazard of explosion 

significantly increases with the increase in O2 pressure. 

Oxygenation in a microreactor using gas-liquid segmented flow mode resolves this 

contradiction. Short quenching distances for radicals in the small volumes of gas 

bubbles inside a microchannel allow safe operation even at elevated O2 pressures (in 

thi s study ox ygenation of a-pinene was carried out at O2 pressures up to 52 bar) , while 
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a meandering geometry of microchannel provides efficient internal mIxmg. 

Establishing such reaction conditions that all 02 fed at the reaction inlet is consumed 

in the reactor increases safety of oxygenation. 

Oxygenation of a-pinene and ACHA in the microreactor in a continuous mode using 

segmented gas-liquid flow also revealed that operation at short total residence times is 

more efficient in terms of productivity and selectivity. Therefore, a long-enough 

reaction channel (or several microreactors connected in series) with staged injection 

of 02 along the length of the microchannel is preferable in order to increase the 

productivity of the reactor while the microreactors connected in parralel will improve 

the selectivity of oxygenation. 

Finally, a common drawback of all the photochemical processes usmg dissolved 

photo sensitizers is that the photosensitizer is not reusable. Contrary to that, 

heterogeneous photo sensitizers are suitable for multiple use since they can easily be 

separated from the reaction mixture by filtration, or can be immobilized directly onto 

the walls of a photoreactor. Novel heterogeneous photosensitizing nanomaterials 

based on PSi look very promising for the applications with the glass-to-silicon 

anodically bonded microreactors. Nanocrystals of PSi can be easily prepared in the 

form of films inside a microreactor by etching the walls of a Si microchannel in HF

containing mixtures. Therefore, the following two chapters are devoted to the 

investigation of the applicability of 102 photosensitizers based on PSi in oxygenation 

of allylic compounds. 
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4.3. HETEROGENEOUS 102 PHOTOSENSITIZERS BASED ON POROUS 

SILICON (PSi) 

4.3.1. Photodegradation of DPBF 

Following recent studies [23, 33] the ability of PSi to substitute the common dye 

photo sensitizers in generation of 102 was investigated in more details. As in the earlier 

work [23], DPBF was chosen as an 102 trap. This compound easily undergoes a 1,4-

cycloaddition reaction with 102 molecules forming an endoperoxide (an overall 

reaction constant, kR' = 8xl08 L morl 
S-I [205]), which decomposes irreversibly 

yielding the product 1,2-dibenzoylbenzene, equation (4.8) [33, 85]. 

~~~--~g 
~ Vfo Vy 

Ph Ph Ph 

DPBF l,2-dibenzoylbenzene 

(4.8) 

Figure 4.14 shows results of the DPBF photodegradation experiments performed in 

the annular recirculating reactor in N2- and Or saturated F 113 containing dispersed 

PSi, under dark conditions and under the 524 nm LED lamp illumination. The 

concentration of DPBF did not change without illumination either in N2 or O2 

ambience. Also, no photobleaching of DPBF was observed under the LED lamp 

illumination in the abcence of PSi. A small decrease in the concentration of DPBF 

was found under irradiation of N2-saturated suspensions of PSi by the LED lamp. The 

same effect was reported earlier, and was explained by direct electronic interaction 

between triplet excited states of Si nanocrystals and DPBF [23, 33, 85]. This process 

is also known as Type I photosensitized oxidation, taking place due to donation and 

acceptance of protons or electrons which results in the formation of free-radical ions. 

An alternative pathway of oxidation is by the photosensitised 102 (Type II pathway) 

which can also lead to degradation of organic compounds [98]. Type II process is 

dependent on the concentration of O2 molecules in solution. If a solution is O2-
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depleted, the shift from Type II to Type I mechanism is favourable. The observed 

photodegradation of DPBF can also be partly related to an incomplete replacement of 

02 by N2 after bubbling of N], or to the presence of physisorbed O2 on the surface of 

PSi as it was mentioned earlier [23]. 

When PSi was dispersed in an Orsaturated solution and exposed to the LEDs 

illumination for several hours, a linear decrease in DPBF concentration was observed. 

This indicates stability of PSi photosensitizer during photodegradation of DPBF. In 

contrast to results obtained in [23] this study demonstrated that photodegradation rate 

of DPBF is independent of the O2 flow rate. The initial rate of DPBF photobleaching 

in the reaction tank was found to be about 5.0xl0-8 mol L S-I. The reaction rate inside 

the annular photoreactor recalculated from this number was found to be 1.3 x 10-6 mol 

L s -I. Despite the more than double the number of the LEDs used (240 versus 96 

LEDs), or a five fold increase in the amount of absorbed photons (4.4 x lO-6 Einst S-I 

VS. 8.3 x lO-7 Einst S-I) the DPBF photodegradation rates in the current study and in 

[23] are nearly equal (1.3 x lO-6 mol L S-1 VS. 1.2xl0-6 mol L- 1 
S-I) (see Figure 4.14, 

a, b). This result is explained if the limiting step in the PSi-mediated DPBF 

photobleaching is absorption of photons and the formation of excitons in PSi, which is 

coincident with the observed zero-order kinetics of DPBF photodegradation. 

In order to characterise performance of DPBF photobleaching in a particular reactor 

the authors used the term "quantum yield of chemical reaction" defined as a ratio of 

the rate of photobleaching of DPBF to the rate of J 0] generation [23]. However, this 

term corresponds to the utilisation of J O2 in the reaction but not the real efficiency of 

a photoreactor in the photobleaching process. For this purpose it is better to use the 

generally accepted overall quantum yield, especially when the mechanism of the 
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photobleaching process is not clear, as in the case of PSi. 

Using the number of absorbed photons obtained from the actinometry data (see Appendix 

A) and the initial rate of DPBF photodegradation the overall quantum yield of DPBF 

photodegradation was found to be 3.0x lO-3
, which is five times lower compared to 

l.4x 10-2 re-calculated using the data from reference [23]. The obtained data suggest that 

photobleaching of DPBF mediated by PSi is not as efficient as it was reported earlier. 

Moreover, the data leave doubt over the specific mechanisms involved in PSi-mediated 

photodegradation of DPBF which will be discussed further. 
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Figure 4.14. Photodegradation of 10-3 M solution of DPBF in Fi13 containing 0.2 % wt 

dispersed PSi (250 mL) performed in a recirculating annular reactor and measured by 

monitoring of the intensity of absorbance at 410 run in a 1 cm quartz cell. (a) N2 (0, .) 

and 02 (~, A) saturated solutions under LEDs illumination (~, 0) and in dark (A, .), N2 

and 02 flow rates are 30 mL min-I; (b) oxygen flow rate influence on oxidation, 0 30 mL 

min-I,. 50 mL min-I, T data from ref. [23] (02 flowrate is 50 mL min-I). Reactor 

temperature is 20°C, the liquid flowrate is 40 mL min-I. 
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4.3.2. Oxygenation of a-pinene 

PSi was also tested as 102 photosensitizer in the oxygenation of a-pinene to pinocarvone 

in both, batch and flow conditions. However, there was no conversion at all either in the 

immersed-well quartz reactor with different amounts of PSi (0.2 and 0.02 % wt) 

suspended in CH2Cl2 or in CC14 after 7 hours of illumination by a 125 W Hg lamp, or in 

the annular recirculating reactor for all the different types of PSi used: PSi, psl, and PSi
lJ 

(see Table 4.12) even after 24 hours of illumination by a Xe arc or an LED lamp. In the 

experiments with PSi in CCI4, and also with psl, and PSP a change of color of PSi was 

observed, which was interpreted as oxidation of the PSi powder. 

Table 4.12. A summary of a-pinene photooxidation experiments performed in the 

immersed-well reactor under a Hg lamp illumination and in the flow reactor under the 

LED and Xe lamp illumination. 02 flow rate was 30 mL min-I, T = 20°C, the liquid flow 

rate was 40 mL min-1
_ 

Reactor Lamp Solvent Amount of Conversion (Time), % (h) 
PSi, % wt. 

Immersing Hgmed. CH2Ch 0.2 0(7) 

well press CH2Ch 0.02 0(7) 
CC4 0.02 0(7) 

Annular 524nm FIB 0.2 0(6) 

recirculating LED FIB 0.2a 0(24) 
FIB 0.2b 0(24) 

Xe arc CH2Ch 0.2 0(23.4) 
a_psi ( PSi]] , 

4.3.3. Quenching of excitons confined in PSi by organic molecules 

It is known that apart from the quenching of excitons confined in Si nanocrystals by 02, 

another possible deactivation pathway is direct quenching of excitons by various organic 

molecules [95, 206, 207]. Therefore, in order to clarify the reasons for the observed 

inefficiency of PSi as 102 sensitizer it was decided first to check the quenching of PSi PL 

(suspensions of 1.1 % wt in CH2Ch) by DPBF, a-pinene, or a-pinene reaction mixture 

with co-reactants during gradual addition of the corresponding compounds. In the case of 
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DPBF and a-pinene mixture, about 0.7 and 30 mM concentrations respectively are 

sufficient to quench all the excitons which would, otherwise, lead to the formation of 102 

states (see Figure 4.15, a, b). Since the energy of the triplet state of DPBF lies about 1.48 

eV above the ground state and almost all photoexcited excitons in Si nanocrystals have 

energies above this value, this process is favorable [208]. Quenching of PSi PL by the a-

pinene reaction mixture is explained by the presence of pyridine and DMAP in the 

mixture, which are known as efficient quenchers of PSi PL even in micromolar 

concentrations [206, 207]. 
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Figure 4.15. PL spectra of 0.9 % wt. PSi powder dispersed in CH2CI2, containing various 

concentrations of quencher. (a) a-pinene reaction mixture; concentrations from top to the 

bottom: 0, 38, 110, 380, 940 11M, 3.3, 14, 29, 35 mM. (b) DPBF, concentrations from top 

to the bottom: 0, 35, 70, 100, 210, 350, 700 11M, 1.7, 2.7 mM. Note, at high 

concentrations of DPBF its PL can be clearly seen in the spectral range of higher 

energies. Eex.=2.54 eV, Iex.=500 I1W cm-
2

. 

At the elevated DPBF concentrations (about 0.8 mM) the increase in PL intensity in 

the high-energy side of the spectral range is caused by DPBF luminescence. At high 

concentrations it efficiently absorbs laser light and, therefore, luminesces stronger 

than PSi. PSi PL quenching means that if the mM concentrations of DPBF are used in 
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photobleaching experiments (for example, in [23 D, the energy of almost all excitons is 

directly transferred to DPBF molecules. This process restricts formation of 102 and 

the photobleaching of DPBF mainly takes place via a Type I pathway described 

above. In the case of pure a-pinene it was found that it does not quench PSi PL even 

at 2 M concentrations. 

4.3.4. Oxygenation of a-terpinene 

In the previous chapter it was shown that DPBF is a very efficient quencher of excitons 

confined in PSi even at micromolar concentrations. Therefore its use as a 102 trap is 

inappropriate in the case of PSi. Contrary to that, a-terpinene does not quench PL of PSi 

even at elevated concentrations (about 2 M) and, therefore, can be used as an 102 trap to 

determine efficiency of PSi as a photosensitizer. Similar to DPBF, a-terpinene easily 

, 
reacts with 102 via l,4-cycloaddition (kR =108 L morl 

S·l [209], which is comparable 

with that of DPBF) producing ascaridol (4.9). Additionally, the efficiency of PSi in 

photooxidation of a-terpinene by 102 was compared here with that of a conventional 

triplet dye 102 photosensitizer tetraphenylporphine (TPP). 

(4.9) 

a-terpinene ascaridol 
From the NMR spectra obtained in the experiment with the conventional sensitizer TPP it 

was found that 15 % conversion of a-terpinene to ascaridol was achieved after 3.5 hours 

of illumination in the recirculating photoreactor (Table 4.13). In the case of the PSi 

sensitizer formation of ascaridol was not detected even after illumination for 24 hours. 

However, this does not mean that reaction does not take place at all, rather a more 

sensitive method of detection is required, for example, the direct measurement of 102 PL 

by near-IR spectroscopy, described below. Another potential explanation of the lack of 
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ascaridol signal in NMR spectra is the feasibility of its sorption on the extended surface of 

PSi, especially as the reaction is very slow in the case of this sensitizer and the expected 

product concentrations are very small. 

Table 4.13. Details of the a-terpinene photooxidation experiments performed in the 

annular continuous photoreactor under 525 nm LED and Xe arc lamps illumination. O2 

flow rate is 30 mL min-I, T = 20 °C, liquid flowrate is 40 mL min-I. 

Reactor 
Annular 

recirculating 

Lamp 
Xearc 
Xearc 

524nm LED 

Solvent 
CH2Ch 
CH2Ch 

FI13 

Sensitizer 
TPP (8.7 x I0-s M) 

PSi (0.2 % wt) 
PSi (0.2 % wt) 

Comments 
Ascaridol/ 3.5 hrs 

No product / 23.4 hrs 
No product / 6 hrs 

In general, the rate of photooxidation depends on the bimolecular rate constant and on the 

steady-state concentration of 102 in solution [54, 64]. In equilibrium the rate of 102 

generation, t/J'o2Ia equals the rate of its decay kD [102 ] and therefore steady state 

concentration of 102 can be expressed as: 

(4.10) 

Here <P'
02 

is quantum yield of 102 generation, Ia is the intensity of the absorbed light and 

kD is the first order 102 decay constant. In the presence of 102 quencher R, steady state 

concentration of 102 is reduced to: 

(4.11) 

, 
Here k R is an overall rate constant for physical quenching and chemical reaction with 

102. Reduction in the steady state concentration of 102 in solution can be detected as the 

decrease of 102 PL emission intensity at 1270 nm (0.98 eV). Therefore, by using a more 

sensitive PL spectroscopy it is possible to monitor photooxidation of a-terpinene and 

compare the efficiencies of both sensitizers. 
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Measuring the intensity of 102 PL during gradual addition of small amounts of a-

terpinene to the suspensions of PSi (0.9 % wt in C6F6) it was found that 460 ~M 

concentration of a-terpinene is sufficient to suppress 102 PL almost completely 

(Figure 4.16). A decrease in 102 PL (or, respectively, of 102 steady state 

concentration) can take place either due to physical quenching or chemical reaction 

[56]. In the case of physical quenching, an addition of a specific amount of quencher 

will result in the corresponding constant level of PL suppression. On the contrary, if 

the chemical reaction path dominates, concentration of the reagent decreases with 

time, and consequently the level of 102 PL quenching should be reduced. The 

corresponding experiment was done as seen in Figure 4.17. 
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Figure 4.16. PL spectra of 102 e L1 ~ 3 E decay transition) photogenerated by 0.9 % wt. of 

PSi powder in C~6. a-terpinene was gradually added to the solution to obtain the 

following concentrations, from top to bottom: 0, 40, 75, 120, 200, 270, 350, 460 ~M. 

Inset: evolution of the maximum of the 102 luminescence vs a-terpinene concentration. 

The broad PL from PSi dangling bonds is subtracted in order to estimate the PL intensity 

of the 102 emission line. Iex.=30 mW cm-2, Eex.=2.54 eV. 

Following the initial quenching of 102 PL with 75 ~M of a-terpinene, the PL intensity 

recovered almost completely over 40 min of illumination by an Ar+ laser (Jex.= 500 

m W cm -2). This indicates a chemical reaction between 102 and a-terpinene. In Figure 
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4.17, a the PL signal without a-terpinene corresponds to the curve having the largest 

intensity, whereas the curve with the lowest intensity is recorded immediately after 

the addition of the reactant. The lines between these two limits from the bottom to the 

top clearly show recovery of 102 luminescence after continuous illumination for 12, 

21 and 40 minutes, respectively. This is easily seen in the inset in Figure 4.17, a 

showing the intensity of the 10 2 PL as a function of time. 

The corresponding experiment with a conventional sensitizer TPP is shown in Figure 

4.17 b. A similar ratio of the sensitizer to the reactant molecules was used (37 JlM in 

C6F6). To estimate the similar amount of TPP we assumed that PSi is composed from 

nanocrystals with an average size of 5 nm acting as elementary absorbers. As in the 

case of the PSi sensitizer, initial addition of a-terpinene (30 mM concentration) leads 

to a nearly complete suppression of 102 PL. However, in the case of the TPP 

sensitizer, complete conversion of a-terpinene occurred over 25 min using a much 

lower light intensity (Iex.= 15 mW cm
o2

). 
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Figure 4.17. Time evolution of the 102 PL spectra (' L1 ~ 3 L decay transition) after initial 

addition of (a) 75 JlM a-terpinene to 0.9 % wt. of PSi powder in C~6, Iex.= 500 mW cmo2
, 

Eex.= 2.54 eV; (b) 30 roM of a-terpinene to 37 JlM TPP in C~6, Iex.= 15 mW cmo2
, Eex.= 

2.54 eV. Lnsets: 102 PL peak intensity as a function of time for the respective images. In 

the case of PSi the broad PL from Si defects was subtracted in order to estimate the PL 

intensity. 
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4.3.5. Factors influencing the efficiency of 102 generation by PSi 

The overall rate of 102 generation mediated by PSi is a product of the intensity of 

absorbed light, quantum yield of long living photogenerated excitons and the efficiency of 

energy transfer from the photoexcited Si nanocrystals to O2• Despite the high efficiency 

of the latter process, which is about 80 % [81], the overall efficiency of 102 generation 

cannot exceed 0.05-0.1, because quantum yield of PSi PL (or the number of long living 

excitons created by light per number of absorbed photons) does not exceed this value 

[93]. Therefore, in the case of the PSi sensitizer the illumination time or intensity of light 

should be significantly increased to achieve the same conversion of a-terpinene to 

ascaridol as with TPP, having quantum yield of 102 generation in the range of about 0.5-

0.8 [54]. 

The efficiencies of 102 formation mediated by both PSi and TPP were also directly 

compared. Figure 4.18 shows that under similar illumination conditions and with a 

similar amount of primary absorbers in the reaction system the intensity of the 

emission peak from the 111 -+ 3}; transition of 102 generated by TPP (and, therefore, 

102 steady state concentration) is over 200 times higher than the corresponding values 

achieved using PSi. This value is likely to be specific to the particular sample of PSi 

and may vary between samples. The discrepancy between the observed 102 steady 

state concentrations generated by TPP and PSi photosensitizers (Figure 4.18) and the 

corresponding quantum yields of 102 formation indicates that there are additional 

decay channels for 102 in PSi, which are discussed below. 
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Figure 4.18. PL spectra of J 0 2 e 11 -+ 3 I decay transition) generated by 0.9 % wt. of PSi 

in CCl4 (solid line) and 37 IlM TPP (dashed line). Solid curve was multiplied by a factor 

of 50. Dotted vertical line indicates the energy of J O2 J 11 -+ 3 I transition in the gas phase. 

l ex. = 15 mW cm-2
, Eex. = 2.54 eV. 

As it was mentioned earlier, the steady state concentration of J O2 in the absence of 

added quenchers can be expressed by equation (4.10). If TPP is used as J O2 sensitizer, 

the J O2 decays mostly due to collisions with molecules of solvent, and therefore, 

decay constant kD is determined only by the lifetime of J O2 in a particular solvent, rd. 

Physical quenching by TPP can be neglected due to its small concentration. In the 

case of PSi an additional term, given by the deactivation time of J O2 by the surface of 

Si nanocrystals, Tq , contributes to the solvent-mediated quenching of J O2. It should be 

noted that the surface of Si nanocrystals is H-terminated and, due to high frequency of 

Si-H bonds oscillations, this surface can very efficiently quench 102 molecules during 

collisions [56]. The total lifetime of J O2, rD, measured in suspensions of PSi (1 % wt) 

in C6F6 in the absence of other quenchers was found to be 3.9 ms [33]. Taking into 

account this value and the lifetime of 102 in pure C6F6 (rd =25 ms [210]) it is possible 

to estimate the deactivation time of J O2 by the surface of Si nanocrystals, using 

equation (4.12): 
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Based on this equation Tq was estimated to be about 4.9 ms. This value implies that 84 

% of photogenerated 102 is deactivated in the pores of PSi due to collisions with its 

hydrogenated internal surface. 

It is worth mentioning that quenching of photo excited excitons confined in PSi by 02 

may also lead to the formation of superoxide ion (0;'): 02 is a very good electron 

acceptor and electrons can easily be donated by the excitons. Formation of superoxide 

ion competes with the 102 generation and can also directly contribute to quenching of 

102 (estimated quenching constant of 102 by 0;' is about 1010 L mor l s·l) [211]. This 

assumption explaines the appearence of an additional weak local spectral minimum at 

around 2 eV in the differential spectra of the PL quenching [81] and it also does not 

contradict the observed photodegradation of DPBF in the presence of PSi, as it is well 

known that DPBF also reacts with 0; via different routes [212, 213]. However, 

additional experiments have to be performed to unequivocally prove or disprove the 

hypothesis of 0; formation. 

Figure 4.19 shows a general scheme of the main possible physical and chemical 

reaction channels in the system: PSi (photosensitizer), light (hv), solvent, molecule of 

reagent (R), and O2• Despite simplifications the scheme can be applied for any 

sensitizer including PSi. Detailed scheme developed for dye senstizers can be found in 

[54]. 
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Figure 4.19. A schematic description of reaction pathways in the system containing 

photons, photosensitizer, solvent, 0] and a reagent molecule (R). Details are in the text. 

Electronic excitations of PS( in principle may be quenched by any acceptor to a 

different extent. Quenching by 0] leads to J 0] orland 0; with the rate constants kG 

, . 
and kG respectively. R quenches the excited states in PSi physically, resulting in heat 

generation (Q), or chemically yielding different products {Pi} with the rate constant 

k
R1

• The generated 10] is consumed either via radiative decay (kr ) or physical and 

, 
chemical quenching by surrounding media (kD ), and by PSi with rate constants kQ , 

kQ yielding Q and oxidation of PSi correspondingly. Finally, oxygenation of R by 10] 

with reaction constant kR leads to the desired products of ene reaction. 0; quenches 

J 0], reacts with PSi and R. It is worth mentioning that different sets of products {Pi} 

may be obtained in the reaction of R with J 0], 0; or via direct interaction with the 

photosensitizer. Also, some paths of this scheme can be more complex and could have 

different relative importance. For instance, in the case of PSi it was shown, that the 

contribution of degradation pathways of DPBF different from the J OJ-mediated 

photooxidation plays a significant role in the total DPBF photobleaching process, 

while physical quenchng of 10] by H-terminated surface is crucial in overall 

deactivation of J 0]. 
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4.4. HETEROGENEOUS 102 PHOTOSENSITIZERS BASED ON DYE

MODIFIED POROUS SILICON 

4.4.1. FTIR characterization of the dye-modified PSi sensitizers 

One of the key ideas of this project was to use PSi nanocrystals as a heterogeneous 

photosensitizer for generation of 102• If successful, this approach towards generation of 

10
2 

could be further realized in a novel design of glass-silicon photochemical 

microreactors with the imbedded layers of PSi formed by the chemical etching of the 

walls of the microchannel by HF mixtures. However, our studies clearly demonstrated 

that pure PSi nanocrystals are inefficient photosensitizers of 102 generation due to low 

quantum yield of 102 formation and due to quenching of 102 by the H-terminated walls of 

pores. 

In spite of this disadvantage PSi has one important feature: the H-terminated surface of 

the nanomaterial can be easily modified by immobilization of different functional 

molecules via hydrosilylation with the formation of stable Si-C bonds [214, 215]. 

Hydrosilylation of H-terminated Si and PSi surfaces was exploited for passivation of Si 

and PSi surfaces by the attached alkenes and manufacturing of bioarrays (see for 

example, review [216] and references therein), for the formation of the enzymatic 

catalytic surfaces [217] and bonding of the redox-active molecules (such as porphyrines 

and ferrocenes) functionalized for surface attachment for information storage devices 

[218, 219]. Therefore, in order to improve the photosensitizing properties of PSi, the 

functional nanomaterial can be modified by an appropriate efficient 102 dye 

photosensitizer using hydrosilylation reaction with H-terminated PSi surface. 

A commercially available tetra(4-allyloxy)phenylporphine photosensitizer with four 

terminal double bonds was chosen for this purpose. Thermal (T= 1 08 °C), photo- (Xe arc 
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lamp illumination), and catalytic (H2PtCI6 and AIClj) activation were tested in this study 

(see Experimental for details). 

All the samples (pure PSi and dye-modified PSi photosensitizers) were analyzed by FTIR 

spectroscopy (Figure 4.20). The spectrum of pure PSi powder exhibits two broad 

absorption bands at 2086 and 2251 em-I. First peak corresponds to the Si-Hx stretching 

modes (x=1-3), while second is assigned to the O-back-bonded Si-H species, (02)SiH2 

and (OJ)SiH [217, 220]. Absorption bands at 625, 660, 840 and 880 cm-I correspond to 

Si-Hx bending and rocking modes [217, 221]. The broad intensive peak with the 

maximum at 1073 cm-I is attributed to Si-O-R symmetric stretching vibrations of partially 

oxidized PSi surface [222]. The modified PSi powders prepared via thermally, photo- and 

catalytically (H2PtCl6)-activated hydrosilylation of the dye to PSi demonstrated almost 

complete disappearance of Si-Hx absorption modes in FTIR spectra while in the case of 

AICh-activated attachment of the dye to PSi, the Si-Hx bonds were left almost unchanged 

(see Figure 4.20, a). Absorption peak at 1606 cm-I is attributed to C=C vibrations of the 

non-attached double bonds of the dye sensitizer [223]. The peak is broadened by the 

absorption band centered at 1626 cm-I and can be related to molecular water [222, 224]. 

There were no distinct Si-C absorption bands found in FTIR spectra either at 680 cm-I and 

in 750-870 cm-I regions, nor at 1258 and 1458 cm-I [215,222,225-228]. This fact may be 

explained by small IR absorption crossection and low concentration of Si-C bonds on the 

surface [229]. The differential spectra between FTIR spectrum of pure PSi and 

immobilized samples show disappearance of Si-Hx absorption bands at 625, 660, 840, 

880, 2086 and 2251 em-I after immobilization of the dye (see Figure 4.20, b). The 

increase of absorption at 680, 875 cm-I, and at 780 and 1458 cm-I may be attributed to Si

C stretching and bending modes, correspondingly. The peaks situated at 805, 960-1035, 

1175, and 1230 cm-I are attributed to the absorption bands of the dye photosensitizer. 
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Figure 4.20. FTIR spectra of pure PSi, pure dye sensitizer and dye-modified PSi samples 

(a), Differential spectra between FTlR spectrum of pure PSi and immobili zed samples 

(b), Photosensitizers prepared by photoactivated under Xe arc lamp ill umination, 

thermally activated at T=108 DC , catalytically activated by H2P1Cl6 and AlCI3 

hydrosilylation are represented by green, red, dark-blue and black curves, 

correspondingly. Pure PSi and dye sensitizer are represented by b lue and violet curves, 

respectively. Right scale in (b) is for absorbance of dye. 

4.4.2. Oxygenation of a-pinene mediated by the dye-modified PSi sensitizers 

The PSi samples modified with the dye were tested in the oxygenation of a -pinene using 

the annular recirculating photoreactor and a simple tubu lar batch reactor (VR=12 mL) 

under the 524 lID1 LED lamp illumination (la=4.6 x 10-4 Einst L-I 
S-I). The kinetic curves of 

oxygenation are shown in Figure 4.21. Comparison of the product accumulation rates and 

reaction rates inside the photoreactor with these obtained in the case of pure TPP 

photosensitizer revealed that all the immobilized photosensitizers are much less active in 

195 



the oxygenation than the free porphyrin (see Table 4.14) . Low acti v ity of the supported 

photosensitizers is well known fact [230-232] which can be re lated to quenching of the 

photogenerated 10 2 by the Si-H and Si-OH surface quenching groups of PSi, or 

energy/electron transfe r from the attached porphyrins to Si nanocrys tals. 
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Figure 4.21. Oxygenation of a-pinene in the ann ular rec ircul ating photoreactor ( . and + 

correspond to light- and temperature-act ivated hydrosilylation) and in tubul ar batch 

reactor ( VR= 12 mL) (0 and A represent Alel3 and H2PtC/6 acti vated hydros il ylation) 

under the 524 nm LED lamp illumination (Ia=4.6 x lO-4 E inst C l 
S- I) . 

Table 4.14. Product accumulation rates and reaction rates obta ined in the annular 

recirculating photoreactor and a simple tubu lar batch photoreactor (VR= 12 mL) in thc 

cases of TPP and dye-modified PSi prepared via thermal, photo, and cata lytica ll y 

activated hydrosilulation, PSi-S (T) , PSi-S (hv), PSi-S (H2PtCI6) and PSi-S (AICI3) , 

correspondingly. 

TPP PSi-S (T) PSi-S (hv) PSi-S (H2PtCh) PSi-S (A /ClJ) 

T IL-I -I 1.1 x l 0-) 9.6 x lO-8 lAx l O-7 1.2x lO·1 6 .8x lO-7 
ro ,Mo s 

R I L-I -I 1.1 x 10-4 1.0x 10-6 1.5 x 1 0-6 1.2x I 0-7 6 .8x 10-7 
ro ,010 S 

¢R 0.239 0.002 0 .003 

The first reason was earlier found to be responsible for low efficiency of the pure PSi and 

therefore cannot be eliminated in the case of the dye-modified PSi photosensiti zers. The 
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effect of J 02 deactivation by quenching groups of the support was also reported for 2-

acetonaphthone absorbed on silica and silica-immobilized porphyrins [231-233]. 

Therefore, this factor probably contributes to low efficiency of the dye-modified PSi 

photosensitizers. 

Energy or electron transfer in the dye-semiconductor systems is driven by 

thermodynamics [234-236]. From the energetic diagram shown on Figure 4.22 it is clear 

that both the energy transfer from the excited state of the immobilized porphyrin to the 

PSi conducting band and the electron transfer from the immobilized porphyrin to the 

valence bond of the PSi excited state are thermodynamically favorable. Direct energy 

transfer from the highest occupied molecular orbital of TPP to the conduction band of PSi 

is also possible as it was shown for the porphyrin-modified Si nanowires [236]. The 

mentioned above consideration is fulfilled for TPP (energy levels of a photosensitizer 

used in this study are very close to these of TPP [234, 237]) immobilized on Si 

nanoparticles with a bandgap from bulk Si (1.1 eV) up to PSi with a bandgap of 2.9 eV 

(which corresponds to energy difference of about 1.0-1.3 eV between conductind band of 

PSi and Fermi level [238, 239]). 

In the case of energy/electron transfer the length of a spacer linking the photosensitizer to 

the surface can also play an important role as it was demonstrated for Zn-porphyrin 

monolayers attached to Si(100) surfaces and Merrifield-immobilized porphyrins [229, 

230]. The authors found that photosensitizers with longer spacers between porphyrin and 

Si monocrystal exhibit slower electron-transfer rates. Also, immobilized photosensitizers 

with longer spacer between porphyrin and the polymer support were more efficient in 

oxygenation of monoterpenes. In the current study the length of each of four tethers was 

equal to a C4 carbon chain spacer while the most efficient immobilized photosensitizers 
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were linked to Merrifield polymer by a C/2 spacer. Contrary to that, for the silica-

supported porphyrins the impact of the spacer length on activity in 102 oxygenation was 

shown to be insignificant [231 , 232]. The authors attributed this fact to efficient 

quenching of photogenerated 102 by the silica matrix. However, quenching of 102 cannot 

substitute energy transfer from the excited states. The lower impact of spacer length is 

better explained by a lower band gap of the Merrifield polymer compared to that of silica, 

making energy transfer from the excited dye molecules to silica unfavorable. 

E LUMO --:----T- --=j ~ 

3 

1.4 eV 

2.0eV 

EF - - - - -

TPP 

7-----.- E CB 

2.1 eV 

1.4 eV 
4 

PSi 

Figure 4.22. Diagram of energetic levels of TPP and PSi. EVB is energy of valence band, 

E CB is energy of conducting band, EF Fermi level , EHoMO is energy of highest occupied 

molecular orbital, E WMO is energy of lowest unoccupied molecular orbital, 1 is excitation 

of TPP, 2 is direct transfer, 3 is indirect transfer, 4 is electron transfer to excited PSi. Data 

for TPP and PSi energy levels were taken from references [234, 237, 238]. 

To avoid (reverse) undesirable energy transfer a photosensitizer with energy levels 

adjusted to PSi support (with smaller bandgap and energy of lowest unoccupied 

molecular orbital lower than the energy of conducting band of PSi) should be used. A 

longer spacer linking the photosensitizer to the surface of support will decrease the rate of 

energy/electron transfer from porphyrin to the support. As a possibility the PSi matrix 

could be oxidized prior or after dye immobilization in order to increase its band gap. 

However, Si-OH bonds are about two orders of magnitude more efficient quenchers of 
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102 [56] and therefore, oxidation will lead to a decrease of the overall efficiency. Further 

study is required in order to quantify the influence of the above factors discussed above 

and to develop an efficient heterogeneous supported photosensitizer. 
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CONCLUSIONS 

A laboratory-scale annular recirculating photoreactor was designed, assembled and tested 

with a 524 run LED, a 420 run actinic fluorescent, and Xe arc lamps in different lamp

reactor geometries. Based on the actinometry data it was shown that the overall efficiency 

of the LED lamp is close to that of the more power-consuming actinic fluorescent lamp 

due to several times more efficient circular lamp-reactor geometry and the narrow 

radiation pattern of a single LED bulb. The reactor was tested in the oxygenation of a

pinene to pinocarvone and in the stereos elective oxygenation of homoallylic alcohol. It 

was shown that the reaction rate is proportional to the intensity of the absorbed photons. 

A comparison of the performance of the annular reactor with the conventional immersed

well photoreactor confirmed the importance of narrow reaction space for efficient 

oxygenation. Using a simple kinetic model a bimolecular reaction rate constant of the 

homoallylic alcohol oxygenation was estimated to be about two orders of magnitude 

lower than that for a-pinene. 

A photochemical rig equipped with a glass-silicon microreactor chip and a metal plate 

heat exchanger was designed, assembled and tested with the 524 and 416 run LED arrays, 

a Xe arc and a metal halide lamps. The microreactor was used in the oxygenation of a

pinene and homoallylic alcohol at different oxygen pressures in continuous and 

recirculating modes in the oxygen-saturated reaction mixtures and in a gas-liquid 

segmented flow mode. Based on the actinometry and kinetic data it was shown that the 

intensities of light absorbed in the microreactor, rates and quantum yields of oxygenation 

are close or several times higher than those found for the annular and the immersed-well 

photoreactors due to a better light utilization in the microreactor. The productivity of the 

microreactor was found to be 3-7 times lower due to the lower volume of the reactor. It 

was also shown that the LED arrays are comparable with the more power-consuming 
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sources of light in terms of intensity of the absorbed light. The microreactor also 

demonstrated better selectivity in the oxygenation of homoallylic alcohol due to a lower 

residence time in the reactor and therefore, a lower probability of side reactions. 

In all the modes of operation the productivity of the microreactor increases with oxygen 

pressure. In the gas-liquid segmented flow mode at low gas flowrates the conversion is 

limited by the supply of oxygen and proportional to gas pressure and liquid holdup. At 

high gas flowrates it becomes virtually independent on pressure and a decrease in 

conversion is governed by the shortening of the total residence time and decreasing of the 

liquid holdup. Within the window of maximum performance, the productivity of the 

microreactor increases with a decrease in the total residence time (in opposite to 

conversion) due to higher gas and liquid holdup volumes. The estimated formal reaction 

order for oxygen pressure in the homogeneous oxygenation of a-pinene is about 0.6-0.7 

while in the case of the segmented flow it decreases to about 0.4 indicating mass-transfer 

limitations at the gas-liquid interface. Based on the results obtained, a methodology of 

efficient oxyfunctionalization of allylic compounds was developed. 

Following the developed methodology, an extensive comparative study of the 

photosensitizing efficiency of a proposed photosensitizer based on porous silicon and a 

conventional dye sensitizer tetraphenylporphine was performed. By monitoring the 

photoluminescence emission line of singlet oxygen it was concluded that the 

photosensitizing efficiency of porous silicon is much lower than that of 

tetraphenylporphine. This effect was mainly attributed to the low quantum yield of 

photoluminescence of porous silicon (in the order of the few percents) and to very 

efficient energy transfer from electronically excited singlet oxygen molecules to high 

frequency surface Si-H vibration modes which is crucial for deactivation of singlet 
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oxygen states. Efficient quenching of photoluminescence was observed due to direct 

energy transfer from photo excited excitons confined in PSi to suitable acceptor 

molecules. This process, leading to alternative pathways of oxidation, is responsible for 

photobleaching of diphenylisobensofuran at millimolar concentrations reported in earlier 

studies. 

In order to improve the photosensitizing efficiency of porous silicon, a commercially 

available tetra(4-allyloxy)phenylporphine photosensitizer with four terminal double bonds 

was immobilized on H-terminated surface of the nanocrystals via thermally, photo-, and 

catalytically activated hydrosilylation. The immobilization was proven by infrared 

spectroscopy. It was shown that all the immobilized photosensitizers are much less active 

in the oxygenation of a-pinene than the free porphyrin. Low activity of the supported 

photosensitizers was attributed to quenching of the photogenerated singlet oxygen by the 

Si-H and Si-OH surface quenching groups of porous silicon, and to thermodynamically 

favorable quenching of the photoexcited porphyrin states due to energy/electron transfer 

to Si nanocrystals. 
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FURTHER PLANS AND RECOMMENDATIONS 

It is planned to build an optimized laboratory scale microreactor rig using several 

microreactor units each equipped with high pressure oxygen supply, flexibility of 

connecting the units either in series or in parallel and integration of the commercially 

available high power LED arrays. Design of an LED arrays tailored to the geometry of a 

microchannel will improve utilization of light in the microchanne1 and an overall 

efficiency of the system. 

Although pure and dye-modified porous silicon demonstrated low efficiency towards 

oxygenation of allylic substrates, it would be useful to study the dependence of 

photosensitizing efficiency on the spacer length for this matrix. Surface modification of 

porous silicon by less efficient quenching groups such as, for example, -CF3 would be 

another approach to increase the efficiency. It is also worth developing an efficient 

methodology of integration of heterogeneous photosensitizer based on different supports 

such as Merrifield polymer within the microchanne1s. 

It is also interesting to study other possible approaches towards heterogeneous 

photosensitizing. For example, perfluoro-l,3-dimethylcyclohexane is a nontoxic, non

flammable and low volatile solvent, immiscible with most organic compounds. Oxygen is 

highly soluble in this solvent while lifetime of singlet oxygen is several orders of 

magnitude higher than that found for the most of the common solvents. Therefore, the 

solvent with a dissolved perfluorinated photosensitizer (for example, fluorous 

tetraphenylporphyrin), saturated by oxygen at elevated pressures via bubbling the gas in 

feed tank, may be used in the segmented liquid-liquid flow as a safe oxygen carrier and 

generator of singlet oxygen under illumination in a microchannel where the second liquid 

phase is a mixture of reagents. 
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APPENDIX A: ACTINOMETRY 

1. CALIBRATION OF ACTINOMETRY 

Calibration of actinometry (Table Al and Figure AI) was carried out according to 

Hatchard-Parker procedure [179] which is described in Experimenta l part. Molar 

coefficient of extincti on (;= 11310 L mor
l 

em-I was extracted from the calibration curvc. 

Table AI. Calibration for actinometry data. Di is the i value of optical density, <D > is 

the average value of optical density, C
Fe

2+ is the concentration of Fe2
+ ions. 

Samplc C 2+ , mol L-I 
Fe 

DI O 2 0 3 < 0 > < O > j -<0 > 0 

0 0 0.002 0.002 0.002 0.002 0.000 
1 1 X 10-5 0.120 0.124 0.123 0.122 0.120 
2 2x 10-5 0.274 0.269 0.266 0.270 0.268 
3 3x 10-5 0.371 0.372 0.374 0.372 0.370 
4 4x 10-5 0.486 0.484 0.484 0.485 0.483 
5 5x 10-5 0.593 0.593 0.593 0.593 0.591 
6 6x 10-5 0.708 0.707 0.705 0.707 0.705 
7 7x 10-5 0.809 0.808 0.811 0.809 0.807 
8 8x 10-5 0.905 0.907 0.906 0.906 0.904 
9 9x 10-5 1.016 1.017 1.015 1.016 1.014 
10 1 X 10-4 1.175 1.175 1.173 1.174 1.172 

1.2 -
y=11310x+0.01 9455 • 
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1.0 - / / 

Q) 0.8 - / . 
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./ tJ) 
D « 0.4 -

0 .2 - /' 
/ 
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1 I I I I 
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Figure AI. Calibration graph of absorbance vs. cFe " iones measured in I = I cm quartz 

cell. Molar coeffi cient of extinction c = 11310 L mor l em-I. 
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2. EXPERIMENTAL DATA AND PROCEDURE OF DATA CORRECTION· 

Since the volume of solution in the annular redrculating reactor decreases during the 

experiment as aliquots are taken for analysis at every point, the optical density D should 

be corrected. 

Assume the initial volume was Vo. Therefore, the initial quantity no (in moles) of Fi+ is 

proportional to DoVo with d as a coefficient. Than, for the blank measu~ement (to obtain 

Do), aliquot ';0 was taken. Hence, at the start point the volume was VI = Vo - ';0 or, in 

terms of the Fe2+ amount, n: = no - n,o mol, where dn,o = D~o. After irradiation L1nI mol 

aliquot ';1 was taken, hence the volume of solution changed as V2 = VI -';1 = Vo - ';0 - ';1 

and the Fi+ amount became n~ = nI- n,I· After the next period of irradiation the quantity 

L1nI + L1n2 - n,o - n,I), than the next aliquot, ';2 was taken and so on. Continuing this 

approach we can finally obtain a system of following equations (AI): 

dno = DoVo 

On the other hand, if we neglect the volume of the aliquots and assume the volume of 

solution is constant we arrive to the system (A2): 

• The procedure of optical density correction was used only in the case of annular photoreactor for an LED 
lamp. In all the other cases the decrease in volume was small enough (c;; - 1.5 rnl) to be neglected. 
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D~Va = DoVo + d(L1nJ + ... + L1n"J (A2) 

Comparison of systems (AI) and (A2) leads us to the system (A3): 

(A3) 

After algebraic rearrangements and keeping in mind that VJ = Vo - '0. Vi = Vo - '0 -... -
'i-J in the end we can express D} as a function of Di: 

Dl =D +(D -D );0 + +(D -D );m-l m mOm ••• m-l m 
Vo Vo 

(A4) 

Experimental data and corrected values of optical density are shown in Table A2 and 

Figure A2. 
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Table A2. LED lamp actinometry in the annular photoreactor, experimental and corrected 

data. D; is the i value of optical density, <D> is the average value of optical density, D j' 

is the corrected values of the optical density, ,is the volume of initial aliquot taken from 

photocatalytic plant, t is time of experiment, / is light pathway, /=1 cm, and cr(t) is 

. fF 2+' ank concentratIOn 0 e 10 t . 

t, min DJ D2 D3 <D> <D>i-<D>o D' 
I ~,L CT(t), mol L- t 

0 0.005 0.005 0.006 0.005 0.000 0.000 7.0xl0·3 0 
10 0.271 0.276 0.271 0.273 0.267 0.267 9.3xlO-3 2.4xlO-4 

20 0.498 0.498 0.498 0.498 0.493 0.484 7.0xl0-3 4.3xl0-4 

30 0.784 0.784 0.784 0.784 0.779 0.750 9.5 x l0-3 6.6xl0-4 

40 1.047 1.047 1.047 1.047 1.042 0.985 7.5 xlO-3 8.7xl0-4 

50 1.351 1.351 1.351 1.351 1.346 1.247 9.0xl0-3 1.1 x 10-3 

60 1.642 1.642 1.642 1.642 1.637 1.486 7.5x 10-3 1.3x 10-3 

70 1.922 1.922 1.922 1.922 1.917 1.708 7.0x 10-3 1.5x 10-3 

80 2.270 2.270 2.270 2.270 2.265 1.974 5.5x 10-3 1.7xl0-3 

90 2.591 2.591 2.591 2.591 2.586 2.212 5.0xl0-3 2.0x 1 0-3 

2.5 - 0 

0 • 
~ 2.0 - 0 • ~ 

.!. 0 • 
B 1.5 - • 
c:: ~ 
11I -e 1.0 - ~ 0 
1/1 

i .c 
< 

0.5 - • • 
0.0 -I. 

T I I I I 

0 20 40 60 80 
Time (min) 

Figure A2. Absorbance of Fi+ -phenanthroline complex formed from the ferrioxalate 

actinometer after 524 om LED lamp irradiation vs. time. Hollow circles represent 

experimental data; filled circles show the corrected data with taking into account the 

change in volume due to samples collection. 
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Table A3. Actinic fluorescent Xe arc and lamps actinometry in the annular photoreactor, 

experimental data. Di is the i value of optical density, <D> is the average value of optical 

density, I is light pathway, t is time of experiment, and crtt) is concentration of Fi+ in 

tan1e 

LamE 1, cm t, min D\ D2 D3 <D> <D>j -<0>0 cr(Q, mol L· r 

Actinic 1 0 0.035 0.036 0.036 0.036 0 0 
0.5 0.492 0.490 0.493 0.492 0.456 8.1 x 10-4 
1.5 1.431 1.432 1.431 1.431 1.395 2.5xl0·3 

2.5 2.143 2.149 2.141 2.144 2.108 3.7xl0·3 

3.5 2.587 2.587 2.583 2.586 2.550 4.5x 10.3 

0.15 0 0.014 0.014 0.014 0.014 0 0 
1.5 0.256 0.258 0.257 0.257 0.243 2.9xl0-3 

2.5 0.393 0.393 0.394 0.393 0.379 4.5x10-3 

3.5 0.483 0.484 0.484 0.484 0.470 5.5x 10-3 

Xe are 1 0 0.024 0.023 0.023 0.023 0.000 0 
20.5 0.932 0.932 0.932 0.932 0.909 8.0x 10-4 
35 1.509 1.510 1.510 1.510 1.486 1.3x 10-3 

50 2.571 2.571 2.571 2.571 2.548 2.3xl0-3 

65 3.215 3.215 3.215 3.215 3.192 2.8xlO-3 

Table A4. Actinometry of 524 nm LED, 416 nm LED, Xe arc, and metal halide lamps in 

the microreactor, measured in continuous mode. Di is the i value of optical density, <D> 

is the average value of optical density, I is light pathway, r is residence time in the reactor, 

and CR(t) is concentration of Fi+ at the outlet. 

LamE I, em 't,mm D\ D2 D3 <D> <O>j-<D>o CR(t), mol L- r 

525nm I 0 0.158 0.155 0.154 0.156 0 0 
4.8 0.417 0.415 0.415 0.416 0.260 4.6x 10-4 
24 1.406 1.406 1.405 1.406 1.250 2.2xlO-3 

Xe 0.5 0 0.033 0.031 0.032 0.032 0 0 
0.48 0.452 0.454 0.455 0.454 0.422 1.5x 10-3 

0.24 0.253 0.253 0.253 0.253 0.221 7.8xlO-4 

416nm 0.5 0 0.033 0.031 0.032 0.032 0 0 
0.48 0.788 0.788 0.785 0.787 0.755 2.7x 10-3 

0.24 0.487 0.487 0.489 0.488 0.456 1.6x 10-3 

Metal I 0 0.075 0.073 0.069 0.072 0 0 
halide 0.240 1.561 1.556 1.555 1.557 1.485 2.6xlO-3 

0.120 0.841 0.839 0.836 0.838 0.766 l.4x 10-3 

0.080 0.749 0.746 0.746 0.747 0.675 1.2 x 10-3 

0.069 0.536 0.534 0.536 0.536 0.463 8.2xlO-4 
0.060 0.558 0.556 0.556 0.556 0.484 8.6x 10-4 
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3. INTENSITY OF THE ABSORBED LIGHT CALCULATION 

An example of calculation using equations (3 .3), (3.9-3.11), and (3.13) deduced in 

Exper imental part for the annular reactor illuminated by the 524 nm LED lamp is given 

below. Concentration of Fi + in tank calculated for the aliquot taken after 10 minites of 

irradiation: 

() 
D(t)V2 0.267 x 0.02 2 4 - 4 

CT t = = = . x 10M 
El~ l1310xlxO.002 

I · f F 2+ . nk dCT b . d The rate of accumu atlOn 0 e III ta - was 0 tame as a slope of the linear plot 
dt 

en!) (Figure A3). 

2.0x10
03 

- • 
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F igu re A3. Concentration of F/ + ions as a function of time of illumination measured in 

the annu lar recirculating photoreactor illuminated by the 524 nm LED lamp. The rate of 

accumulation of F/ + in tank obtained as a slope of the c(t) plot is equal to 3.6x I 0-7 mol 

L
- I - I 

S . 

Rate of F/ + generation in the annular photoreactor: 

r .,. = R T - T =-- x 3.6 x lOo7 =9.5xlO-6 moI L-ls-1 
[

V + V J dC 250 
f e· V

R 
dt 9.5 

Amount of light, absorbed by ferrioxalate: 

r 9 5 x 10-6 

JF = ~ = . = I 6 X 10-5 Einst L-I S- I 
a 8(}.) 0.58 . 
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Amount oflight, absorbed by TPP during oxygenation: 

1 6 10-5 1 46 10-4 E' t L,I ,I = . x x --= . x ms s 
0.036 

Flux of the absorbed photons illuminated by the 524 nm LED lamp: 

The power of the absorbed light can be found by multiplying the flux of photons on the 

energy of one mole of photons: 

P
hv 

= 4.4 X 10-6 x 228354.9 = 0.995 J s,l = 0.995 W 

Summary of the calculations for the 524 nm, 416 nm actinic fluorescent, and Xe arc lamps 

in the annular photoreactor as well as for the 524 nm and 416 nm LED, Xe arc and metal 

halide lams in the microreactor are represented in Table AS. Equations (3.17), (3.18) and 

data from Figure 3.10 and 3.11 (see Experimental) were used in the cases of Xe arc and 

metal halide lamps. 

Table AS. Summary of the calculations for all the lamps used in current study with the 

annular photoreactor and the microreactor. 

Reactor Lamp dc/dt rFe2+ IF 
a Ia Ja Phv 

Annular 524nmLED 3.6x 10,7 9.5x 10,6 1.6x 10,5 4.6xlO,4 4.4x 10,6 0.995 
reactor 420 actinic 2.2xlO,5 2.0xI0-4 1.8xlO-4 5.7xI0-4 6.3x1O,6 1.811 

Xe arc 7.9x1O,7 6.6xlO,5 1.8xlO-4 2.3xlO,4 6.8xlO,7 

Microreactor 524nmLED lAx 10'6 1.4xlO,6 2.4x 10,6 3.2x 10-4 7.7x1O,8 0.018 
416nm LED 8.9xlO,5 8.9xlO,5 8.2xlO,5 1.9xlO,3 4.6xlO,7 0.106 

Xearc 4.8xlO,5 4.8x 10'5 1.3xlO-4 3.3xI0-4 8.0x1O,8 
Metal halide 1.8x 10-4 1.8x 10-4 2.4xlO-4 3.6x 10'3 8.6xlo,7 

210 



APPENDIX B: LIGHT UTILISATION AND EFFICIENCY 

1. CALC UL ATIONS FOR 524 NM, 416 NM LED and 420 NM ACTINIC LAMPS 

The output power of a single LED as a fu ncti on of potenti al ,1 U was obtained using Lase r 

Check power meter (Coherent Inc. , accuracy 5%) (Figure Bl) . The average vo ltage drop 

fo r a single LED, <,1 U > was obtained from the voltage drop of 240 LEDs. The obta ined 

value was equal to 3.4 v. Using the approxi mated equation (B 1) (see Figure B I) the 

average output power of a single LED <PLED> in the set of 240 LE Ds was found to be 

about 6.0 mW . 

PLED = 7.6576,1 U 2 
- 38.632 ,1 U + 48 .78 1 (B I ) 

F LED here is the output power of a single LED. The va lue obtained is in agreement with 

the manufacrurer' s power specification of 5.3 -9.3 mW. 

7 
PLED = 7.6576/JU 2 

- 38.632/JU + 48.781 
~ 6 
E 

-:l a. -:l o 
o 
W 
....J 

5 

4 

3 

2 

1 

0 

2.5 2.7 2.9 3.1 3.3 3.4 3.5 

JlU(LEO), V 

Figure B1. Output power vs. vo ltage drop for single LED measured by Laser Check 

powermeter. 

The tota l output power of the set of 240 green LEOs, ~IOV can be simply taken as a 

multiple of <PLED> on 240: 
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~Ov =6.0 x 240 = 1440.0 mW 

Efficiency of the lamp-reactor geometry, 1]LR can be found as a ratio between the values 

of the power obtained by actinometry and that measured by the powermeter. In the case 

of the annular reactor with the 524 nm LED: 

= ~v = 995 = 0 691 
1]LR p,0 1440 . 

hv 

The input power for the 524 nm LED lamp is expressed as a product of voltage drop for a 

single LED, current in the circuit and the number of LEDs in the lamp: 

The total efficiency of power-to-output light conversion, with taking into account 30 

drivers (the total power consumption of 20.9 W) used for stabilization of the LED feed 

current: 

~ov 1440 1440 = 0.039 
1]PL = P;n = (3.4x 240x 0.02) + 20900 = 16320+20900 

Without the drivers the efficiency of power-to-output light conversion is: 

1]PL = ~ov = 1440 = 1440 = 0.088 
I1n 3.4x240xO.02 16320 

Therefore an overall efficiency of the system with taking into account drivers is: 

1] = ~v = ~; p,,°v = 1]LR1]PL = 0.691x 0.039 = 0.027 
P;n ~v I1n 

Without taking into account the power consumed by drivers an overall efficiency is: 

The efficiences of lamp-reactor geometry for the annular recirculating reactor with the 

524 nm LED lamp and for the microreactor with the 524 nm and 416 nm LED arrays are 

summarized in Table Bl. 
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Table B1. The efficiences of lamp-reactor geometry for the annular recirculating reactor 

with the 524 nm LED lamp and for the microreactor with the 524 nm and 416 nm LED 

arrays. 

Reactor Lamp N <PLED>, P;n, ~ov , ~v, 7]LR' 7] PL , 7], 
mW W W W % % % 

Annular 524nmLED 240 6 16.32 1.440 0.995 69.1 8.8 6.1 
reactor 524nmLED 240 6 37.22 1.440 0.995 69.1 3.9 2.7 

& drivers 
Microreactor 524nmLED 45 6 3.06 0.270 0.018 6.7 8.8 0.6 

524nm LED 45 6 6.54 0.270 0.018 6.7 4.1 0.3 
& drivers 

416nm LED 45 11 3.24 0.495 0.106 21.4 15.3 3.3 
416nm LED 45 11 6.72 0.495 0.106 21.4 7.4 1.6 

& drivers 
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APPENDIX C: OXIDATION OF DPBF 

1. CALIBRATION 

DPBF oxidation was monitored at 410 nm. Molar extinction coefficient e = 24088 L mor 

I cm-I at 410 nm was obtained from the calibration data (Figure Cl) and Table Cl). 

2.5.,----------------------. 

2 

g 1.5 

~ 
o .. 
~ 1 

0.5 

y • 24088x + 0.0294 

o 

o~-_-_-_-_-_-_-_-_~ 

o 0.00001 0.00002 0.00003 0.00004 0.00005 0.00006 0.00007 0.00008 0.00009 

C,mo"/\" 

Figure Cl. Calibration graph of absorbance vs. concentration of DPBF measured at 410 

nm in 1= 1 cm quartz cell. Molar coefficient of extinction e = 24088 L mor l em-I. 

Table Cl. Calibration data of absorbance vs. concentration of DPBFmeasured at 410 nm 

in 1= 1 cm quartz cell. D; is the i-th value of optical density, <D> is the average value of 

optical density. 

Concentration of DPBF, 
DI D2 D3 <D> 

mol L-I 

1 x 10-5 0.322 0.322 0.325 0.323 
2xlO-5 0.480 0.496 0.497 0.491 
3x 10-5 0.763 0.765 0.763 0.764 
4x 10-5 0.970 0.970 0.971 0.970 
5xlO-5 1.194 1.195 1.196 1.195 
6xlO-5 1.416 1.418 1.42 1.418 
7xlO-5 1.729 1.729 1.732 1.730 
8xlO-5 2.016 2.016 2.016 2.016 
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2. UV-VIS ABSORPTION SPECTRA AND ABSORPTION DATA OF DPBF 

OXIDATION 

... 
u 
:; 0.8 

.Q 

~ 0.6 
.Q 

< 0.4 

0.2 

O~----~-----r----~~----~--~~ 

360 380 400 420 440 460 

Wavelength, nm 

Figure C2. Absorption spectra of N2 and O2 saturated 10-3 M solution of DPBF in F 113 

in presence of 0.2 % wt PSi irradiated by LED lamp and kept in dark for different times in 

continuous reactor. Spectra were measured in a 1 cm quartz cell. N2 and O2 flow rates are 

30 mL min-I, T = 20°C, liquid flowrate is 40 mL min-I. 
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Figure C3. Absorption spectra of O2 saturated 10-3 M solution of DPBF in F 113 in the 

presence of 0.2 % wt PSi irradiated by LED lamp for different times in continuous 

reactor. Spectra were measured in a 1 cm quartz cell. O2 flow rates are (a) 30 and (b) 50 

mL min-I, T = 20°C, liquid flowrate is 40 mL min-I. 
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Table C2. Oxidation of DPBF in Fl13 in the presence of 0.2 % wt PSi under different 

times of LED lamp irradiation in continuous reactor. O2 flowrate is 30 mL min-I, T = 20 

°C, liquid flowrate is 40 mL min-I. Absorbance was measured at 410 nm in a 1 cm quartz 

cell in ethanol. 

t, min 
o 
18 
30 
46 
60 
75 
90 
105 
120 

1.194 
1.086 
1.048 
1.000 
0.958 
0.935 
0.882 
0.836 
0.795 

1.195 
1.089 
1.049 
1.001 
0.958 
0.935 
0.880 
0.838 
0.797 

1.196 
1.094 
1.052 
1.004 
0.961 
0.935 
0.881 
0.840 
0.791 

1.198 
1.093 
1.052 
1.004 
0.961 
0.936 
0.881 
0.840 
0.797 

<D> 
1.196 
1.091 
1.050 
1.002 
0.960 
0.935 
0.881 
0.839 
0.795 

CICo 
1.00 
0.91 
0.88 
0.84 
0.80 
0.78 
0.74 
0.70 
0.66 

Table C3. Oxidation of DPBF in F 1 J 3 in the presence of 0.2 % wt PSi under different 

times of LED lamp irradiation in continuous reactor. O2 flow rate is 50 mL min-I, T = 20 

0c, liquid flowrate is 40 mL min-I. Absorbance was measured at 410 nm in a 1 em quartz 

cell in ethanol. 

T,min 
o 
30 
60 
90 
123 
150 
180 
210 
240 

1.119 
1.094 
0.967 
0.840 
0.713 
0.634 
0.551 
0.452 
0.362 

1.122 
1.094 
0.969 
0.841 
0.715 
0.632 
0.552 
0.452 
0.363 

1.122 
1.096 
0.969 
0.841 
0.715 
0.633 
0.556 
0.453 
0.363 
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1.123 
1.096 
0.970 
0.841 
0.715 
0.633 
0.556 
0.453 
0.364 

<D> 
1.122 
1.095 
0.969 
0.841 
0.715 
0.633 
0.554 
0.453 
0.363 

CICo 
1.00 
0.98 
0.86 
0.75 
0.64 
0.56 
0.49 
0.40 
0.32 



Table C4. Oxidation of DPBF in F113 in the presence of 0.2 % wt PSi under different 

times of LED lamp irradiation in continuous reactor. N2 flow rate is 30 mL min-', T = 20 

°C, liquid flowrate is 40 mL min-i. Absorbance was measured at 410 nm in a I em quartz 

cell in ethanol. 

t, min 0, O2 D3 0 4 <D> CICo 

2 0 1.26 1.261 1.263 1.26 1.261 1.00 
Dark 30 l.235 l.236 1.236 1.237 1.236 0.98 

61 1.219 1.22 1.222 1.222 1.221 0.97 
90 1.248 1.247 1.248 1.247 1.248 0.99 
120 1.209 1.212 1.214 1.215 1.213 0.96 

N 2 0 1.209 1.212 1.214 1.215 1.213 1.00 
Light 33 1.184 1.183 l.18 1 1.183 1.183 0.98 

61 1.060 1.059 1.063 1.063 1.061 0.88 
90 0.959 0.961 0.961 0.961 0.961 0.79 
120 0.908 0.909 0.912 0.939 0.77 

3. DPBF OXIDATION RATE AND QUANTUM YIELD CALCULAT IONS 

From the data of DPBF oxidation it is possible to work out reaction rate and quantum 

yield. From the c(t) plot it is possible to work out the rate of DPBF photoblcaching in 

tank as a gradient of the oxidation curve (Figure C4) . 

• 
-6 -8 -3 

900x10 Y=5.0x10 X+10 

- • 
~ 800 -u.. 
co • 
D... 700 
0 -0 • 
c 600 
0 • ~ ... 500 C 
Cl.l 
Ll 
C 400 • 0 
() 

• 

2 4 6 8 10 12 14x10
3 

Time (5) 

Figure C4. Influence of the oxygen flow rate on DPBF photooxidation. Photodcgradation 

of 10-3 M solution of DPBF in F 113 in the presence of 0.2 % wt pSi measured by 

monitoring of the intensity of absorbance at 410 nm in a I em quartz cell. O2 flow rate is 

50 mL min-' , T = 20 °C, liquid flowrate is 40 mL min-i. 
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According to equation (3.9) from Literature Review the obtained value (5 x lO-8 mol L- t 

S-I) corresponds to the reacton rate in the annular reactor. 

rR = (250/9.5)x5 x lO-8 =1.3xlO-6 mol L- I s-I 

Overall quantum yield of DPBF oxidation under LED illumination can be calculated as a 

ratio between volumetric reaction rate rR and volumetric number of absorbed photons la. 

obtained from the actinometry: 

A.R = rR = 1.3 x 10~ = 0.003. 
'I' I 4.6x lO-

a 
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APPENDIX D: EXAMPLES OF IH AND I3C NMR SPECTRA 

1. OXYGEN A TION OF a-PINENE 
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8' 8 
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g jjy' 
/J~~): 

4' 

~7 

'<u, 
4

5 0 

7 

S' 

25 hl's X=O.55 

,......-~~- --,,"~---- ~--.~-~, ~............----r-----.-.-o-r---~--T-"""""""'--··--·-l-·"""'··---T~-· ·····1 
5.9 5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4,9 ppm 

S' 

8 

{tf
' 7' 

2' 

9' 10' 1
6
' 

3' 5' 
1t(7 

2 
10 6 

9 3 5 OOH 
4 

J 1.30 

4' 

7 7 

6 hl's 1.00 ~ X=O.08 

5.B 5.7 5.6 5.5 5 .• 5.3 5.2 5.1 5.0 ppm 

Figure D1. I H NMR spectra (in CDCI3) of a-pinene oxidation in the annular recirculating 

photo reactor in presence of (a) 8.1 x 10-
4 

M TPP in CH2Cl2 (5.23 ppm) under Xe lamp 

illumination; (b) 6.0x 1 0-4 M RB in ethanol under 524 nm LED lamp illumination . T = 20 

DC, O2 flowrate 30 ml min-I . Relative areas of the peaks are depictured in red italic font. 

Conversions of the pinocarvone and peroxide, conversions X are calculated according to 

equation (3.19), Experimental. Values of the corresponding integrals are typed in red 

italic font. 
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2. OXYGENATION OFa-TERPINENE 
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Figure D2. IHNMR spectra (in CDCI3) of (a) a-terpinene, (b) a-terpinene after 3.5 hrs of 

irradiation under Xe arc lamp illumination in the annular recirculating photoreactor with 

8.7 x 1 0-5 M TPP in CH;CI2. T = 20 °C, O2 flowrate 30 mL min-I. Ascaridol is the main 

product [184]. Conversions X are calculated according to equation (3.19), Experimental. 

Values of the corresponding integrals are typed in red italic font. 
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Figure D3. /3C NMR spectra (in CDCl3) of (a) a-terpinene, (b) a-terpinenc after 3.5 

hours of irradiation under Xe arc lamp illumination in annular recirculating photoreactor 

with 8. 7x lO-5 M TPP sensitizer. T = 20 °C, O2 flowrate 30 mL min-I. Ascaridol peaks : 

17.1 , 17.2, 21.3 , 25 .5, 29.4, 32.1 , 74.3, 79.7, 133.0,136.3 ppm [184] . 
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3. OXYGENATION OF ACHA 
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Figure D4. 'H NM R spectra (in CDC!3) of the TMS deri vati vc of ACHA illuminatcd in 

the annular reactor by 420 nm actinic lamp for 20.5 hrs (a) and in the microrcactor in 

continious mode at 10 ilL min·
1 

illuminated by 420 nm LED array (b). T = 20 nc. 

Conversions X are ca lculated according to equation (3 .1 9), Experimental. Va lucs or 

corresponding integrals are typed in red itali c font. 
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APPENDIX E: KINETIC MODELING 

Let us propose simple kinetic model of 102 generation and consumption inside the 

recirculating or batch photoreactor: 

, 
wherer

G 
=1

a
<P I

02
' rD = kDC0 2] , and rc = kR [R]['OJ are the rates of 102 generation, 

quenching of 102 by solvent and consumption of 102 in physical quenching and reaction 

with reagent R, correspondingly. kD is first order 102 decay constant, kR' is an overall rate 

constant for physical quenching and chemical reaction of 102 with R, 1a is intensity of 

light absorbed in the volume of reactor, and <P I
02 

is quantum yield of 102 generation. 

In the case of quasistationary approximation the following equation holds true: 

(El) 

Therefore, the steady state concentration of 102 in this case can be expressed as follows: 

(E2) 

From the other side, rate of reagent oxygenation by 102 is expressed by equation (E3) 

with the rate constant kR of chemical reaction of R with J O2: 

d[R] = -k [R]['O ] 
dt R 2 

(E3) 

Combining the equation (E2) with the reaction rate expression (E3) it is possible to obtain 

the following differential equation: 
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or: 

This equation can be integrated from the initial concentration Ro at 1=0 to [R] at the time t: 

After integration and rearrangements we obtain the solution as implicit function of 

reagent concentration or inverse function t([R]): 

Finally, we can write this equation in terms of reagent conversion, X R = [R]/ Ro : 

(E4) 

or in terms of product conversion,Xp= l-XR: 

(E5) 

In order to obtain the accumulation time in the feed tank we should apply equation (3.9) 

derived in Experimental to (E3) which lead after integration to (E6): 

(E6) 

where Vr=VR+Vr and VR and Vr are volumes of a reactor and a recirculating tank, 

correspondingly. 
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