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Abstract
The electrochemical activation of C-X bonds requires very negative electrode potentials.
Lowering the overpotentials and increasing the catalytic activity requires intensive
electrocatalytic research. A profound understanding of the reaction mechanism and the
influence of the electrocatalyst allows optimal tuning of the electrocatalyst. This can be
achieved by combining electrochemical techniques with electron paramagnetic resonance
(EPR) spectroscopy. Although this was introduced in the mid-twentieth century, the
application of this combined approach in electrocatalytic research is underexploited. Several

reasons can be listed, such as the limited availability of EPR instrumentation and
electrochemical devices for such in situ experiments. In this work, a simple and inexpensive
construction adapted for in situ EPR electrocatalytic research is proposed. The proof of
concept is provided by studying a model reaction, namely the reductive cyclisation of allyl
2-bromobenzyl ether which has interesting industrial applications.
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1. Introduction
The electrosynthetic reduction of organic halides has attracted extensive interest and
accompanying research [1,2]. This interest has been sparked by the many important
applications associated with these reactions, such as reduction of environmental pollutants,
investigation of the DET (dissociative electron transfer) mechanism, carbon fixation and
upgrading of organics through activation of the R-X bond [3–7]. Of specific interest is the
synthesis of heterocyclic compounds due to important applications in pharmaceuticals [8–
10], pesticides [11], dyes [12] and synthetic applications [13].

An industrially relevant and interesting case is the cyclisation of allyl 2-bromobenzyl ether
to 4-methylisochromane (a benzopyran derivate). On the one hand, it is considered a model
reaction [14,15] and, on the other hand, it is of importance for the pharmaceutical industry
as benzopyran is an essential building block for numerous drugs. Conventional synthesis of
heterocycles is complex and requires a large number of reaction steps and the use of
auxiliaries which results in a low selectivity [2]. As a viable alternative, electrosynthesis

offers many advantages such as fewer steps, milder reaction conditions, higher selectivity,
less pollutants and waste streams, and avoids the need of expensive or hazardous reagents
[16–18]. The reductive radical cyclisation of aryl halides onto an unsaturated bond is
frequently used to construct fused aromatics in heterocyclic organic synthesis [14,19].
However, a major drawback of using organic halides in electrosynthesis is that the
electrochemical activation of C-X bonds, especially in chlorides and bromides, requires very
negative electrode potentials, which is impractical for industrial production processes due to
exuberant energy costs. To reduce the large overpotentials and increase selectivity, research
has been directed towards improving the catalytic activity of the electrode materials [20–
23]. The strategies that have been employed include: investigating different bulk materials
that have shown potential for the carbo-halogen bond rupture such as Ag, Pd, Ni and Cu
[21,24–26], tuning the morphology and geometrical characteristics of the electrode [22,27],
and using a homogeneous electrocatalysis route with mainly transition-metal complexes
[14,28–31]. In order to select the best electrocatalytic material and optimally tune the
catalysts, a profound knowledge of the complex reaction mechanism and the effect of the
catalyst is required. Figure shows a proposed mechanism for the cyclisation of allyl
2-bromobenzyl ether [23].

<FIGURE 1>

The reduction of aryl halides occurs through a dissociative electron transfer leading to the
scission of the carbon-halogen bond [6,24]. There are two possible pathways for this: a
stepwise mechanism or a concerted mechanism. The former is shown by reaction (1) and (2)
with the formation of an intermediate radical anion, the latter is presented by reaction (3)

leading directly to the allyl benzyl ether radical. This radical can then undergo an
intramolecular cyclisation reaction (4) after which it is reduced (5). Alternatively, the allyl
benzyl ether radical can also be reduced directly (6). Since the product of interest is the
benzopyran derivate obtained in reaction (5), the optimization of the electrocatalyst will also
include preventing reaction (6) from taking place.
Being able to detect and identify these radicals during the reaction, will provide essential
information on the chemical nature and electronic structure of the different intermediates
and the influence of the catalyst. A technique which is capable of this, is electron
paramagnetic resonance (EPR). EPR is a spectroscopic technique that uses the electron as a
probe to infer information of paramagnetic species, such as organic radicals. Since radicals
are the predominant species generated during electrosynthesis, a platform for combined EPR
and electrochemical experiments would be of particular use. The first experiments in which
electrochemical research and EPR have been combined date from well over half a century
ago [32,33]. Since then, a lot of research has been conducted in this field together with
development of the necessary equipment and set-ups [34–36]. Several different electrode
and cell designs, both static and in flow regime for in situ spectroelectrochemical EPR
research have been reported [37]. Most often a set-up to identify radicals generated in
electrochemical reactions utilizes a common EPR TE102 cavity and standard flat cell in
combination with a simple electrode design such as the laminated mesh electrode proposed
by Neudeck et al. [38]. Despite the advances during the last decades, the use of such
combined platform remains underexploited in the field of electrocatalytic research. Reasons
for this include EPR being less widely available than most other spectroscopic
instrumentations, and the necessary electrochemical devices being complex and delicate, and
have generally been home-made. In this work, a set-up is constructed for combined in situ

EPR and electrochemical experiments. The set-up is based on a previous design, but
optimized for versatility and applicability in electrocatalyst research. This requires design
features which are not provided by cells reported in literature. An important aspect is that
the working electrode has a flat surface to incorporate nanostructured catalysts in the
combined in situ experiments. As the substrate has a substantial influence on the deposited
electrocatalysts, it is of importance that the electrode surface is highly reproducible and
offers a similar performance between different experiments. Additionally, often multiple
repeated experiments are performed, so the design should be simple and inexpensive. To
have a broad applicability the set-up should be suitable for both aqueous and non-aqueous
environments. Lastly, it should display reasonably defined electrochemical behavior for
accurate electrolysis of complex reactions. As a proof of concept, we describe here our
investigation of the intermediates in the reductive cyclisation of allyl 2-bromobenzyl ether,
which to the best of our knowledge, has not been reported in the literature. The scope is not
to achieve a complete understanding of the electrocatalytic mechanism of this reaction on
silver, but to demonstrate the usefulness of this methodology in electrocatalytic research and
to confirm the general scheme of the cyclisation reaction investigated.
2. Experimental
2.1. Chemicals
Acetonitrile (ACN, HPLC gradient grade, ≥99.9 %) was purchased from Chem-Lab
(Belgium). Allyl 2-bromobenzyl ether (ABBE, 95 %), (2,2,6,6-tetramethylpiperidin-1yl)oxyl (TEMPO), the spin trapping agent N-tert-Butyl-α-phenylnitrone (PBN, for ESRspectroscopy, ≥99.5 %) and the supporting electrolyte tetrabutylammonium perchlorate
(n-Bu4NClO4, 99.0 %) were purchased from Sigma-Aldrich (Belgium).

2.2. Set-up and procedure
The combined EPR and electrochemical experiments were performed in a Wilmad WG-810
Suprasil® (quartz) electrolytic flat cell. The cell was positioned in a TE102 cavity in a
Bruker E580 Elexsys spectrometer and a custom-constructed electrode was used (Figure 2).

<FIGURE 2>

This electrode is based upon the original Adams cell [39] from which many different designs
have emerged, usually employing a metal mesh or foil as working electrode. In this work, a
200 nm film of the target working electrode material was coated onto a 30 µm polypropylene
substrate by means of sputter deposition. The geometrical surface area of the electrode was
4 mm². This provides a reproducible flat working electrode surface which is tunable in size
and geometry. In addition only a very small amount of metal is brought into the active part
of the cavity, so the EPR signal is not significantly disturbed. As reference electrode a Teflon
coated 75 µm diameter Ag wire was fixed to the substrate and stripped near the working
electrode leading to a very small distance between both (<1 mm). This short distance results
in an acceptable uncompensated resistance. A Pt wire wound around the electrode’s base
acts as a counter electrode and was positioned directly above the flat part of the cell. This
set-up with a sputter-coated working electrode provides a simple, inexpensive and flexible
platform for combined EPR and electrochemistry measurements (Figure 2). It was validated
in both aqueous and non-aqueous environments using the reduction of methyl viologen and
the reduction of benzoquinone as standard reactions (results shown in Figure S1 in the
supporting information). In both cases, the setup gave a good voltammetric response (i.e. the

expected response with a similar peak shape to a batch measurement on a planar electrode)
and the expected EPR spectra of the generated radicals could be obtained.
Experimental solutions were prepared with 0.1 M n-Bu4NClO4, 5 mM of the analyte and 15
mM of PBN. Prior to measurements, the solutions were extensively flushed with argon. To
fill the cell, approximately 1.5-2 ml is pipetted under inert atmosphere. The filled cell is
further flushed with argon, creating an argon blanket on top of the solution. The cell is closed
by inserting the electrode construction from the top and is then transferred to the
spectrometer and connected to the potentiostat. A PAR VersaSTAT 3 is used to apply and
measure the electrochemical signal. Firstly, CVs are measured to determine the exact
potential of the reduction peak versus the pseudo-reference electrode in this cell. Then the
experiment is performed by applying a constant potential set at the cathodic peak potential.
The EPR spectra are recorded simultaneously at X-band in continuous-wave (CW) mode
(~9.7 GHz) at room temperature with 5 mW microwave power 0.1 mT modulation amplitude
and 100 kHz modulation frequency.

2.3. EPR simulations and density functional theory (DFT) calculations
The EPR spectra were simulated using the EasySpin-5.1.11 module [40] running in Matlab
2017a.

Spin-unrestricted (UKS) DFT computations were performed with the ORCA

package [41–44] for PBN-Ox, PBN-allyl benzyl ether and PBN-4-methylisochromane in
ACN, and TEMPO, and (5,5-dimethyl-2-hydroxyl-pyrrolin-1-yl)oxyl (DMPO-OH) in
water. To simulate the solvent effect, a dielectric surrounding with the dielectric constant of
the respective solvents according to the COSMO model was used [45]. For the geometry
optimizations, the Becke-Perdew density functional (BP86) [46–48] and the split-valence
plus polarization (SVP) basis set [49] were used for all atoms. The energy was converged to

1 × 10− 8 Hartree (Eh) and the convergence tolerances in the geometry optimization were 3
× 10− 4 Eh/Bohr for the gradient and 5 × 10− 6 Eh for the total energy. The coordinates of the
optimized geometries are given in Table S2. For benchmarking, single-point calculations
with the B3LYP/EPR-II, B3LYP/6-31+G**, and PWPB95/EPR-II functional/basis sets [50–
53] were used to predict the EPR spectral parameters form the optimized geometries.

3. Results and discussion
3.1. Electrochemical validation
In previous work from our laboratory [23], several cathode materials were investigated as
potential electrocatalyst for the electrochemical cyclisation of allyl 2-bromobenzyl ether to
4-methyl-3,4-dihydro-1H-2-benzopyran (4-methylisochromane) and an activity scale of
bulk materials was determined. It was shown that out of the selected materials, silver exhibits
the best activity with a very high selectivity towards the product of interest. It was also shown
that on silver, two distinct reduction waves were observable, corresponding with one or two
electrons being transferred. Setting the potential to the first reduction peak (least negative
potential) exclusively yields 4-methylisochromane, while at the second reduction peak the
major product is the undesired allyl benzyl ether (((allyloxy)methyl)benzene). Since 4methylisochromane is the desired product, the reaction at the first reduction peak will be
investigated.
An electrode was constructed as described in section 2.2 with Ag as the working electrode
material. A CV study was performed to find the potential of the reduction peak versus the
pseudo-reference electrode. This was done in both a standard batch set-up and in the EPR
flat cell so electrochemical behavior of the electrode in both situations could be compared
(Figure 3 A and B). Both voltammograms clearly show the reduction peak with a slight shift

of the peak potential in the flat cell. The flat compartment of the spectroscopic cell wherein
the working electrode resides is ≤250 µm and entails a high ohmic drop (see Figure 2), hence
the shift is to be expected. However, due to the very thin electrode thickness of ~30 µm,
semi-infinite linear diffusion is approximated and the response is less distorted than previous
electrochemical measurements in cells of similar dimensions [54]. The peak shapes of both
voltammograms are also comparable, but the peak in the flat cell experiment is slightly less
pronounced and more spread out as a consequence of the diffusion limitations. The
voltammogram in the flat cell shows a good response which allows identifying the peaks
and deriving the peak potential. The presence of PBN in the electrolyte gave a comparable
voltammogram which has a slightly changed shape as a result of the kinetic influences due
to the interference of the spin trap with the mechanism. This is not an issue in the bulk
electrolysis experiments as PBN itself is not electroactive in the potential window of the
measurements [55]. We want to stress that, in many literature reports, in situ voltammograms
are omitted or show strong distortion [56–58], which renders it difficult or impossible to
correctly identify peaks and peak potentials. In such cases, the batch data are often used, but
this does not necessary accurately reflect the situation in the in situ cell. The electrode
construction as presented here shows good performance but is also simple.

<FIGURE 3>

3.2. In situ EPR electrochemical study of the cyclisation reaction
Using the in situ setup, potential-controlled electrolysis experiments with simultaneously
EPR measurements were performed on samples containing allyl 2-bromobenzyl ether in
ACN with n-Bu4NClO4. However, no EPR signals were observed, most probably due to the

high reactivity of the radical intermediates in the proposed mechanism (Figure 1) such that
they did not accumulate to detectable concentrations. Consequently, PBN was introduced in
excess to the experiments as a spin-trap. Spin-traps react with short-living radicals and
convert them to more stable, EPR-detectable radical species.
The current response of the experiment is shown in Figure 4. In the first quarter of the total
experiment time up until 1800 s, the current is rather unstable, slowly increasing over time
and exhibiting some peaks towards more negative currents. At first sight, this appears
random, but repeated experiments under the same conditions confirmed that this is
reproducible and thus, can be linked to the processes taking place. It is suggested that the
pseudo-random course in the first 1800 s is due to the setup transitioning into a steady state.
Due to the thin geometry of the cell and the relatively large bulk, this happens much slower
than in a standard batch cell. After about 2700 s the current more or less stabilizes, after
which the current slightly decreases. It is known that Br- resulting from the C-X bond
cleavage can adsorb onto Ag, blocking the surface [59]. However, this is only effective at
potentials less negative than -1.2 V vs. SCE. Since the exact potential during the electrolysis
cannot be determined due to the changes in the environment of the pseudo-reference, it is
not possible to definitively assign the fluctuation to this event. A decreasing current as seen
from 2700 s onwards can be expected, even at steady state electrolysis.
<FIGURE 4>

In correlation with the current response, a change in the CW-EPR spectrum over time is also
observed. The scans were accumulated over a time period of 30 min or 20 scans at four
points during the experiment (marked by the dashed lines in Figure 4). 20 scan
accumulations were chosen due to the poor signal-to-noise (S/N) of the initial spectra, and

this was maintained for consistency. Clear changes in the spectral features over time can be
observed in the CW-EPR spectra (normalized) (Figure 5). In the corresponding
unnormalized spectra (Figure 6) an increase in the signal intensities over time is also
observed. Also depicted in Figure 6, is the unnormalized spectrum of a potential controlled
electrolysis experiment on a solution containing only PBN in ACN with n-Bu4NClO4 after
75 min. In this control experiment a small EPR signal of an unknown radical is also observed,
but it was not present in the allyl 2-bromobenzyl ether experiments.

<FIGURE 5>

Table 1: Experimental and calculated isotropic g and hyperfine coupling constants of the three spin-trapped
radicals during the electrolysis of 5 mM ABBE + 15 mM PBN in ACN + 0.1 M TBAP (potential set at the
peak potential of the reduction wave in the EPR flat cell, checked by in situ CV).

radical 1

radical 2

radical 3

exp

cal

exp

cal

exp

cal

giso

2.0069

2.0067

2.0063

2.0053

2.0062

2.0054

AN-iso [MHz]

22.66

22.53

39.09

40.35

39.53

43.17

-

-

6.46

5.61

12.43

12.18

AHβ [MHz]

1.43 (AH2φ)/
AH [MHz]

-

-

-

-

4.03

AH [MHz]

-

-

-

-

2.19

-0.82 (AHaγ)/
-0.94 (AHbγ)a

a

Possible assignments (see main text for details)

As the changes in features and amount of splitting in the spectra suggests, all spectra are
convoluted spectra of more than one species. All spectra agree with the features expected
for nitroxide radicals formed by trapping of a reactive organic radical with PBN [60].The
formed nitroxide radicals have a longer lifetime than the original radicals, which decayed

too fast to be detected with CW EPR. The spectra can be interpreted in terms of an isotropic
g value and the hyperfine interactions (A) between the unpaired electron and the magnetic
nuclei in its vicinity. These parameters can be used as a unique fingerprint of the trapped
radical. Due to the interaction of the unpaired electron with the nitroxide 14N nucleus (I=1),
the room-temperature CW-EPR spectra of all nitroxide radicals consist of at least a triplet
signal. Subsequent splitting of the three signals can occur through resolved hyperfine
interaction with protons in the vicinity of the unpaired electron. The spectrum depicted in
Figure 5A is a sum of a triplet (radical 1) and a triplet of doublets (radical 2). In the following
spectrum, Figure 5B, the contribution of a third species emerges (radical 3). The EPR
features of radical 3 are more pronounced in the third (Figure 5C) and fourth (Figure 5D)
spectrum. All EPR spectra can be simulated in terms of these three contributions (Figure 5)
for which the parameters are listed in Table 1. From the simulations, the EPR spectrum of
radical 3 was found to be a triplet of doublets of doublets of doublets. The individual EPR
contributions are shown in Figure 5E-G.

<FIGURE 6>

Based on the isotropic

14

N hyperfine coupling constant (22.66 MHz) of radical 1, it is

assigned to benzoyl-tert-butyl nitroxide (PBN-Ox) (Figure 5) [60]. This species is often
observed in PBN spin-trapping experiments, especially in the presence of oxygen [61].
Although the electrolyte was extensively deoxygenated during sample preparation and was
under an argon atmosphere during the experiment, there still can be residual dioxygen in the
electrolyte due to its high solubility in ACN (8.1 mM [62]). Alternatively, residual water in
the ACN solvent (<150 ppm) can be oxidized at the counter electrode and the generated

dioxygen can diffuse to the working electrode part of the cell. Radicals 2 and 3, displayed
14

N and 1H hyperfine couplings that are suggestive of carbon-centered radicals that have

been spin-trapped such as the expected radical intermediates from reactions (3) and (4) in
Figure 1. In order to assign radicals 2 and 3, DFT was used to compute the EPR parameters
of the PBN spin-trapped allyl benzyl ether and 4-methylisochromane radicals. The
computational method (appropriate choice of basis sets and functionals) was benchmarked
using standard nitroxide radicals TEMPO ((2,2,6,6-tetramethylpoperidin-1-yl)oxyl), and
5,5-dimethyl-1-pyrroline N-oxide (DMPO)-OH as well as PBN-Ox (see table S1). All three
functional/basis sets that were tested reasonably predicted the giso values. The B3LYP/(631+G**) was found to be most accurate for calculating the hyperfine interactions (Figure
S2), and thus was chosen for calculating the EPR parameters of the spin-trap radicals.
Variations between different functional/basis sets and deviations from the exact
experimental values are normal for DFT computations, but the observed trends are generally
followed [63].The geometry-optimized models of PBN-Ox, PBN-allyl benzyl ether, and
PBN-4-methylisochromane are depicted in Figure 5. Compared to PBN-Ox, the latter two
PBN-adducts have greater degrees of freedom. To account for this, selected bonds close to
the nitroxide moiety were manually rotated. Rotation around the N-Cβ bond had the most
significant impact on the EPR parameters calculated from the molecular models (Figure S3).
Averaging the values of the thermally allowed (kT = 25.7 meV at 298 K) N-Cβ bond
rotamers, yielded EPR parameters for PBN-4-methylisochromane and PBN-allyl benzyl
ether that are comparable to radical 2 and 3, respectively (table 1), and thus are assigned
accordingly. The calculations reasonably predicted the giso values for both radicals. For
radical 2, the experimental and calculated hyperfine coupling values are in good agreement
(Table 1). These are assigned to the expected isotropic 14N interaction, and the interactions

between the unpaired electron and the Hβ proton (see Figure 5 for proton assignment). For
radical 3, the experimental and calculated values for the isotropic

14

N and Hβ proton

hyperfine interactions are also in good agreement. Two further 1H interactions (4.03 and
2.19 MHz) are also used in the simulation of the spectrum of radical 3. After the isotropic
14

N and Hβ proton, the next largest calculated hyperfine interactions are H2φ (1.43 MHz),

AHbγ protons (-0.94 MHz) and AHaγ (-0.82 MHz). Two of these are likely candidates for the
unattributed couplings in the spectrum of radical 3. However, the calculated values are close
in magnitude and somewhat smaller than the experiment preventing definitive assignments.

As shown in Figure 5, the three PBN-trapped radicals are not all present at each time interval.
The relative weight of each radical in the spectrum correlates linearly with their relative
concentration and can be plotted versus the elapsed time to visualize their evolution (Figure
7). The presence of the PBN-Ox increases with time then plateaus, suggesting that the
electrolytic generation of this species is exhaustive, or that it reaches steady-state between
PBN-Ox decay and spin-trapping reactions. Considering the very low concentration of
residual oxygen/water, exhaustive electrolysis is plausible. The concentration of PBN-allyl
benzyl ether appears to decrease between the first and second time intervals. This change is
small and maybe due to the poor S/N of the first spectrum. Considering the few data points,
it is assumed that this decrease is insignificant within the experimental error. From the
second time interval to the remainder of the experiment the concentration of PBN-allyl
benzyl ether remains constant. PBN-4-methylisochromane, which arises from the spintrapping of the radical intermediate from the intramolecular cyclisation of the allyl benzyl
ether radical is the most abundant product over time. This is expected as the experimental

conditions favored its formation. There is strong increase in the concentration of PBN-4methylisochromane in the beginning which starts to plateaus in the last time interval.

<FIGURE 7>

The data suggests that the cyclisation intermediate (4-methylisochromane radical) is not
present during the first time interval, which is unexpected considering the precursor
intermediate (allyl benzyl ether radical) is formed. However, it should be noted that the
intermediates are not detected directly, and that an extra spin-trapping reaction step is needed
for detection. The reactivity of PBN with different radicals can vary [64] and thus the
formation of certain radicals can be masked. It is possible that PBN-Ox is formed much more
easily than PBN-4-methylisochromane. Alternately, the 4-methylisochromane radical
generated is reacting with the fast diffusing residue oxygen in the initial stages, which yields
PBN-Ox after subsequent decay/reaction steps. Due to the geometry of the thin cell, natural
convection quickly sets in. Over time the oxygen species becomes exhausted and more of
the target radical will be spin-trapped and becomes detectable in the spectra. This appears to
follow the course of the current in Figure where after the first time interval, the current starts
to stabilize (no longer strongly influenced by the oxygen/water species), after which PBN4-methylisochromane emerges in the subsequent spectra. In addition, the S/N is lower in the
beginning, possibly masking the spectral features of a low amount of the PBN-4methylisochromane. This correlates with the previous results of a electrochemical
investigation [23] which shows that product distribution is not time dependent and that the
cyclisation product is formed at any point during the electrolysis. The concentration of the
allyl benzyl ether radical remains almost constant throughout the electrolysis while the

concentration of the 4-methylisochromane radical increases. This implies that the
intramolecular cyclisation to 4-methylisochromane is faster or easier than the spin-trapping
reaction. A possible cause is the difference in adsorption strength of the radicals. The allyl
benzyl ether radical could be strongly adsorbed on the surface while the 4methylisochromane radical is more easily desorbed due to the cyclisation which breaks the
Ag-radical bond. Since the trapping reaction with PBN happens in solution the 4methylisochromane will undergo this more easily resulting in a larger concentration of
trapped radicals. Furthermore the decomposition of the trapped radicals plays a role. The
stability of the trapped radicals may be different for the different adducts which can lead to
differences in the accumulated concentrations. A less stable radical reaches a steady state
concentration much faster.

4. Conclusions
Employing a platform for combined EPR and electrochemical measurements to elucidate
mechanisms remains underexploited in electrocatalytic research. In this work this approach
is validated on a model reaction and for the first time, the proposed mechanism for the
reductive cyclisation of allyl 2-bromobenzyl ether to 4-methylisochromane was confirmed.
Both the allyl benzyl ether radical and the 4-methylisochromane radical intermediates could
be detected by spin-trapping and identified with the help of DFT calculations. As expected,
the target cyclic radical was the most abundant product. To this end, a simple, inexpensive
and versatile electrode set-up for in situ EPR and electrochemical experiments has been
constructed. The set-up is suitable for both aqueous and non-aqueous environments and
shows both a good electrochemical as a good EPR response and can be used in an EPR flat
cell in a TE102 cavity. These results show the strength of combined EPR and electrochemical

measurements in electrocatalytic research. Currently we are developing a similar set-up for
flow-cell experiments to expand the applicability of the platform. A flow-cell will allow
deriving kinetic information such as the radical decay rates and offers an increased
sensitivity for short-lived radicals. The cell design is based on a channel electrode [65] which
is adapted to fulfill the requirements to incorporate nanostructured electrocatalysts, similar
to the set-up in this work. We are also exploring the possibility of adapting the set-up for
rapid-scan EPR methods [66,67] which will greatly decrease the acquisition time and thus
improve the detection sensitivity of the set-up.
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Figure 1: Possible reaction pathways to construct fused aromatic molecules starting from allyl
2-bromobenzyl ether in an aprotic solvent [23].

Figure 2: Picture of the electrode tip (left) and schematic illustration of the setup. The electrode tip is
positioned in the flat cell which is inserted in the cavity (depicted as a blue box) between the electromagnets
of the spectrometer. The orange tube in the cavity represents the flat cell and shows its position.
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Figure 3: Cyclic voltammetry at 100 mV s-1 of 5 mM allyl 2-bromobenzyl ether in ACN + 0.1 M
n-Bu4NClO4 on an Ag working electrode in a standard batch set-up (A) and in an EPR flat cell (B).
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Figure 4: Current response of the potential controlled electrolysis in the EPR flat cell. 4 mm² Ag WE,
electrolyte = ACN + 0.1 M TBAP with 5 mM ABBE and 15 mM PBN. The dashed lines mark the 30 min.
(20 scan) periods over which the EPR scans are accumulated. Inset: cumulative charge passed during the
electrolysis.

Figure 5: Accumulated experimental EPR spectra (black) and corresponding simulations (red) of the
controlled-potential electrolysis of 5 mM ABBE + 15 mM PBN in ACN + 0.1 M TBAP (potential set at the
peak potential of the reduction wave in the EPR flat cell, checked by in situ CV) at different time intervals: 030 min, (A), 30-60 min (B), 60-90 min (C) and 90-120 min (D), and the simulated spectra and the molecular
models derived from DFT calculations of radical 1/PBN-Ox (E), radical 2/PBN-allyl benzyl ether (F) and
radical 3/ PBN-4-methylisochromane (G). The spectra are shown normalized to allow easy comparison.

Figure 6: Accumulated experimental EPR spectra (black, 20 scans) of the controlled potential electrolysis of
allyl 2-bromobenzyl ether in ACN + 0.1 M TBAP at the peak potential of the reduction wave in the flat cell (1 V vs. pseudoref.) at different time intervals: 0-30 min, (A), 30-60 min (B), 60-90 min (C) and 90-120 min
(D), and the spectrum (blue, 50 scans) and simulation (red) of a sample containing only PBN in ACN with
n-Bu4NClO4 collected after 75 min of controlled potential electrolysis at -1V vs. the pseudoref. (E). The
parameters for the simulation were giso = 2.0057, AN-iso =39.00 MHz, AH = 5.8 MHz.
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Figure 7: Relative weight of each radical in the different spectra (Figure 5).
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