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Illumination into an electron paramagnetic resonance (EPR) spectro-
meter is commonly carried out through the optical window, perpendi-
cular to the sample and magnetic field. Here we show that
significant improvements can be obtained by using the walls of
the EPR tube as a light guide, with the light scattered only around
the sample-containing area.

Many chemical reactions and processes have mechanisms
involving species with unpaired electrons, either as reactants,
products, intermediates or catalysts. These are measurable by
electron paramagnetic resonance (EPR), and examples include
organic radicals,”* nitroxides,® metal centres/clusters,* and
excited triplet states. The processes involving the generation
or removal of these species may be initiated by light. Common
examples include the study of polymerisation," photosensitisa-
tion for the generation of singlet oxygen,® catalytic,” or bioca-
talytic processes. To measure the changes in EPR active species
caused by illumination, the sample can be irradiated ex situ,
then inserted into the spectrometer and a spectrum recorded.
Alternatively, the sample can be irradiated in situ within the
EPR spectrometer, before or during the acquisition of spectra.

Ex situ illumination is easy to achieve, and many different
light sources, including light emitting diodes (LEDs)"* and
lasers,®> have been reported. However, this method prohibits
acquisition of the EPR spectrum during irradiation and can
only measure changes that persist on a timescale longer than
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the time taken to place the sample in the spectrometer and
record the measurement. Consequently, EPR active species with
short lifetimes may be missed. For this reason, it is often
advantageous or necessary to measure the sample under in situ
illumination, where EPR active species can be detected as soon as
they are generated. Examples of this type of illumination typically
include illumination through an optical window, ' ® or via optical
fibre.”® Here, the limiting time scale is the time taken for the
measurement to be recorded, which can be on the order of ns to
ms for time resolved transient EPR (trEPR) methods, which use a
pulsed laser as the light source.” Alternatively for species with
longer lifetimes, on the order of seconds to hours, a time course
of continuous wave (CW) EPR experiments can be used to record
the formation and decay of the species. Paramagnetic species
under continuous illumination can be recorded at steady state,
such experiments have been reported with xenon lamps,'®™*
solar simulators,'° lasers,'>*® or LEDs.'®%72?

Providing sufficient optical access to the sample within the
EPR resonator for in situ illumination can be challenging.
Direct illumination through the optical window of a resonator
gives a straight-forward light path. However, the design of many
EPR resonators means that the window is either protected by a
microwave-filtering mesh that reduces the amount of light
entering the sample, or is very small (mm in diameter) or both.
Moreover, irradiation from the side can preclude uniform
illumination across the sample itself, with the side of the tube
closest to the illumination window receiving greater illumina-
tion. A small optical window may also prevent complete illu-
mination along the length of the sample. In EPR spectroscopy,
samples are often measured in solid phases, such as frozen
solutions, where there is no fluid motion to mix the sample,
amplifying the negative effects of only illuminating a portion of
the sample. Light delivered via the optical window is incident
on the side of the sample tube - this is usually curved leading to
refraction of the light, further reducing the amount of light
reaching the sample. In cases where a cryostat is used, light
must pass through a series of flat quartz (Spectrosil B) windows
(e.g. Oxford Instruments CF935 or the CF-VTC Cryogenic
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cryostat for EPR) or pass through a curved quartz insert (e.g.
Oxford Instruments ESR900). In both cases reflection and
refraction at these layers of quartz leads to further loss of light
intensity. To overcome this light intensity loss, high-powered
light sources e.g. mercury arc lamps or lasers can be used.
These can cause localised heating or damage which may be
detrimental to sample, resonator, and optical windows.

Fibre optics inserted directly into a sample tube can also be
used to illuminate EPR sample from above. However, their use
incurs heavy optical losses at the point of coupling, necessitat-
ing high power sources that can in turn impact the integrity of
the fibre. If the sample is optically dense, then again, the part
closest to the end of the fibre receives more light and illumina-
tion is attenuated through the sample, leading to reaction non-
uniformity along the length.

Recent work by the authors has suggested a new method of
in situ illumination of samples in related technique, nuclear
magnetic resonance (NMR) spectroscopy. The proposed approach
(called the NMRtorch)**** works by positioning an LED light
source directly on top of the specially modified sample tube, with
the thick walls of the tube itself acting as a light guide. The light
around the area containing the sample is however scattered,
illuminating the sample from the outside.>*** This arrangement
benefits from the matching cross-section area of the tube end and
light emitting surface, minimising the transfer losses and avoid-
ing intermediary optical components such as optical fibres, thus
maximising the intensity of light delivered to the sample.”*** In
early versions of the NMRtorch®*** the light scattering centres
were introduced via abrasive etching on the outside surface of
the glass.

In this study we explored how the NMRtorch design principles
can be transferred and adapted for efficient sample illumination
in EPR. First, using the same LED light source, we explored ex situ
the amount of light delivered to the top of EPR sample tube when
using the direct NMRtorch-like illumination, and when the same
source was connected viag a standard optical fibre. Light intensity
in both configurations was measured by a light meter (UPRtek,
PG200N). Light losses using the optical fibre were ~80% (3698 +
245 mW m™? at the end of the fibre compared to 18711 + 897
mW m 2 at the outlet of the LED). This suggests the direct
illumination approach without optical fibre delivers around 5
times more light to the end of the EPR tube. Another issue is how
to distribute light delivered to the tube around the sample. In
NMR probeheads usually there is no extra space for any addi-
tional light-scattering material on the exterior of the sample
tubes, whereas in continuous wave EPR the resonators are
typically able to allow for a thin layer of wrapping on the outside
of the tube, presenting an opportunity to further modify the way
how light scattering around the sample volume can be achieved.
Here, we have explored the use of PTFE tape and compared this
to abrasive etching. These novel EPR illumination approaches are
benchmarked against perpendicular illumination through reso-
nator window using the same light source closely-positioned
to the optical window. To analyse the effectiveness of these
illumination strategies, we used the photogenerated radical
formation of the riboflavin derivative flavin mononucleotide
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Fig. 1 (a) Structure of FMN and its semiquinone form FMNH* generated
upon illumination. (b) EPR signal of FMNH® radical. Measurement para-
meters: microwave power 20 dB (2.2 mW), modulation amplitude 0.5 G,
time constant 81.92ms, conversion time 5.01 ms, sweep time 20 s, receiver
gain 30 dB and an average microwave frequency of 9.83GHz.

(FMN, Fig. 1(a)), suspended in an agarose-gel matrix. This has
previously been demonstrated as a model system for radical gen-
eration, as the matrix stabilises the protonated radical form FMNH*
generated upon illumination, allowing concentrations sufficient for
detection via EPR to be formed.*® The concentration of the radical
formed, and the rate at which it is formed, are proportional to the
amount of delivered light, allowing assessment of the different
illumination approaches. The formation of the FMNH® radical was
identified from the spectral EPR signal (Fig. 1(b)).

The agarose gel matrix containing flavin was prepared under
darkness according to the protocol of Rostas et al.>® Deionised
H,0 was bubbled with argon for 10 minutes to remove oxygen
before 2.5% (w/v) agarose (Fisher, BPE1356-100) and 25 mM
FMN sodium salt hydrate (Sigma-Aldrich, F6750) was dissolved
with continued argon flow and stirring. argon flow was
stopped, and the solution and 3 mm heavy-walled fused quartz
EPR tubes (inner diameter 1 mm, Ilmasil® PN, QSIL, Germany)
heated to 80 °C in a water bath. Aliquots of the solution were
transferred to the tubes to a fill height of 4 cm. This fill height
was chosen to be larger than the active region of the CW EPR
resonator. The filled tubes were removed from the water bath
and cooled to room temperature, resulting in gelation of the
agarose FMN mixture.

CW X Band (9.8 GHz) EPR measurements were carried out at
room temperature using a Bruker EMXMicro EPR spectrometer
equipped with a Bruker ER4112SHQ-X resonator without a
cryostat fitted. All samples were measured in non-saturating
conditions as confirmed by power dependence measurements.
Field offset correction was carried out by comparison against
the Bruker Strong Pitch standard (g = 2.0028). Photoexcitation
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Fig. 2 (a) Schematic diagram of three illumination techniques used here
for comparison: with etched tube, tube wrapped with PTFE tape, and
direct perpendicular illumination of unmodified sample tube, photograph
of irradiated samples. (b) Plot of integrated signal intensity against irradia-
tion time. Closed circles correspond to the first sample run, open triangles
to the second independent sample run. Measurement parameters used in
the 2D EPR measurements were: microwave power 20 dB (2.2 mW),
modulation amplitude 10 G, this overmodulated the signal to remove
the strong hyperfine coupling seen in Fig. 1, time constant 81.92 ms,
conversion time 5.01 ms, sweep time 20 s, receiver gain 30 dB and an
average microwave frequency of 9.83GHz.

was achieved using the same 455 nm LED (Thorlabs M455F3,
LEDD1B power supply) illumination source, in several arrange-
ments. In each case the LED was switched on after the comple-
tion of 3 scans, and the signal was monitored for 256 sweeps
(approx. 100 minutes).

Benchmarking experiments used a commonly-used arrange-
ment - the LED placed 5 cm away from the optical window of the
resonator providing perpendicular excitation (Fig. 2(a), right). The
results showed a slow formation of the radical over the experiment
(Fig. 2(b) black points). Recorded spectra were baseline corrected
and the second integral was plotted against time. The initial rate
radical formation was determined from a local regression fitted to
the start of each dataset and reported in Table 1.

FMN in the neutral state is yellow however when it enters the
protonated radical form FMNH® a colour change to green is
observed. Under perpendicular illumination though the window
this colour change was subtle and observed in the centre of the
sample indicating that only a small region of the sample had
been weakly illuminated (Fig. 2(a) left). The results obtained from
this method were very reproducible as shown in Fig. 2(b).
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Table 1 Determined rates of radical formation as increase in integrated
signal intensity (SI) per unit time to demonstrate light intensity

Initial rate of radical formation (/s™)
(error based on one standard deviation)

Sample 1 Sample 2
Perpendicular illumination  0.01 (£ 0.10) 0.19 (£ 0.12)
Etched tube 1.04 (+ 0.10) 0.69 (+ 0.11)
PTFE wrapped 1.85 (+ 0.12) 1.62 (4 0.10)

Following the protocol of the NMRtorch two other illumina-
tion conditions were trialled; in both cases the LED source was
mounted directly on top of tube for longitudinal illumination. As
the inner diameter of the light outlet of this LED source was only
marginally larger than the 3 mm tube outer diameter, the open
end of the tube could simply be inserted inside the outlet. To
prevent direct contact of the top of the tube with the otherwise
unprotected LED, we used a small collar formed from suitably
sized silicon tubing (Fig. S1, ESIt) which restricted the depth to
which the tube end was inserted inside the light source, addi-
tionally allowing the source to rest at the top of the tube inserted
into the resonator, without need for any further support. To
achieve the required light scattering around the sample area,
preferentially illuminating the sample volume, two approaches
were investigated (Fig. 2(a), centre and right). First, we used the
same technique described in the NMRtorch work, abrasively
etching lightly with sandpaper the exterior surface of the EPR
tube covering the bottom 4 cm length where the sample was
placed. While this method led to an overall larger signal at the
end of the experiment compared to perpendicular illumination,
the reproducibility between two different tubes was limited, likely
due to poorly-controlled manually-performed etchings (Fig. 2(b)
red points): the variation of initial rate of radical formation
between two otherwise identical samples in Table 1 was signifi-
cant. As many photoinitiated EPR studies are concerned with
measuring absolute radical concentration as a function of sample
conditions, quantitative EPR or spin-counting,>® the consistency
of the etching could be improved by automatic machining of the
etched tubes; alternatively, or the same tube can be reused for
different samples.

Given that EPR resonators are less restrictive regarding the
outside sample tube diameter than NMR probeheads, we tried
to achieve light scattering by wrapping two layers of white PTFE
tape (BS7786:1995 Grade L EN-751; 12 mm width, 0.075 mm
thick) around the sample area. The first layer was pressed hard
into the glass to minimise amount of air trapped between the
glass and the tape, turning the inner reflection at the outer
glass interface into scattering, whereas the second layer was
applied without excessive slack as a secondary light-reflective
barrier. This methodology produced the deepest green colour
in the samples Fig. 2(a), the largest overall signal intensity, and
the fastest initial rate of radical formation (Fig. 2(b), blue points
and Table 1). This method of illumination was also found to be
significantly more reproducible between samples prepared in
different tubes. It also does not require permanent modifica-
tion of the EPR tubes which allows them to be reused for other
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experiments. Interestingly, the deepest green colour was con-
centrated at the base of the sample, further away from the light
source. This may be due to the curved base of for the tube
scattering more light. Having more light towards the end of
EPR tube may be advantageous, as it is easy to position the
bottom of the sample consistently in a resonator or a cryostat.
Further experimentation with the interplay between sample
volume, etching patterns and/or the length of PTFE wrapped
area may help to improve the uniformity of illumination
along the length of the sample, and other light-scattering
coatings and patterns can also be envisaged that would give
more uniform light distribution for cases where uniformity is
critical.

The results presented here clearly show that using NMRtorch
longitudinal illumination principles provides much stronger
and more efficient sample illumination compared to typical
perpendicular illumination via the optical window. The metho-
dology can be easily applied using a commercially available
LEDs and commercially available quartz tubing cut into suitable
lengths and sealed at one end by a glass blower. Using the
longitudinal illumination routed via the walls of the tube itself
yielded a significant increase in both initial rate of radical
generation and final radical concentration. The most efficient
light scattering around the sample, with the highest rate of
radical generation and high reproducibility, was achieved by
just wrapping the sample tube around sample area in PTFE
tape. Exploring other light-scattering strategies may further
increase the efficiency of illumination and uniformity. This
approach will likely have important future applications in the
study of a wide range of photo-initiated reactions and catalytic
processes.
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