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ABSTRACT

Singlet oxygen, a reactive oxygen species, has been a basic synthetic tool in the
laboratory for many years. It can be generated either through a chemical process or, most
commonly, via a photochemical process mediated by a sensitising dye. The relative paucity of

singlet oxygen employment in fine chemical industrial settings can be attributed to many factors,



not least the requirement for excessive quantities of oxygenated organic solvents and the dangers
that these represent. Microcapillary films (MCFs) are comprised of multiple parallel channels
embedded in a plastic film (Figure 1). In this study, MCFs are employed as flow reactor systems
for the singlet oxygen mediated synthesis of ascaridole. No gaseous oxygen is supplied directly
to the reaction, rather mass transport occurs exclusively through the reactor walls. The rate of
production of ascaridole was found to be strongly dependent on the partial pressure of oxygen
present within the reaction system. This methodology significantly simplifies reactor design,
allows for increased safety of operation and provides for space-time yields over twenty times

larger than the corresponding bulk synthesis.

INTRODUCTION

Singlet oxygen has found increasing application in biomedical systems, whether as an
antimicrobial treatment for water' or as part of a targeted photodynamic therapy for antimicrobial
or cancer treatments.” However, it is disappointing that singlet oxygen processes are not more
widely used in industrial settings, since these reactions are extremely clean and green because,
instead of using reactive halogen compounds, oxometalates or other stoichiometric oxidants, the
catalytic process may use air as the oxidant. To this end, much recent research has been focused

on finding a safer environment for performing such reactions.’

Dye-sensitised singlet oxygen generation has been used for the production of dioxetanes
and other endoperoxide species on the benchtop,’ despite the industrial application of this

process being less widespread.” Sensitising dyes for the formation of singlet oxygen vary from



the most venerable (Rose Bengal and methylene blue have been in use since the 1950s°), through
azomethines’ and others,’ to those from the porphyrin family.” Sensitiser selection depends on
the solvent used more than any other factor, due to the necessity for the sensitiser to be soluble in

the reaction solvent.

Microfluidic reactor chemistry is a field with particular relevance to catalytic and photo-
catalytic systems, which is currently making the transition from a laboratory tool to industrial
methodology.'”"" Indeed this modality has previously been used to generate and process singlet
oxygen by ourselves’ and others.'>"> However, to date, the key problem with these approaches
relates to oxygen mass transport. In single microfluidic reactors, combining flows of oxygen and
reaction mixtures is not challenging. However when the reaction is scaled-out, necessitating the
use of multiple channels, the problem of distribution of gas and liquid becomes a major issue.
Put simply, the complex flow regime which asserts itself in gas-liquid microchannel flows'
makes scale-out a difficult prospect if uniform reaction times and mass transport profiles are to

be maintained over extended periods of time.

Microcapillary films (MCFs)" provide an attractive alternative to planar microfluidic
formats, with advantages that include the low-cost production of long lengths of MCFs."” In
addition fluorinated ethylene propylene (FEP) MCFs are optically flat on the outside, have a
refractive index close to that of water (=1.34) and high transmittance in ultra-violet and visible
regions of the electromagnetic spectrum. All these features provide for excellent light penetration
through assemblies of MCFs.'® In recent times, planar arrays of MCFs have been used as solar

heat collectors,'” as low-cost formats in quantitative immunosorbant assays,'® and functionalized



to perform fast cation-exchange separation of proteins.'® Furthermore, several organic syntheses

have also been performed in MCFs."

Fluoropolymers exhibit appreciable gas permeability.” To date, the utility of MCFs in
mediating the transport of gases has not been investigated, but we believe they have the potential
to be an attractive modality for heterogeneous reactions where the addition of gas may either be
dangerous, or in case of co-flowing aqueous and gaseous reagents, may have detrimental effects
on the synthesis. To investigate the utility of MCFs in this respect, we report the synthesis of
ascaridole from a-terpinene (Scheme 1 (A)) as the model system for our investigation of
through-wall mass transport of oxygen in MCF fluoropolymer capillary reactors. Ascaridole is a
rare example of a naturally occurring, thermally stable endoperoxide.”’ The synthesis of
ascaridole through singlet oxygen photoaddition has a long history and has been extended to
related structures, which have antimalarial properties.”” Rose Bengal is a well-characterized
sensitiser, commonly used in singlet oxygen chemistry.”

As an aside, it should be noted that Kreutz er al.**

recently demonstrated the use of the
permeability of Teflon tubing to allow the diffusion of oxygen and methane into droplets
containing a range of different catalysts for the oxidation of methane to methanol. This work is
remarkable in that the authors used what is commonly considered a problem, namely the porosity
of the microchip material, as a mediator for their synthesis. The synthesis was performed in

single Teflon-PFA tubing encased in a steel tube, which was used to provide the gases; a set-up

that makes scale-out a more complicated process.



RESULTS AND DISCUSSION

Oxygen mass transport is assumed to be the limiting factor in a singlet oxygen [4+2]
cycloaddition process. Accordingly, the pressure of oxygen applied to the exterior of the MCFs
was varied as a means of controlling the rate of through-wall mass transport of oxygen. The
microflow system used in this study consisted of a MCF produced from FEP containing 10
parallel microcapillaries. Degassed reagents for the synthesis of ascaridole were delivered to the
MCFs. To ascertain the degree of gas transport across the MCF walls, the yield of ascaridole was
measured at different reagent residence times and pressures of oxygen. Bulk synthesis of
ascaridole was used to secure pure samples of ascaridole (3) and p-cymene (4) (the major by-
product) for use as gas chromatography (GC) standards, and calibration plots for a-terpinene, p-
cymene and ascaridole were created by performing serial dilutions of the pure samples. The
calibration curves were used to determine the concentration of each analyte in the samples
collected from the FEP MCFs (experimental details are provided in the Supplementary

Information).

Initial experiments performed in MCFs with a wall thickness of ~160 um showed
minimal conversion, even at relatively high applied pressures (65.0 psi). On varying the MCF
wall thickness (61.5 um + 17.1 um) to reduce resistance to mass transport, conversion of a-
terpinene to ascaridole was observed. As the applied external pressure of oxygen was increased

from 32.5 to 65.0 psi (224080 to 448159 Pa), an increase in reaction rate was detected (Figure 2).



The production of singlet oxygen by sensitiser dyes is generally agreed to follow the

mechanism outlined in the unitary equations in Scheme S1%

in the Supplementary Information.
Here ¢ is the quantum efficiency of the excitation process and k in each case represents the rate
coefficient associated with the unitary process indicated.” Q is a quenchant (i.e. any molecule
capable of accepting energy from singlet oxygen via a non-reactive pathway in order to produce
triplet oxygen), Sens is the sensitiser dye and Sub represents the substrate molecule, in our case
a-terpinene. The first three steps are often conflated into a single figure, K, which represents the

quantum efficiency of singlet oxygen production. This equation is expressed in terms of the

product quantum yield, ¢, and is given by the following equation:*

k, [Sub]

b =K —20 1
ky + k, [Sub]

where k is the quantum efficiency for the production of singlet oxygen, [Sub] is the
concentration of a-terpinene and k; and k, are the rate coefficients taken from the unitary
equations in Scheme S1. The quantum efficiency defines how many incident photons produce an
excited state product. The implication of this equation is that in situations where [Sub] is
sufficiently high, the reaction will be zeroth order with respect to a-terpinene, with a rate that
depends only on k. K is generally stated as depending only on sensitiser concentration, however
this is because in most experimental systems the concentration of triplet oxygen is held at a
steady equilibrial state close to saturation. The reaction time courses shown in Figure 2 do indeed
show zeroth order kinetics, with a slope equivalent to k. This is borne out by comparing the rate
of consumption of a-terpinene with the rate of production of ascaridole (Figure 3), which also
show pseudo linear forms. However, at different applied pressures of oxygen the slope varies

despite [Sens] remaining constant. This is because the oxygen in our system is unlikely to reach



saturation at any time before the completion of the reaction, and so the oxygen concentration is a
defining factor in the magnitude of k. In addition, due to the inherent reactivity and short half-
life of singlet oxygen, there is negligible diffusion of singlet oxygen out of the channel. The
measured rates at 65 and 32.5 psi were 2.94 x 10 mol/s and 1.57 x 10™* mol/s respectively,

confirming a strong relationship between oxygen concentration and K.

For the bulk synthesis of ascaridole, p-cymene is almost always observed as a major by-
product. This is formed, not as a result of singlet oxygen oxidation, but rather as a result of a
single electron transfer reaction with triplet ground state oxygen (Scheme 1 (B)).” In MCF
reactors, we found no detectable production of p-cymene. This suggests that the concentration of
triplet oxygen is never high enough to promote this reaction over the desired singlet
pathway, implying a high irradiation efficiency compared to bulk reactor formats. Additional
experiments showed that increasing or decreasing illumination had little effect on the yield
of ascaridole. Indeed, even relatively low ambient light conditions allow for efficient
transformation. This again underlines the rate of mass transport of oxygen, not light intensity, as

the limiting factor in this reaction series.

The data gathered in these experiments allow an approximate value for the diffusion
coefficient of oxygen in FEP to be calculated. Assuming an instantaneous reaction and that all
the oxygen transported through the FEP wall reacts with a-terpinene, for one mole of oxygen
transported through the wall, one mole of product is formed. Therefore, the diffusion coefficient
of oxygen in FEP (with a wall thickness of 61.5 um) can be approximated as 0.00442 and

0.00273 moles s m™ at 65 and 32.5 psi respectively.



At a residence time of 14 minutes, yields in excess of 90 % ascaridole were consistently
achieved. For a single, 5 metre long, 10 channel MCF used in these experiments, the maximum
utilised flow rate was 196.3 ul/min, defining a production capacity of 3.98 x 10* g/min.
However, the MCF reactor is extremely easy to scale out and so the eventual production capacity
of this single autoclave would be 8.84 mg/min. This equates to processing 3.5 ml per minute of
fluid. The space-time yield for the MCF synthesis (at maximum conversion) is 6.36 % per
minute which compares extremely favourably with 0.28 % per minute for the literature bulk

synthesis.’

Although through-wall mass transport is limiting, it is also enabling. The liquid feed into
the reactor is trivial, requiring only a single-phase input. The outlet stream is not supersaturated
with oxygen and the assay of oxygenated solvent is low. In addition, the applied pressure is not
high and the pressure chamber is separated from the reaction mixture by the MCF wall, meaning
the pressure chamber itself, whilst full of oxygen, represents no reactive chemical hazard. The
ready availability of MCFs means that this methodology can be widely applied and the
advantages inherent in the capillaries suggest attractive applications such as wastewater

treatment and other areas of singlet oxygen research.

Microfluidic devices are commonly manufactured using silicone polymers such as
polydimethylsiloxane (PDMS), which exhibit gas permeability. The work presented herein
suggests that FEP MCFs provide clear advantages over PDMS for the use of as substrates in
microfluidic reaction systems. Key advantages include the ease in fabricating long lengths of

MCFs and the high resistance to most chemical reagents and solvents. Moreover, PDMS is ill-



suited for use in dye production, since non-polar small molecules readily absorb into PDMS,
losing their reactivity and blocking light from the reaction.

In conclusion, it is clear that through-wall mass transport of oxygen represents a facile
and safe reactor modality for singlet oxygen photo-oxidations. The ease of use of the described
multicapillary film approach for reaction scale-out suggests that this may be an advantageous

system for the large-scale use of singlet oxygen.



Figure 1. Scanning electron micrograph showing a side view of the FEP MCFs. The image was

taken at 171x magnification. The average hydraulic diameter of each capillary is 104.2 pm +

10.6 um with an average wall thickness of 61.5 pm + 17.1 pm.
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Scheme 1. (A) Synthesis of ascaridole (3) from a-terpinene (1) with singlet oxygen created
using Rose Bengal (2). A possible side product of the reaction is p-cymene (4). A maximum
yield for the conversion of a-terpinene to ascaridole is achieved when the reaction is illuminated
at 570 £ 5 nm. (B) Mechanism for the synthesis of p-cymene from a-terpinene occurs via a
single electron transfer reaction with triplet ground state oxygen. However, although it is the
main by-product in the synthesis of ascaridole, p-cymene was not detected in the MCFs.

(4)
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Figure 2. Seven different reaction times (average residence time of the reagents in the MCFs)
were sampled and the yield of ascaridole measured at each. The experiment was repeated at 65.0
(squares) and 32.5 psi (triangles). The percentage yield of ascaridole increases linearly with

average residence time at both pressures, with the yield increasing with pressure.
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Figure 3. Comparison of the percentage yield of ascaridole (squares) and the consumption of a.-

terpinene (diamonds) at different residence times show pseudo linear forms. The sum of the data

for ascaridole and a-terpinene at each point are plotted (triangles) to show that most of the

reaction mixture is accounted for by these chemicals. The graph on the left shows data at 32.5 psi

and the graph on the right shows data for 65 psi.
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Mass transport of oxygen through FEP creates simple and safe reactors for the use of singlet

oxygen as a green oxidant.
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