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Abstract: Perylene diimides (PDI) have an extraordinary ability
to activate both energy and electron transfer process upon light
excitation, however, their extremely low solubility has hindered
their wide use as photocatalysts. Here, we show a series of
supports developed to anchor PDI and to enable its use as a
heterogeneous photocatalyst in diverse reactor set-ups. Inert,
easy-to-handle, glass microspheres of various morphological
and chemical properties were chemically functionalised with
PDI to form an inorganic-organic hybrid material. Using the
photo-oxidation of n-butyl sulfide as a benchmark reaction for
the synthesis of sulfoxides, we show that immobilised PDI are
highly  active, outperforming reported homogeneous
photosensitisers, and capable of reuse in both batch and flow
reactors. Transferring the process from batch to flow resulted in
a 10-fold reduction in irradiation time and an increase in the
space-time-yield by a factor of 10 (0.04 vs 0.38 mmol* h't mL*
batch vs flow). This work combines the remarkable
photocatalytic properties of PDI with inert, easy to handle glass
beads, producing hybrid materials that are reusable and can be
adapted for performing heterogeneous photocatalysis in a
range of scalable photochemical reactors.

Introduction

Photocatalysis is increasingly being used as a tool for
sustainable synthesis of fine chemicals and pharmaceuticals,-
3 however, large-scale adoption is limited due to design of
suitable reactors and processes. As the absorbance of light by
the reaction media is a function of the reactor path length, the
amount of light at the centre of a large reactor is significantly
lower than that at its surface, especially for strongly coloured
solutions. Increasing the intensity of light is not a tenable
solution as this over-irradiates the edge of the reactor,
potentially leading to overreaction, decomposition of product
and fouling. Flow photoreactors help overcome these
limitations through reduction of the path length between the
light source and reaction mixture using narrow channels.*”
Continuous flow systems also provide better heat and mass
transfer, usually making the process safer, faster, and allow for
fine control of factors underpinning product quality such as
residence time and reagent stoichiometry.8° Thus, due to the
relatively smaller reaction volumes compared with batch
reactors, flow systems allow for better control of reaction
temperature and mixing of reagents, avoiding side reactions
and leading to higher yields, thereby reducing waste generation
associated with downstream processing (i.e., separation).10-1?
Flow reactors are inherently compatible with photocatalytic
processes and have found use in the pharmaceutical industry
due to their small footprint, potential for automation and

enhanced sustainability credentials.’®* However, most
photocatalytic processes employ homogeneous
photocatalysts, which are often used once and require

separation from the product. Heterogeneous photocatalysts
offer the potential for reusability and ease of removal from the
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reaction stream, but their use in flow systems remains a
challenge due to the inherent difficulty of flowing solids through
narrow channels causing issues such as clogging and poor flow
dynamics.141® As such, fixed-bed reactors could be more
suitable as the catalyst sits in the tube while the reagents are
flown through.'” Nevertheless, careful design of materials is
needed to effectively use heterogeneous photocatalysts in
fixed-bed reactors: large catalyst particle size leads to low
surface area-to-volume ratios, limiting catalyst concentrations;
however, the use of finer particles increases the back pressure,
introducing process safety concerns (Figure 1).
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Figure 1: Increase in particle surface area/volume ratio (SA/vol) as well as
pressure drop as a function of particle diameter, d. Increase in SA/vol is
proportional to 1/d, increase in pressure drop is proportional to (1/d2 + 1/d).

There are various published designs for flow photoreactors
including immersion wells®, FEP tubular reactors?, parallel
plate reactors'?, in addition to more exotic reactor geometries
such as spinning disk? and vortex reactors.2 A commonly used
design is a packed-bed reactor, where the photocatalyst is in a
transparent housing, usually glass or a transparent polymer
tubing (e.g. FEP). Packed-bed reactors are a form of fixed-bed
reactor wherein the catalyst is confined within a given region,
and both gaseous and/or liquid reactants can be passed over
the catalytic zone, with products exiting the end. The benefits
of this approach include ease-of-assembly, effective mixing
between phases, and immobilisation of the catalyst leading to
simpler separation, avoiding wasteful catalyst removal steps.?!
This approach also opens the possibility for facile real-time
reaction feedback using imaging or spectroscopy based in-line
analysis making these reactors suitable for implementation into
self-optimising systems, or as part of multi-step sequential flow
reactions 2223A common strategy to prepare heterogeneous
photocatalysts relies on  anchoring homogeneous
photocatalysts (e.g. tris(bipyridine) ruthenium(ll) chloride
(Ru(bpy)sCl2)) onto silica-based supports such as glass wool?*,
glass beads,?® silica gel’® and mesoporous silica?’. Whilst
simple, this heterogenisation approach often relies on the
electrostatic interactions between the physisorbed catalytic
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species and the support, frequently resulting in catalyst
desorption into the solution during use,?® making such materials
unsuitable for flow chemistry applications. Pre-activation of the
support can provide stronger anchoring points, but the
formation of strong covalent bonds between the photocatalyst
and support is necessary to prepare a durable, long-lived,
heterogeneous catalyst.?®31 Using this strategy, we have
previously pioneered the use of inexpensive and widely
available materials such as glass wool as a support to run
heterogeneous photocatalytic processes: examples show
organometallic complex3' or metal nanoparticle catalysts,?
used in batch and flow applications.3? Additionally, organic dyes
supported on silicon-based materials have been shown to be a
powerful, low-cost, sustainable alternative to organometallic
compounds offering a greener pathway for heterogeneous
photocatalysis.®® This includes perylene dyes, which show
great photostability and can be used in different photoredox
processes or as photosensitizers.3437 Perylene diimides (PDI)
and its derivatives are known singlet oxygen (*O2)
photosensitisers, however, their use in photocatalysis has been
hindered by their low solubility in common organic solvents.
Attempts to use them in heterogeneous phase have been
shown in the past® including uses in combination with well-
known inorganic photocatalysts such as TiO2.3® Nevertheless,
the small particle size of commonly used supports such as
mesoporous silica (e.g. SBA-15, MCM-41) presents issues
when used with flow systems, as described above.

In this study, we are trialling use of solid (dense) glass beads
and uniquely highly porous glass beads as catalysts supports
for creating a PDI-based photocatalyst in flow. As opposed to
glass wool, glass beads provide ease for packing and greater
mechanical stability. Glass beads have previously been used
as refractive components to increase light penetration and as
supports of photocatalysts such as TiO2 and fluorescein
polymers.?% 3% Furthermore, they also find use as static mixers
within flow chemistry systems to improve mass transfer in multi-
phasic mixtures.*® The use of glass beads allows for repeatable
packing into tubular reactions, and their spherical shape
permits ease of loading into flow reactors (via a slurry). Herein,
we explore a series of supports based on glass beads that have
been easily functionalised with perylene-based photocatalysts
and hence used for the oxidation of n-butyl sulfide in batch and
flow systems. The supported PDI catalyst performs well with

Table 1: Properties of the catalyst support materials used in this work.

high conversion and excellent selectivity in the synthesis of n-
butyl sulfoxide. The nature of the supporting materials (i.e.,
borosilicate beads and phosphate based glass microspheres)
exhibit morphological and chemical properties that make them
reusable, easy to separate, and compatible with fixed-bed flow
reactors (ease of loading and unpacking), providing an
excellent platform for sustainable and scalable aerobic
oxidative processes in continuous flow.

Results and Discussions

The use of solid supported PDI photocatalysts requires
supports that are compatible with lab scale reactors and easily
adaptable to flow systems that can facilitate large scale
production. Two photoreactors are considered for testing the
materials (Fig. S1-S2): a) A thin-film rotary photoreactor,
modelled after the ‘PhotoVap’ by Poliakoff and George*! and b)
a fixed-bed FEP flow reactor.? The thin-film photoreactor is
used in batch operation to complete solid-gas-liquid
photochemical studies under different gaseous environments.
The rotary nature of this reactor allows for mixing without the
need for a stirrer bar or impeller, minimising the mechanical
stress experienced by the solid phase and therefore
detachment of the superficial dye layer. The second, a fixed-
bed reactor, presents several advantages for using
heterogeneous materials in flow, but also some limitations
regarding particle size, as small particle sizes can increase the
back pressure of the system also limiting the appropriate length
of the reactor. Operating at conditions close to the working
pressure limit also has implications on process safety,
particularly when using flammable organic solvents with
gaseous oxygen.*? Therefore, we decided to evaluate supports
(table 1) with different sizes and morphologies, from
commercial glass beads (GB1 and GB2, entries i-ii) to porous
phosphate-glass microspheres (PGB1, PGB2, and PGBS3;
entries iii-v) manufactured in-house at the University of
Nottingham. The materials were selected to provide varied
surface area for catalyst loading while reducing pressure drops
when used in fixed-bed flow reactors.**#6 All materials were
characterised by scanning electron microscopy (SEM, Fig. 2
and Fig. S3-S4) and N: adsorption analysis (Fig. S5-S6) to
determine morphology and surface area, respectively.

Entry Label Composition Morphology Particle size (um)?2 Surface area (m2g1)P
i GB1 Borosilicate glass® Solid microspheres 133 -215 2.39
ii GB2 Borosilicate glass® Solid microspheres 424 — 807 1.23
iii PGB1 Phosphate glass ¢¢ Porous microspheres 65-124 1.38
iv PGB2 Phosphate glass ¢¢ Porous microspheres 115 - 206 2.25
\Y PGB3 Ti-doped phosphate glass®® Porous microspheres 118 - 211 2.56

2 Determined by SEM imaging analysis. ® Determined using N2 gas adsorption experiments using Brunauer-Emmett-Teller (BET) model. ¢ Commercially available. ¢
Materials synthesised following reported methods.*’ © Materials are soluble at low pH aqueous solutions.
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Figure 2. Scanning electron microscopy images of A) GB1, B) GB2, C) PGB1,
D) PGB2, E) PGB3, and F) silica gel.

To test the materials suitability for a fixed-bed reactor (Fig.
S2), we designed a series of pressure drop experiments to
determine the correlation between particle morphology and
pressure generation under fluid flow conditions. The pressure
drop per unit length (AP/L) across a fixed bed of length L, as
described by the Ergun equation,*® is a function of the physical
properties of the fluid, the reactor dimensions, the patrticle size
and the bed porosity as well as the fluid properties of the
components passing through the packed bed (i.e. fluid
viscosity, further details in Sl). Generally, AP/L increases with
decreasing particle size and increasing packing density. Thus,
the ideal support should be capable of being deployed in a
fixed-bed reactor without being too fine to generate high
pressures, yet small enough to maintain a high surface area-
to-volume ratio for efficient catalyst loading. Figure 3 shows
the pressure drops experienced in fixed-bed reactors related
to particle size, porosity, and reactor dimensions. As
expected, the support morphology plays a crucial role in the
pressure drop experienced by the system, thus, spherical
particles show significant lower pressure drops than
amorphous silica gel (Fig. 3A), which is expected giving the
combination of significantly different particle size as well as
the angular shape of silica. A larger void fraction is expected
to result in a lower pressure drop. Pressure drops are reduced
when using porous patrticles, potentially allowing for longer
reactors before nearing the working pressure limit for the
tubing. Fig. 3B shows the particle size also affects the
pressure drop as expected, with lower particle sizes
generating higher pressures. Overall, the results show both
solid and porous beads would allow the use of a ~10 m long
reactor while still working below the maximum safe working
pressure (< 300 psi) demonstrating the ease of scalability of
this platform.
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Figure 3. Back pressure experienced as a function of IPA flow rate over a fixed-
bed reactor (ID = 0.085 in) for amorphous silica gel, GB1, PGB1, PGB2 and
PGB3. The plots compare particle morphology and particle porosity (A), and
porous particle size (D). RSD < 1 %.

Next, we tested the materials’ resistance to withstand the
reactions conditions during catalyst loading and to ensure
appropriate catalyst lifetime. As catalyst loading requires pre-
activation of the particles under either acid or basic conditions,
the materials were subjected to these conditions and their
chemical resistance was visually evaluated. In the case of the
solid borosilicate glass beads (GB1, GB2), the surface
activation could be completed with Piranha solution resulting
in sticky, hydrophilic beads due to the increased concentration
of surface Si-OH groups. As the same conditions lead to
complete disintegration of the porous beads (PGB1, PGB2
and PGB3), alternative basic conditions were used to activate
these materials (See ESI).

PDI-grafted glass beads

The materials showing the most promising mechanical and
chemical properties, this is, reduced pressure drops,
resistance to activation conditions, and strength under
spinning conditions (not shown), were selected to anchor the
PDI photocatalyst, i.e., GB1 and PGB3. For this we use a
covalent cross-linker, APTES (3-aminopropyltriethoxysilane),
an aminosilane of benign nature and low cost (see ESI for
details). APTES can form strong bonds between silica
surfaces through the formation of Si-O-Si linkages allowing
them to bind to a range of photosensitisers3°-31, Silanisation of
activated silica-based materials is an effective approach for
subsequent modification. The formation of a surface layer of
a covalently anchored PDI units is expected to give a strongly
bound photocatalyst that retains its homogeneous phase
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catalytic properties allowing for the activation of both energy
transfer and SET (single-electron transfer) processes. The
resulting hybrid material (PDI@support) shows a strong pink
colour suggesting effective loading of the PDI onto the glass
beads. The optical characterisation shown in Fig. S8 is
representative of the materials obtained using this protocol.
The theoretical amount of PDI distributed across the surface
of the glass bead was estimated assuming glass bead’s
geometry and formation of a PDI monolayer (Table S1).
Experimental values were determined via PDI detachment
upon base-catalysed hydrolysis*® (see ESI) followed by
analysis of the liberated dye using UV/vis spectroscopic
analysis. This led to experimental loadings of 0.195 umol g
for PDI-GB1 which is comparable to the theoretical value of
0.15 pmol g?'. The differences between predicted and
measured loadings are likely due to deviations from
theoretical assumptions such as microsphere size and the
formation of a monolayer of PDI.

Photocatalytic process: batch conditions

PDI compounds have previously been used for a wide variety
of organic transformations such as the reduction of aryl
halides, iodoperfluorination of alkenes and the aerobic
oxidation of sulfides.®* %0 Here, we used the oxidation of n-
butyl sulfide (Table 2) as a model reaction to test the catalytic
properties of the prepared materials. The corresponding
sulfoxide is commonly found within pharmaceuticals (e.g.
omeprazole and sulindac 5'), agrochemicals and polymers.
Sulfoxidation strategies have been reported including the use
of photocatalysts such as anthraquinone and thioxanthone.5
54 PDI compounds bearing isopropylbenzene end groups
have been wused in homogeneous phase for the
photochemical sulfoxidation of n-butyl sulfide with high
conversions and selectivity, but no attempt was made to
recover the photocatalyst to test reusability of the material.®
The activity of the PDI-beads was first tested in batch
conditions using the thin film rotary photoreactor (Fig. S1). As
shown in Table 2, the reaction proceeds to completion in less
than 2 h when using MeCN or MeOH as solvents. The use of
EtOH, a less toxic solvent, shows slightly lower reaction
kinetics, despite theoretically having the greatest O:2
solubility.> Nevertheless, complete conversion of the sulfide
is achieved in 2.5 h with complete selectivity towards the
sulfoxide. The presence of n-butyl sulfone was not detectable
by GC or 'H NMR. Control experiments (Table 3) show the
reaction cannot proceed in the absence of catalyst or in the
well as maintaining an Oz environment within the flask were
beneficial to increasing yield demonstrating the importance of
maximising Oz availability for the sulfoxidation to proceed.
Kinetic studies show zero order with respect to the
concentration of substrate across the range explored (Fig.
4A). Thus, the rate of the photo-oxidation is limited by the
generation of reactive oxygen species (ROS), which depends
on light intensity, oxygen and photocatalyst concentration.
Fig. 4B shows the reaction rate increases linearly with light
intensity. As commonly found in both homogeneous and
heterogeneous photocatalytic systems, the reaction rate
tends to increase linearly with photocatalyst concentration
(Fig. 4C), due to enhanced light absorption, till reaching a
plateau at peak light absorption.

Table 2. Solvent effect on the photocatalytic oxidation of n-butyl sulfide under
batch conditions.?

PDI-GB1
R‘S’R (0.03 mol%) R\§/R R= n-butyl
hv, Oy, solvent o
Sulfide Sulfoxide
Entry Solvent Time (h) Conversion (%) Yield (%)

1 MeCN 1 72 68
2 MeCN 2 >99 >99
3 MeOH 1 68 63
4 MeOH 2 >99 >99
5 EtOH 1 45 40
6 EtOH 2 70 66
7 EtOH 2.5 >99 >99

@Reaction conditions: 0.5 mmol n-butyl sulfide, 2 g PDI-GB1 (0.03 mol %), 5 mL
O-enriched solvent, O, atmosphere. LED: 456 nm. Irradiance: 0.58 W cm.
Reaction followed by gas chromatography (GC) using 1,3,5-trimethoxybenzene
as an external standard.

Table 3. Oxygen concentration effect on the photocatalytic oxidation of n-butyl
sulfide under batch conditions.?

Entry Change of conditions Conv (%) Yield (%)
i None >99 >99
ii Dark Trace 0
iii No catalyst Trace 0
iv Oz-enrichment, Air atm 28 25
\Y No Oz-enrichment, Oz atm 51 49
vi Oz-enrichment. Ar atm 11 8
vii Ar degassing, Ar atm Trace 0
viii Ar degassing, Oz atm 45 43

aReaction conditions: 0.5 mmol n-butyl sulfide, 2 g PDI-GB1 (0.03 mol %), 5 mL
EtOH, 2 h irradiation. LED: 456 nm. Irradiance: 0.58 W cm2. Reaction followed
using gas chromatography (GC) with 1,3,5-trimethoxybenzene as an external
standard.

To further demonstrate the applicability of these materials, the
sulfoxidation of n-butyl sulfide was carried out at gram-scale.
We observed a 20-fold increase to 10 mmol (~1.5 g) of n-butyl
sulfide was quantitatively converted to the corresponding
sulfoxide in 16 h. This is comparable to similar aerobic
oxidations of sulfides using homogeneous photosensitisers in
batch. 5 The beads were recovered and re-used without loss
of activity (Fig. 4D). Additionally, the catalyst was reused at
least 5 times in batch conditions with cumulative turnover
numbers (TONs) nearing 16,000 after the 5" run. The
turnover frequency (TOF) remains largely unchanged across
the five catalytic cycles, with a slight decrease from 1,111 to
1,107 h'! by the 5" use of the same material, respectively.
These experiments led to detachment of dye from the support
(see Fig. S10), potentially due to remnant PDI physisorbed via
n-t bonding between PDI units. Furthermore, the shear
mechanical forces experienced by the bead during rotation is
expected to lead to attrition between particles. Nevertheless,
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the amount of PDI loss is estimated to roughly 1% of the total
PDI loading, which did not affect the overall activity of the
catalyst. Fortunately, the catalyst loss can be circumvented
under flow conditions as shown below (Fig. S10).
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Figure 4. Kinetic studies to determine the order of reaction with respect to A) n-
butyl sulfide concentration (Irradiance: 0.12 W cm), (B) light intensity and (C)
photocatalyst loading (MeOH instead of EtOH). (D) Reusability of PDI-GB1.
Reaction conditions: 0.5 mmol n-butyl sulfide, 2 g PDI-GB1, 5 mL Oz—enriched
EtOH, O atmosphere. LED: 456 nm (typically 0.58 W cm). Reaction followed
by gas chromatography (GC) using 1,3,5-trimethoxybenzene as an external
standard.

Photocatalytic process: flow conditions

The PDI-beads materials were tested in a fixed-bed flow
reactor (FEP tubing, Fig. S1 — S2). The reactor was
illuminated from the side using a 459 nm LED (1.2 W cm™).
The dosing of liquid reagents at a fixed flow rate, Q, was
controlled by a syringe pump allowing for precise delivery of
substrate. The liquid stream was connected to a T-mixer with
a flow of Oz gas (set using a mass flow controller) to form a
segmented flow of alternating liquid-gas slugs. This flow
pattern leads to highly efficient micro mixing between the two
phases due to the presence of counter-rotating vortices at the

phase interface (Taylor vortices).!® The segmented flow
pattern was maintained after exiting the reactor albeit with an
increase in both the size of the liquid slugs as well as the
spacing between consecutive slugs, likely due to the presence
of the fixed-bed of beads resulting in axial dispersion of fluid
flow and coalescence of segments.

The reaction proceeded with high efficiency across a range of
process conditions including different flow rates and substrate
concentrations (Table 4). The nature of the support material
affected the reaction outcome significantly, with solid glass
beads producing the sulfoxide product quantitatively (entries
i-ii). Porous phosphate beads allow for sulfone formation,
potentially due to increase local concentration of oxygen and
reagent inside the pores (entries iii-iv).

In order to increase productivity, longer reactor lengths were
used. The concentration of n-butyl sulfide could be increased
from 0.05 to 0.075 M leading to an increase in hourly
productivity from 1.15 to 1.71 mmol h? (entries v-vi). An
attempt was made to maintain the same residence time (RT:
11 min) and further increase the reaction concentration to 0.1
M but this led to a poorer conversion and yield of 60% (entry
vii). Nevertheless, doubling the residence time to 23 min
achieved full conversion of the starting material and
guantitative conversion into n-butyl sulfoxide but the reduced
flow rate decreased the hourly productivity to 1.19 mmol h?
(entry viii). The effect of flow rate was explored further, and it
was possible to maintain a comparable yield with an RT of 15
min increasing the hourly productivity to 1.76 mmol h** (6.9 g
day?, entry ix). Remarkably, no PDI leaching was detected
under flow conditions, as opposed to the loss of PDI
experienced in the rotary thin film reactor (see Fig. S10). This
suggests that under flow conditions the material experiences
lower shear forces than in batch, resulting in low mechanical
stress and undetectable catalyst loss. The back pressure
generated during fluid flow at process conditions was typically
less than 10 — 15 psi which provides confidence in the scale-
up of this reactor through either a longer coil or a wider
diameter tubing. Furthermore, none of the typical issues
experienced when using heterogeneous materials in flow
such as blocking, and clogging were experienced due to
immobilization of the catalytic phase inside the packed bed.

Table 4: Flow chemistry experiments completed in fixed-bed photochemical reactor.

Productivity

[Sulfide] Q RT Conversion Yield
Entry2 Catalyst (mM) (mL min-) (min) (%) (%) ol ol h AL

i PDI-GB1 25 0.025 5 78 74 0.03 185
ii PDI-GB1 25 0.010 10 >99 96 0.01 96
i PDI-PGB3 25 0.025 5 60 40 0.02 140
ivP PDI-PGB3 25 0.010 10 67 52 0.01 65
\ PDI-GB1 50 0.4 11 >99 96 1.15 640
Vi PDI-GB1 75 0.4 11 >99 95 1.71 950
Vii PDI-GB1 100 0.4 11 68 60 1.44 800
viii PDI-GB1 100 0.2 23 >99 >99 1.19 660
ix PDI-GB1 100 0.3 15 >99 98 1.76 980

Reaction conditions: n-butyl sulfide, Oz-enriched EtOH. LED: 456 nm. Irradiance: 1.2 W cm2. Reaction followed using gas chromatography (GC) with 1,3,5-
trimethoxybenzene as an external standard. @ Reactor length: 10 cm (entries i-iv), 5 cm (entries v-vi), and 120 cm (entries vii-xi). °Yield drops are the result of
~20% sulfone formation. Q: liquid flow rate, RT: residence time. Productivity (mmol h') = concentration (M) x flow rate (mL min) x yield x 60 minh*. Space-time
yield (STY, mmol h L'Y) = productivity / reactor volume.
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Conclusions

We demonstrated the use of silane-ended perylene diimide for
the creation of a heterogeneous photocatalyst suitable for
continuous flow applications. Its photocatalytic properties
were tested through the generation of reactive oxygen species
for the oxidation of n-butyl sulfide as a benchmark reaction.
The reaction proceeded with fast kinetics in batch providing
confidence for using PDI-beads in flow reactors. A fixed-bed
FEP flow reactor was developed to use both supports, solid
glass beads (GB1) as well as porous phosphate-glass beads
(PGB3), in a continuous flow gas-liquid system. The nature of
the support affects the reaction productivity, with porous
beads providing a route to the synthesis of the overoxidised
product, sulfone, whereas the solid beads produced sulfoxide
quantitatively. It was possible to achieve hourly productivities
of 1.76 mmol h'! (~7 g day?) and space-time yields of up to
980 mmol h?' L1 By immobilising a thermally and
photochemically durable photocatalyst, it is possible to
achieve TONs of >16,000. The use of supported-PDI in a
simple fixed-bed photochemical reactor housed in FEP tubing
eliminates the need for a costly catalyst removal stage. The
ease-of-use, simple assembly and scalability of this reactor
demonstrates the applicability of this system for fine chemical
synthesis using visible light.

Experimental Section
Materials and methods

Commercially-available, solid, glass beads (150 — 212 pm,
500 — 750 pm) as well as a range of porous, phosphate-
based, glass microspheres were used as supports. Hydrogen
peroxide (12%) and sulfuric acid (S.G.1.8) were used to
prepare piranha solution for support surface activation.
Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and
3-aminopropyltriethoxysilane (APTES) were used to prepare
the PDI. Analytical standard n-butyl sulfide, n-butyl sulfoxide,
n-butyl sulfone, 1,3,5-trimethoxybenzene were purchased
from Sigma-Aldrich. FEP tubing was purchased from Cole-
Parmer. Fittings for the flow reactor were obtained from
Swagelok and Cole-Parmer. LED lamps from Kessil Lighting
and University of Nottingham workshops.

Synthetic procedures
Synthesis of PDI

PDI was synthesised via a reported literature method3° with
slight modifications. Briefly, PTCDA (2 g) was purged with Nz
in a round bottom flask. APTES (4 mL, ~4 eq.) was injected
into the flask and the resulting mixture was stirred for 20 h
under an N2 atmosphere in the dark at 150 °C. The resulting
red solid was ground to a fine powder and transferred to a
Soxhlet system for extraction with petroleum ether for 7 days
to remove unreacted APTES, followed by extraction with
acetone for 2 days to remove residual PTCDA. Acetone was
used to recover the solid and subsequently removed under
reduced pressure to afford the PDI as a dark red powder.

Activation of support

Briefly, glass beads were activated using Piranha solution (3:1
H2S04:H202). The beads were washed with DI water and
dried in an oven at 80 °C for 2 h. For porous beads (PGB1-3),
a concentrated base etch (10 M, methanolic) was used at
room temperature.

Synthesis of PDI-beads
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PDI was immobilised onto silica supports using a standard
protocol (Scheme S2). Depending on the nature of the
support, one of two activation routes was taken (above). The
activated beads were immediately transferred into a round-
bottom flask with 50 mL anhydrous toluene, 0.3 g PDI and
refluxed overnight. The PDI-beads were washed toluene (x2),
acetone (x2) and methanol to remove unreacted PDI and
transferred to a Soxhlet system for extraction with acetone for
2 days.

Photocatalytic procedures
Batch conditions

The batch photochemical oxidation of n-butyl sulfide was
carried out in a thin-film rotary photoreactor (Fig. S1).
Typically, a 50 mL round bottom flask was charged with 0.5
mmol n-butyl sulfide, 5 mL Oz-enriched solvent and 2 g PDI-
beads. The flask was connected to the evaporator under an
oxygen environment. Rotation speed was set to
simultaneously suspend the glass beads as well as create a
thin film to maximise the contact between gas-liquid-solid
phases. The flask was partly submerged in water bath (to
maintain a constant reaction temperature between 18 — 20 °C)
and irradiated using an LED lamp. For the gram scale
experiment, the reaction was completed in a 250 mL round
bottom flask with 15 g PDI-beads in 10 mL oxygen-enriched
EtOH, irradiating with blue LED (0.58 W cm?) for 16 h.
Reactions were followed by gas chromatography (GC) using
1,3,5-trimethoxybenzene as an external standard.

Flow conditions

Flow photochemistry was tested in a fixed-bed FEP flow
reactor (Fig. S1 — S2). A syringe was loaded with a solution of
n-butyl sulfide in Oz-enriched EtOH. Liquid flow into the
system was controlled using a syringe pump and was
combined with a stream of Oz using a T-mixer. Gas flow was
set either at the cylinder regulator (1 bar) or metered into the
reactor using a mass flow controller (Alicat Scientific, Inc.) The
two fluids streams were combined in a T-mixer until a
segmented flow pattern was achieved. The reactor was
irradiated using a blue LED lamp and samples for yield and
conversion determination were taken after 3 reactor volumes
to measure steady state concentration.

Characterisation

Gas chromatography was completed on a Thermo Fisher
1310 system. FT-IR spectra were acquired using a Bruker
Alpha IR spectrometer with an ATR accessory. A JEOL
6490LV scanning electron microscope was used to evaluate
the size and morphological properties of solid-state materials
used in this study. N2 adsorption isotherm data was acquired
using a Micromeritics 3Flex adsorption analyser. Surface area
was approximated using the Brunauer-Emmett-Teller (BET)
approximation. Absorption properties of the synthesised
materials were evaluated using an Agilent Cary 5000
spectrophotometer using a DRA-1800 (PMT/InGaAs) diffuse
reflectance  accessory.  Absorption and  emission
spectroscopies were obtained using a Tecan Infinite 200 PRO
plate reader. Solid state photoluminescence spectra were
acquired using an Edinburgh Instruments FLS980 system
using a Xe source lamp and a 590 nm cut-off filter.

Further experimental details and data are provided in the
accompanied Supporting Information.
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