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Abstract

Photochemistry has recently re-emerged at the forefront of chemical development, however,
access to affordable and reliable photoreactors that generate reproducible results is a continued
challenge for researchers in the field. Herein we present an open-source 3D printable ‘M-Arc’
photoreactor, named for its modularity and internal arc structure. The M-Arc reactor features
modular batch and flow reactor inserts, ports for one or two light sources and a fan unit for
maintaining temperature control. The reactor was benchmarked against commercially available
photoreactors using chemical actinometry and three classical photochemical transformations:
photoisomerisation, dehalogenation and a cross-coupling amination reaction. Photon delivery
in the M-Arc reactor was improved 3.25-fold compared to a commercial reactor which translated

into enhanced rate of reaction for all three tested photoreactions. Using the flow reactor insert,
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a further rate improvement for photoisomerization was achieved, ultimately demonstrating a 15

times rate improvement versus the HepatoChem PhotoRedOx Box™ market product.

Introduction

Photochemistry has undergone a renaissance period in recent years following widespread access to
narrow wavelength LED lamps.ﬂ Compared to historical, broad wavelength xenon/mercury lamps,
LED technologies have granted chemists access to targeted wavelength excitation, reducing the risk of
undesirable side reactions or photodegradation which has previously limited the scope of

applications.E Consequently, photocatalysis has been broadly adopted in recent years, facilitating the
6-9

development of novel chemical transformations using mild reaction conditions and visible light.

Access to light-mediated contra-thermodynamic reactions are of particular interest as they can
10

facilitate otherwise inaccessible synthetic steps and support energy storage technologies.
Given the contemporality of the photochemical field, many research groups publish reports using
unique reaction set ups. This trend has limited capacity for reaction replication both internally and

more broadly between research peers.ﬂ Itis clear that reactor standardisation is necessary to
12

overcome these issues and ultimately boost development of robust reactions.
Standardised commercial products have partially addressed this issue, offering reliable and
reproducible reactor geometries. However, their associated high costs often limit their accessibility to
academic groups. Indeed, it is also the case that many commercially available photoreactors lack
modularity to enable screening at different reactor volumes and scales. For example, the translation of
batch reactions into flow regimes often requires the purchase of additional commercial products,
further increasing expenses. Flow translation is an especially valuable tool for photochemical research
as photon delivery falls off exponentially with reactor depth. Use of microfluidic tubing and flow
regimes can neutralise this limitation, facilitating scalable photochemical processes.E Though photon
delivery is often an underappreciated aspect of photochemistry, it has been highlighted as a key
consideration in the mechanistic discovery of these systems.ﬂ Accordingly, the direct comparison of

batch and flow reactivity in a single reactor geometry is invaluable, ideally while using the same,
5

standardised, photon sources.
3D printable photoreactor templates can address many of these issues. 15-28 The cost associated

with 3D printing is often orders of magnitude lower compared with commercial products. Furthermore,
many reactor geometries have been presented and benchmarked, granting flexibility and confidence in

the design concepts. The high precision associated with 3D printing provides further robustness in
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reactor replication.@ However, for many of these templates, the design concepts centralise around
either batch or flow capabilities, with few examples demonstrating exchangeable access to both.

Herein we present a 3D-printed modular ‘M-Arc’ photoreactor capable of hosting multiple batch
scales and flow reactions. Photon delivery of the M-Arc reactor is benchmarked against two
commercially available reactors viaferrioxalate based actinometry.ﬁ Kinetic study of three
photocatalytic reactions, namely the photoisomerization of trans-stilbene, dehalogenation of phenacyl
bromide and a dual-photocatalytic amination of aryl bromide showed improved rates of reaction using
the M-Arc reactor versus alternative geometries. 31-33 Furthermore, using the flow insert, a

comparison was made between the kinetics of the batch and flow photoisomerization reaction of trans-

stilbene.

Results and discussion
System and optimisation

It was our aim to produce a simple, cost effective and accessible photoreactor that would require
minimal engineering and importantly lead to reliable and reproducible photochemical results. Three
key reactor characteristics were considered in the design concept and prototyping of the M-Arc
photoreactor: (i) the reactor housing should be 3D printable as one complete unit, removing the need
for further assembly. It should contain ports for readily accessible light sources and a fan for
temperature regulation, (ii) a modular insert system should be designed that can enable batch and flow
reactions (iii) a base stand should fit with many commercially available stirrer hotplates to ensure

consistent mixing of batch reactions (Fig. 1).
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Fig. 1 M-Arc reactor schematic (left). Hotplate base (bottom), photoreactor housing (middle), vial
carousel (4 x microwave vial example) (top). LED lamp mounting of Kessil or HepatoChem

EvoluChem lamps (right).

We opted for a direct irradiation approach over reflective panelling, often seen in photoreactors, as it
simplifies the set-up, shortens the photon path length and removes the variability that reflective
surfaces can introduce via surface contamination. A carousel insert was designed to maintain
equidistance between reaction vials and LED lamps which should support consistent and
homogeneous light delivery to all four vials (Fig. 1).

Controlled stirring properties across all vial positions was important in the M-Arc reactor design to
ensure consistent reaction mass transfer. Discrepancies in mixing properties, which have been
observed in commercial and bespoke photoreactors, can lead to inconsistent reaction outcomes. The
reactor base was designed to fit onto standard stirrer hotplates with 135 mm & 145 mm diameters,
centralising both the reactor and carousel. By extension, the position of the reaction vials relative to the
magnetic centre are equivalent, providing consistent stirring across all reactor positions.

Maintaining cool and constant reaction temperatures are key considerations for photochemical
reactions to minimise thermally initiated side reactions and relaxation pathways of photocatalysts.
Both commercial and bespoke systems can be limited for temperature control, leading to inconsistent
photocatalyst activity and by-product formation. Prioritising temperature control for the M-Arc reactor,
housing for an 80 x 80 mm fan was designed into the rear of the reactor to provide controllable, active
cooling orthogonal to irradiation source. Through this, we envisaged that temperature control would
be improved while also ensuring that light escape via the fan would be safely contained at the rear of
the reactor. Airflow is diverted through the unique internal arc design, allowing hot exhaust gas to exit
towards the top of the reactor (Fig. 2a). In some niche cases, application of heat can complement
photochemical reactivity. To allow for flexible elevated temperature screening, a variable power fan
was applied to provide a range of available operation temperatures. Benchmarking was conducted to
confirm steady state reaction temperatures during irradiation. Vials were filled with water and 450 nm
HepatoChem lamps (2 x 18 W) were used to irradiate the reactor vials. Solution temperatures were

measured by an internal thermocouple each second to track heat removal (Fig. 2b).
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Fig. 2 (a) Implementation of internal arc geometry to aid with airflow in the M-Arc reactor. (b)
Temperature profile of M-Arc photoreactor when irradiated with 450 nm LEDs (2 x 18 W). A variable

voltage fan confirmed the influence of fan power with reactor steady state temperature.

Irradiative conditions with the fan switched off showed a steady state temperature of 55 °C.
Subsequently, the integrated fan was switched on at variable power settings. At 12 W fan power, an in
situ steady state temperature of 31 °C was achieved. 8 W and 4 W settings gave 34 °C and 37 °C reaction
temperatures respectively. Impressively, steady state was reached within 10 minutes of fan initiation,
suggesting that air flow provided by the fan was sufficient to stabilise the reactor. Given the relatively
high specific heat capacity of our tested solvent, water, it is expected that heat removal may be even
more efficient with conventional organic solvents. Simultaneous irradiation and cooling via the fan
gave a steady state temperature of 33 °C. Variance compared to prior test is attributed to a higher
ambient laboratory temperature.

As mentioned prior, modularity is an integral design feature necessary to reduce need for bespoke
reactors. In the M-Arc reactor, the standard carousel design uses microwave crimp vials (ID = 12.0 mm,
OD =16.8 mm) as these are flexible to both air exclusion and pressurisation, enabling a range of
chemical reactions. However, alternative designs are presented for application of NMR tubes, HPLC
vials, UV-Cuvettes, Q-Tube™ reactor vessels and flow tubing (Fig. S3-S9). Ultimately, the design

flexibility of the carousel is limited only by the space available in the reactor. Modular parts were
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designed with tight manufacturing tolerances to ensure minimal light loss and improve reactor safety.
Light source modification is also supported by the M-Arc reactor. With a standard diameter of 64 mm,

trusted HepatoChem and Kessil LED lamps fit tightly into the standard reactor geometry. Indeed, this

feature is also readily adjustable to suit a range of alternative LED sources.

Reactor benchmarking - actinometric comparison

Photon delivery was tested in the M-Arc reactor viachemical actinometry to ensure that the direct
irradiation concept could facilitate good light properties. A ferrioxalate chemical actinometer was used
to quantify photon delivery using a HepatoChem EvoluChem™ LED (365 nm, 1 x 18 W) (Fig. 3). Vial

positions 1 and 2 were irradiated simultaneously to confirm consistency (Fig. 1). Actinometric

characterisation of two commercial photoreactors was acquired for comparison.
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Fig. 3 Actinometric quantification of light delivery for M-Arc reactor and two commercial products
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(Asynt Illumin8 & HepatoChem PhotoRedOx Box™).

Using the same LED source and reactor vials, the M-Arc reactor delivered 3.25 times more photons to
the ferrioxalate solution than the HepatoChem PhotoRedOx Box™ (1.6 vs. 0.5 x 107> mol s™%), confirming
direct irradiation was superior to reflective panelling for photon delivery in this case. Comparison with

an Asynt Illumin8 photoreactor showed that the M-Arc reactor was again able to outperform a
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commercial product for photon delivery. However, the Illumin8 reactor uses bespoke LEDs and vials
compared to the M-Arc and PhotoRedOx Box™, so direct comparison with this system is less reliable.
Interestingly, the Asynt lllumin8 also compared favourably to the PhotoRedOx Box™ which relies on a
set of internal mirrors for photon delivery. The Illumin8 reactor provides photons via direct irradiation,
analogous to the M-Arc photoreactor, suggesting that the streamlined design philosophy may

consistently outperform competitive reflection-based designs.

Reaction kinetics comparison study

The impact of improved photon delivery on chemical kinetics was investigated through three unique
photocatalysed reactions. Modification of literature methodologies enabled application of 2,4,5,6-
tetra(9H-carbazol-9-yl)isophthalonitrile (4-CzIPN) photocatalyst and 450 nm LEDs (1 x 18 W) in all tests
to maintain consistency. 31733 The first reaction tested was a classical isomerisation of trans-stilbene;

second, a dehalogenation reaction of phenacyl bromide; and finally, a cross-coupling amination of 4-

fluorobromobenzene with aniline, co-catalysed by [NiBr,-glyme] (Fig. 4).
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Fig. 4 Kinetic comparison of M-Arc reactor and HepatoChem PhotoRedOx Box™. Reactions completed

in described microwave crimp vials (ID =12.0 mm, OD = 16.8 mm). Reactor positions 1 & 2 irradiated

simultaneously with one lamp to generate dataset & error bars calculated accordingly. (a)

Isomerisation of trans-stilbene. trans-Stilbene (180 mg, 1 mmol), 4CzIPN (19.7 mg, 0.025 mmol, 2.5

mol%), DMF (0.2 M), 450 nm LED (1 x 18 W). (b) Dehalogenation of phenacyl bromide. Phenacyl
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bromide (498 mg, 2.5 mmol), triethanolamine (0.99 mL, 7.5 mmol), 4CzIPN (9.8 mg, 0.0125 mmol, 0.5
mol%), DMF (0.5 M), 450 nm LED (1 x 18 W). (c) Cross-coupling amination of 4-fluorobromobenzene
with aniline. 4-Fluorobromobenzene (0.44 mL, 4 mmol), aniline (558 mg, 6 mmol), t-butylamine (0.9
mL, 5.2 mmol), NiBr,-glyme (62 mg, 0.2 mmol, 5 mol%), 4CzIPN (15.8 mg, 0.02 mmol, 0.5 mol%), DMF
(0.4 M) 450 nm LED (1 x 18 W).

As expected, improved photon delivery led to a marked improvement in reaction kinetics across all
tested reactions. For the isomerisation of trans-stilbene, cis-stilbene product was quantified in 57%
yield after 5 minutes in the M-Arc reactor versus 22% in the PhotoRedOx Box™. Reaction completion
was achieved in 15 and 40 minutes for the M-Arc and PhotoRedOx Box™ respectively. Initial rate
comparison highlighted a 2.5-fold improvement using our presented reactor geometry (45.6 vs. 17.6
pumol min~1). This reaction was also demonstrated at 0.5 mL (NMR) and 10 mL (Schlenk Flask) scale
using alternative carousels (Fig. S20 and S21). At these two alternative scales, the rate of reaction again
exceeded that of the commercial product.

In the second benchmarked reaction, the debromination of phenacyl bromide, a further
enhancement to rate of reaction was demonstrated using the M-Arc reactor. An acetophenone yield of
66% was furnished after just 2 minutes of irradiation compared to a 12% yield for the commercial
reactor. Initial rates of reaction were therefore improved by approximately 5.5 times in this case (330 vs.
60 umol min1). The dehalogenation reaction reached completion within 10 minutes in the M-Arc
reactor, however, was not complete within the same timeframe for the PhotoRedOx Box™.

The final reaction, a cross-coupling amination, displayed more complex reactivity patterns. Unlike
the isomerisation and dehalogenation reactions, the nickel co-catalysed reaction gave rise to almost no
product yield or starting material consumption in the commercial reactor. In contrast, a modest yield of
*35% was observed in the M-Arc reactor. Given the greater complexity of this reaction compared to
prior tests, the formation and lifetime of high energy radical intermediates may be more sensitive in
this case, hence consistent photon delivery is more crucial for reactivity. Similarly, temperature control
and stirring are especially important in this multicomponent system. Divergent reactivity highlighted
the necessity for tighter reaction variable control which was ultimately demonstrated in the M-Arc

reactor.
Flow translation - trans-stilbene isomerization

Flow reactions can offer greater reaction control while facilitating scale-up potential versus
conventional batch reactions. As such, a growth in uptake of the technology has recently been applied

in industrial settings.3_4 Within photochemistry, microfluidic flow tubes have additional purpose in
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enhancing reaction surface area and light delivery properties. As seen prior, photon delivery is critical
for both reactivity and rate of reaction. To afford flow reactivity in the M-Arc reactor, an interchangeable
flow-carousel was designed, housing approximately 2.5 m of flow tubing with a ‘figure-8’ loop design
(Fig.5a). The kinetics of trans-stilbene isomerisation were investigated in flow. Reaction flow rates

were selected to collect kinetic data for irradiation times between 15 seconds and 5 minutes (Fig. 5b).
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Fig. 5 (a) Figure-8 flow tubing fixation method (PTFE tubing, ID = 1.0 mm). (b) Kinetic uptake
comparison of flow tubing in M-Arc reactor versus batch conditions in M-Arc and HepatoChem

PhotoRedOx Box™.

The isomerisation of trans-stilbene in the M-Arc flow reactor was accelerated a further 6-fold in flow
compared to the batch testing in a microwave vial (273 vs. 46 pmol min~1), reaching completion in just
2.5 minutes (productivity = 3.0 g h™1). Compared to the PhotoRedOx Box™, this represented an overall

15-fold improvement to rate of reaction (Fig. 5b). Evidently, translation to flow tubing and hence
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greater photon delivery efficiency can facilitate further improvement to rate of reaction while

maintaining excellent consistency.

Conclusions

In conclusion, we present a new, open-source 3D-printable M-Arc photoreactor geometry. The reactor is
carefully designed to address many common pitfalls observed with commercial and bespoke set-ups.
Testing and characterisation of the M-Arc reactor showed excellent temperature control, consistent
mixing and enhanced light delivery versus a commercial product. Kinetic benchmarking of the reactor
showed the translation of these effects into photochemical reactions, where the M-Arc geometry
accelerated reaction rates >5-fold. A flow carousel was designed and tested to supplement reactor
characterisation. When applied to the isomerisation of trans-stilbene, flow reactions were a further 6
times faster than batch reactions, offering an overall 15-fold improvement to rate of reaction versusa
commercial photoreactor. This reaffirmed the value of flow translation, and hence the need for access
to flow capabilities. We therefore present the M-Arc reactor as an accessible, cost-effective and reliable
system which also facilitates scaling and translation of batch reactions to flow regimes. We anticipate
that the low cost and minimal technical barriers associated with this system will enable new and

existing researchers in the field streamlined access to photochemical screening and research.
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