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Electrochemical electron paramagnetic resonance
utilizing loop gap resonators and micro-
electrochemical cellst

Mika A. Tamski,® Julie V. Macpherson,® Patrick R. Unwin® and Mark E. Newton*?

A miniaturised electrochemical cell design for Electron Paramagnetic Resonance (EPR) studies is
reported. The cell incorporates a Loop Gap Resonator (LGR) for EPR investigation of electrochemically
generated radicals in aqueous (and other large dielectric loss) samples and achieves accurate potential
control for electrochemistry by using micro-wires as working electrodes. The electrochemical behaviour
of the cell is analysed with COMSOL finite element models and the EPR sensitivity compared to a
commercial TEqy; cavity resonator using 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) as a
reference. The electrochemical EPR performance is demonstrated using the reduction of methyl viologen
as a redox probe in both water and acetonitrile. The data reported herein suggest that sub-micromolar
concentrations of radical species can be detected in aqueous samples with accurate potential control, and
that subtle solution processes coupled to electron transfer, such as comproportionation reactions, can be

www.rsc.org/pccp studied quantitatively using EPR.

Introduction

Electron Paramagnetic Resonance (EPR) is a spectroscopic
technique that has been applied to electrochemical systems
since the early work of Austen et al.” and Maki and Geske.> Due
to its high sensitivity towards paramagnetic species, EPR can
provide key information about radical species generated or
consumed during electrode reactions. EPR thus complements
electrochemical data by directly identifying radical species,
confirming reaction mechanisms, and revealing more subtle
interactions, for example, between the radical and its environ-
ment.>* As such, EPR has not only provided a wealth of informa-
tion to electrochemists, but EPR spectroscopists have also found
electrochemical generation to be a feasible option to standard
chemical and optical generation of radical species.>®

There have been a number of approaches to the electro-
chemical (EC) cell design for EC-EPR, as evident from several
reviews.” '® Due to significant dielectric losses at microwave
frequencies, aqueous EC-EPR has typically involved the use
of flat cells in conjunction with cavity resonators where the
sample is as far as possible confined away from the electric fields
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in the resonator.’*™*® Electrochemical problems associated with

these designs include significant ohmic-drop and large capaci-
tive currents limiting the cell time constant.'”'® Problems in
terms of EPR performance can include the deterioration of the
resonator Quality factor (Q-value) and hence EPR sensitivity due
to the interaction of the microwave electric field with the metal
electrodes and aqueous sample inside the resonator,” reprodu-
cible alignment of the electrochemical cell inside the resonator
between experimental runs, and the inhomogeneity of the
microwave magnetic field (B,) inside a cavity resonator.'® Flat
cells may also be prone to convection during prolonged electro-
lysis times® leading to distortion of both the electrochemical and
EPR performance.

Loop Gap Resonators (LGRs) were developed in the early 80’s
for EPR purposes® and were applied to EC-EPR by Allendoerfer
et al.,** allowing aqueous samples to be investigated with 50 to 100
times larger absolute sensitivities compared to other resonator-EC
cell combinations at the time. In a LGR, the microwave electric
field is mostly confined in the gaps of the resonator, allowing
aqueous or other dielectrically "lossy" samples to occupy a larger
volume relative to the size of the resonator. In addition to
favourable EPR performance in aqueous systems for very small
sample volumes®” (order of microliters), the smaller size of the
resonator also allows the optimization of the electrochemical
performance through miniaturization.

Ultramicroelectrode (UME) concepts have gone practically
unnoticed in EC-EPR, although some examples of the use of
small diameter wires exist.>* > Electrochemically, the benefits
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of UMEs include diminished ohmic drop, shorter cell time
constants and enhanced mass transport.”*>® However, for
EC-EPR applications the small currents associated with UMEs
can introduce significant challenges, as radical concentrations
generated may be insufficient to allow the EPR study of short-
lived intermediates or products. Among UMEs, the micro-
cylindrical geometry is one of the simplest and easiest to
fabricate and use and is particularly attractive in EC-EPR, as
the length of the cylinder can be varied in order to produce the
desired amount of current and thus generate a sufficient
number of radicals in situ.>*>'

Building on the early work of Allendoerfer et al,*" in this
paper we report a new EC-EPR cell design that can be used with
an X-band (8-12 GHz) LGR and water as a solvent. The use of
micro-wire electrodes overcomes the electrochemical problems
associated with flat cells, while the high sensitivity of the LGR
makes the study of radical species possible, even with low
currents. The design allows a range of working-, reference-
and counter electrode (WE/RE/CE) materials and geometries
to be used. Possible fouling of the WE can be addressed by
exchanging the electrode without dissembling the entire cell and
cell parts are reusable and interchangeable to allow maximum
experimental flexibility.

Experimental
Cell design

A schematic of the cell designed for the EC-generation of
radicals in situ within a LGR is shown in Fig. 1a. Parts 1, 3,
4 and 5 were machined from polyether ether ketone (PEEK) due
to the mechanical and chemical stability of the material. Parts 1
and 3 support EPR test tubes, 2a: Q-band EPR tube 1.1 mm

Fig. 1
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ID & 1.6 mm OD, 2b: X-band EPR tube 3.0 mm ID & 4.0 mm OD.
2a is the sample tube holding the solvent and therefore the ID
determines the sample volume inside the resonator, but also
contains the WE and RE. In an assembled set-up (Fig. 1b and
Fig. S1, ESIY) the inner tube holds the solvent away from the
fringing electric fields of the LGR gaps. Thus, if necessary, the
ID of 2a can be adjusted by choosing a suitable capillary and
the performance of the setup optimised for solvents with
different dielectric constants. To date, cells with ID’s (2a)
between 0.8 and 1.1 mm have been fabricated. The X-band
tube (2b) acts as a structural support, making the assembled
cell robust and easy to handle, while enabling symmetrical
placement of the cell into the resonator.

Screw threads (c) on part 3 allow the attachment of the cell
into the resonator (Fig. 1b) and also the adjustment of the WE
inside the resonator in the Z-direction for optimal performance.
Part 4 fits to part 3, resulting in a small chamber between them
where the CE is located. The four channels in part 4 allow the
attachment of Teflon tubing for solvent flow, but also permit the
connection of the RE and CE to thicker wires outside the cell for
electrical connection through part 5. This arrangement makes
changing the RE and CE easy if necessary, whilst the additional
channel enables mixing experiments to be conducted.

Part 6 is a fine capillary with dimensions of ca. 0.15 mm ID,
0.4 mm OD through which the WE is guided to the sensitive
part of the LGR inside 2a. The capillary can be removed and
inserted back through part 4, allowing the WE to be changed
when necessary. The bracketed part, from where the enlarged
diagram is taken, represents the sensitive region of the 5-loop
4-gap LGR used in this work and has a length of 10 mm in the
Z-direction. The RE, inserted into the cell through one of the
pegs (5) is placed as close as possible to the WE to minimise
the uncompensated resistance. The CE in the chamber of

(b)

20 mm

Modulation

coils

(@) The EC-EPR cell designed for a LGR. 1 & 3: capillary supports, 3c: threads to attach the cell to the resonator, 2a: Q-band EPR tube for the

sample, 2b: standard X-band EPR tube for structural support, 4: adaptor for electrodes and sample flow, 5: pegs for electrode attachment, 6: capillary for
inserting the working electrode (WE) to the sensitive part of the resonator, RE: reference electrode, CE: counter electrode. (b) Image of the cell attached
to the resonator. For experiments the resonator is lowered inside the modulation coils.
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parts 3 and 4 is far enough from the active region of the
resonator so that no interference from CE products is expected.

Assembly

An image of the cell attached to the LGR is shown in Fig. 1b,
and the LGR, in turn, is attached to a coupling arm. For
experiments, the setup is lowered to the middle of the modula-
tion coils, which are fastened between the EPR magnet poles.
The in-house built modulation coils provide the high frequency
modulation of the DC magnetic field necessary for the lock-in
detection in continuous wave (CW) EPR experiments. The LGR
attaches to the coupling arm and is coupled to the microwaves
inductively*>** through a rigid coaxial cable with a coupling
loop at the end. The coupling arm enables the distance between
the resonator and the loop to be adjusted so that a critical
coupling can be achieved for optimum sensitivity.

The sample is deoxygenated in a glass syringe by bubbling
N, gas through it and introduced into the cell by a syringe
pump (Legato 110) through PTFE tubing surrounded by a larger
PVC tube. The interior of the PVC tubing is flushed with N,
during the experiment and the flow guided through the whole
of the central cavity of the modulation coils, thus creating an
inert atmosphere around the entire EC-EPR setup, enabling
high reproducibility for oxygen free experiments. Fig. S1 (ESIY)
represents the setup in more detail.

Materials

Chemicals. Potassium chloride (BioXtra >99.0%), potas-
sium nitrate (ReagentPlus™, >99.0%), paraquat dichloride
(Methyl Viologen; PESTANAL®, analytical standard), tetrabuty-
lammonium perchlorate (TBAP; Fluka, >99.0%), hexammine
ruthenium(m) chloride (98%) and 4-hydroxy-TEMPO (TEMPOL;
97%) were purchased from Sigma-Aldrich. Milli-Q water
(Millipore Corp.) (resistivity 18.2 MQ cm, 25 °C) was used for
aqueous work and anhydrous acetonitrile (Sigma, 99.8%) as an
organic solvent. All chemicals were used as received. (Ferrocenyl-
methyl) trimethylammonium hexafluorophosphate (FcTMA") was
prepared as described elsewhere.**

Electrode wires. WEs were 50 pm diameter Pt or Ag micro-
wires coated with a 7.5 um layer of polyester (Goodfellow, £10%
tolerance in conductor diameter). The desired length of poly-
ester (typically 7 mm) was removed by soaking in saturated
KOH. CEs were bare Pt or Ag wires, and either bare or
chloridized Ag wires of diameter 50 um or 125 pm served as
REs. Before commencing EC or EC-EPR experiments, the WE
was cycled in the appropriate background electrolyte within the
potential range for the mediator of interest, until a stable
response was recorded. The potential was controlled through
a potentiostat (CH Instruments, CHI 1140B) in a three electrode
configuration.

Simulations

The theory for the diffusion of electro-active species to a micro-
cylindrical electrode has been developed for linear sweep
experiments. Assuming uniformity along the cylinder, only a
single dimension of diffusion has to be considered, and for
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a linear sweep the analytically obtained peak current
density is:*°

 n’F2Cav(0.446  0.335
= (1)

Jp = RT » + PIES

where n is the number of electrons transferred in the redox
process, F is the Faraday constant, C* is the bulk concentration
of the electroactive species, a is the radius of the cylinder, v the
scan rate, R the universal gas constant and 7T the temperature in
Kelvin. p is defined by:

p=+/nFa*>v/TRD (2)

where D is the diffusion coefficient of the electroactive species.
For high scan rates or large wire diameters the values of p are
also large, and the behaviour is dominated by linear diffusion,
whereas for very slow scan rates or small electrode diameters p
is small and the behaviour approaches the steady state-solution
characteristic of micro electrodes.>*

The WE placed inside a 0.8 mm ID sample tube (part 2a
Fig. 1a) was modelled using COMSOL Multiphysics 4.4 (COMSOL
AB) Finite Element Modelling (FEM) software. Fig. 2a shows a
schematic representation of the model. The domain height and
width are 11.2 and 0.4 mm respectively for the modelled 0.8 mm
ID capillary in 2D axisymmetric geometry. Therefore, the model is
not shown to scale, as the height of the domain is significantly
greater than the width, but distinguishes the different types of
boundaries used.

Boundary 1a is the wire electrode surface where the small
edge (1b) represents the tip of the wire. Boundary 2a is the wire
insulation with 2b representing the insulation edge (7.5 pm) at
the electrode/insulation interface. Boundary 3 represents the
bulk solution in the capillary far away from the WE. Boundary 4
is the capillary wall where the concentration of the electroactive

FcTMA*
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Fig. 2 2D axisymmetric COMSOL model. (a) Boundaries 1a & b: WE, 2a &
b: insulation, 3: bulk concentration, 4: capillary wall. (b) A snapshot of
the concentration of FCTMA™ within the cell during a 20 mV s~ cyclic
voltammogram between O and 0.6 V at the switching potential for
oxidation of 1 mM FCTMA* at a 50 um diameter, 7 mm long, wire electrode.
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Table 1 Boundary conditions for the finite element model for CV. C* =
1.0 mM FcTMAY, T=294K, n =1, Eg = 0.356 V, Eoppl SWept between 0.0
and 0.6 V linearly over time, Co; = [FCTMA"] at the electrode surface as a
function of the Eapp, F = 96485 C mol ™ and R = 8.314 I mol * K !

Boundary Boundary type Boundary condition
Coj = (C*0)/(1+0)

la Wire electrode

i nF
1b Electrode tip 0 = exp { (ﬁ) (Eo— Eappl):|
2a Wire insulation 7n-VC =0
2b Insulation edge n-VC =0
3 Bulk solution c=cCx
4 Capillary wall n-VC=0
Axial symmetry n-VC=0

species goes to zero. Corresponding boundary conditions for
the model are summarised in Table 1.

For 100 and 20 mV s~ ' scan rates simulated, 20000 and
15000 mesh points were applied respectively along the 7 mm
long wire electrode (boundary 1a) and 25 mesh points to the
electrode tip (boundary 1b). The domain was then meshed
continuously with a maximum element growth rate of 1.02
from the electrode surface.

FcTMA® oxidation and the subsequent reduction of FeTMA>*
under diffusion control was modelled for cyclic voltammetry
(CV) by solving Fick’s second law for the concentration (C) of
reactant species:

%:QWC (3)
where ¢ is time and V? is the Laplacian operator. The D of 6.7 x
10°° em® s~ ' and the formal potential (E,) of 0.356 V were
determined using a 12.5 pum diameter disc UME in a bulk
solution of 1 mM Fe¢TMA' in 0.4 M KCl against a Ag|AgCl
reference. Nernstian behaviour during CV was modelled at
boundaries 1a & b, where the concentration of FcTMA" (Co )
relative to FcTMA®" was controlled by sweeping the applied
potential (E,ppi) between 0 and 0.6 V linearly over time.

Fig. 2b is a snapshot of the concentration of FCTMA" in the
cell during a 20 mV s~ CV recorded between 0 and 0.6 V at
the switching potential of 0.6 V. The figure is zoomed to the
electrode/insulation interface and to the wire tip and thus
boundaries 3 where C = C” lie further away than suggested by
the figure. A 0.8 mm ID sample tube (2a, Fig. 1a) was chosen for
the model, as the simulations results were identical to those
obtained with the wire electrode in a bulk solution, indicating
that for a symmetrically placed WE, the cell wall does not
hinder the diffusion field, and thus the model is representative
of eqn (1) and (2).

The LGR

The role of the resonator is to concentrate the B; field in the
sample and make the signal produced by the change in
magnetic susceptibility at resonance as large as possible.
Rather than trying to fit the experiment to general purpose
cavity EPR resonators, LGR’s provide the opportunity to adapt
the resonator to the experiment. The CW EPR signal is

This journal is © the Owner Societies 2015
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proportional to the loaded resonator Q-value (Qy) and the filling
factor (n):**

S oc Qun (4)

For LGRs, Qy, (the ratio of the microwave energy stored in the
resonator loaded with a sample to that dissipated per cycle when
critically coupled to the microwave bridge) is, in general, lower
than that for a traditional cavity resonator at the same frequency.
Nonetheless, 1 (proportional to the ratio of B,> integrated over
the sample to B,> integrated over the entire resonator) can be
many times large than that for a high Q cavity, and the resulting
nQy, product is often equal to or greater than that for a cavity.
Also the more efficient separation of the microwave electric and
B, fields in a LGR results in smaller dielectric losses when a lossy
solvent is employed in the resonator.*®

The use of LGR is particularly advantageous for samples of
limited volume such as the concentration of short lived radical
species in the diffusion field during an electrochemical experi-
ment, and in cases where the sample is non-saturable and large B,
fields can be used.?? In addition, LGRs also allow the miniatur-
ization of the electrochemical setup, enabling the beneficial use of
microelectrodes.

EPR

A 5-loop 4-gap resonator was used for the EPR measurements. 4
gaps allow the increase in the diameter of the sample loop, thus
facilitating the use of a standard 4 mm OD X-band EPR tube as
a structural support. Bruker X-band continuous wave spectro-
meter (EMX-8/2.7) was used for the EPR measurements. Coupling
to the microwave source (Bruker ER 041 X-band Microwave
Bridge) was achieved using in-house built coupling arm and
inductive coupling.

Results and discussion

The effect of the sample tube (2a) ID towards the EPR
performance

The larger the ID of the sample tube, the closer the sample is to
the fringing electric fields in the gaps of the LGR, leading to an
increasing dielectric microwave loss. The unloaded Q-value (Q)
of the 5-loop 4-gap resonator is approximately 1700 in accor-
dance with the literature.>® For water the 1.1 mm ID sample
tube gives a typical Qr, = 500-600 at around 9.57 GHz, one third
of the Q. If the cell is filled with acetonitrile, Q; ~ 900. A cell
assembled with the 0.8 mm ID sample tube filled with water
gives a Qr, = 800-900 at around 9.51 GHz frequency. Crucially
the insertion of a micro-cylinder WE to the resonator does not
introduce a noticeable change in the Q-value or the microwave
coupling.

Higher Q-values suggest higher sensitivity. However, even-
tually the diminishing ID of the capillary starts to hinder the
electrochemical performance (see Fig. 4 and discussion) and a
compromise between the two has to be made depending on the
system under investigation.
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EPR sensitivity comparison between LGR and cylindrical
resonator

The EPR performance between the LGR and a cylindrical TEy;4
resonator was compared by placing a 1.1 mm ID capillary filled
with water containing 10 uM of the stable radical TEMPOL as a
reference concentrically through each resonator. The TEqq;
cavity coupled critically with a Q-value of 1500, whereas the
Q, for this resonator was closer to 5000, suggesting that both
resonators performed at approximately 1/3 of their Q,. Using a
microwave power sweep, saturation curves for both resonators
were constructed. The optimal signal to noise ratio (S: N) achieved
with both resonators was approximately 120: 1 (Fig. 3), indicating
that in terms of concentration sensitivity they perform equally.
Note that the EPR spectrum for TE,; cavity is offset for clarity.
Although the two resonators performed similarly, taking
into account sample volumes inside the resonators, in terms
of absolute sensitivity the LGR performed 2-3 times better. In
the future # for the LGR could be further increased by reducing
the sample loop diameter leading to further sensitivity gains.

Electrochemistry

Experimental electrochemical characterization of two cells,
representing the largest and smallest ID sample tubes used in
this study, i.e. cell A (1.1 mm) and cell B (0.8 mm) are shown in
Fig. 4a and b. The working electrode was a 50 um diameter Pt
wire, 7 mm in length, with 125 um diameter Ag|AgCl RE and a
bare Pt wire as a CE, while 0.4 M KCl acted as a supporting
electrolyte. The results of the COMSOL simulation (identical for
cells A and B) of the CV for the FeTMA"?* are also shown in
Fig. 4a and b.

Fig. 4a reveals that at scan rate of 100 mV s~ ' the EC CV
behaviour for the oxidation of 1 mM F¢TMA" is very close to that
predicted by the simulation assuming a reversible diffusion-
controlled process. A peak to peak separation (AEp) value of 78
mV is predicted from the simulation, which shows that diffusion
is not purely linear at the micro-cylinder electrode. For cell A the
simulated AE, value is in good agreement with that recorded

6

——LGR
—TE

F -
1

N
1

o
|

Signal Intensity (A.U.)
Y

¥

334.0 3360 338.0 340.0 3420 344.0

Magnetic Field (mT)

Fig. 3 1st derivative EPR spectra for 10 pM TEMPOL in LGR and TEgs; with
S:N = 120. Spectrum for TEgy is offset for clarity by 0.45 mT and
0.4 Sl units.
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EIV (Vs. Ag/AgCl)

Fig. 4 Electrochemical characterization of cells A (1.1 mm ID) and B
(0.8 mm ID) in water and comparisons with simulations. (a) 1.0 mM
FCTMA®; CV at 100 mV s% (b) 1.0 mM FCTMA*; CV at 20 mV s,
(c) 1.0 mM Ru(NH3)g>" at different scan rates. All results recorded at Pt
wire electrode 50 um in diameter, 7 mm length vs. Ag|AgCl reference and
0.4 M KCl as a supporting electrolyte.

experimentally, Z.e. 83 + 2 mV. Note that increasing the support-
ing electrolyte concentration was observed to decrease the AEp
(due to Ohmic drop effects in the cell geometry employed) until
values of ca. 0.4 M, beyond which increasing the concentration
showed no appreciable effect. For the cell B measured AEp value
was 94 + 2 mV, the difference to that obtained for cell A
essentially due to a stretched out oxidative wave of the CV.

Fig. 4b shows the behaviour at 20 mV s~ ' scan rate, where
increased radial diffusion effects will contribute. This is reflected
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in a larger simulated AEp = 93 mV which compares favourably
with 94 4+ 2 mV measured for cell A. For cell B the measured AEp
of 104 =+ 2 mV suggests that at slower scan rates this cell
behaviour is closer to that predicted.

For cell A, the experimental peak current (ip) was within 3%
of that simulated irrespective of the scan rate whereas for cell B
the ip value was consistently 8% lower. As discussed above in
the simulations section, the capillary wall is not expected to
hinder the diffusion field for 0.8 mm ID sample tube. A possible
explanation for the slightly lower ip and larger AEp values is the
fact that the WE is not completely symmetrically placed within
the capillary. Thus the diffusion field might be restricted by the
capillary wall, although the observed ip values for cell B are still
within the tolerance of the wire diameter (+10%) reported by
the manufacturer.

The simulated ip for the oxidation wave at 20 mV s~ ' agreed
with that predicted analytically (eqn (1) and (2)) to within 0.5%,
and for 100 mV s~ to within 2%. For the latter scan rate the no.
of mesh points required to approach the value predicted by the
analytical equations started to increase exponentially for an
incremental increase in simulated ip.

Fig. 4c shows reduction of Ru(NH;)s>"*" for the cell A at
different scan rates. The gradual change in the shape of the CV
is evident as the measured AEp increases from 80 to 114 mV as
the scan rate is reduced from 150 to 10 mV s~ . For mediators
such as Ru(NH;)s>"*" and FcTMA"?*, scan rates between 10
and 150 mV s~ seem to be practical for the cell described.

Electrochemical EPR

EPR was carried out in the presence of the electrochemical
redox mediator methyl viologen (MV>*) which undergoes two
consecutive one electron reduction steps, the first being:

MV?" +e” = MV'™ (5)

where the paramagnetic species MV'* is formed. Previous work
has shown this species to be sufficiently stable for convenient
detection in EC-EPR.">*’ A typical CV for the reduction of 1 mM
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MV>" in water and 0.4 M KNO; at a Ag wire electrode (50 pm
diameter, 7 mm length) for cell A is shown in Fig. 5a. The
structure of the MV>" is displayed in the inset to Fig. 5a. The AEp
value of 98 mV for a 20 mV s~ ' scan rate suggests essentially a
reversible behaviour, as discussed for Fig. 4b above and previously
suggested by literature.***°

From the CV in Fig. 5a a potential of —0.9 V was chosen to
generate MV'™® under diffusion limited conditions. Fig. 5b
shows the spectrum of the radical after electrolysing 1 mM
MV** solution in the cell A for 2 min. The EPR scan was initiated
as the potential was switched off.

The EPR spectrum obtained with 0.02 mT modulation,
averaging 5 scans gave a signal to noise (S:N) of 740:1. The
Root Mean Square (RMS) value for the noise was calculated
from the baseline on a low field side of the spectrum. The
emerging hyperfine coupling suggests that no line broadening
occurs due to electron exchange between radical-parent inter-
action proposed previously:**

(MV™*) + (MV¥)* = (MV™)* + (MV>) (o)
This is probably due to the relatively low concentration of the
parent molecule with respect to the radical species in the active
part of the resonator. In fact the best least squares fit yielded a
line width of 0.017 mT for the smallest hyperfine couplings,
further suggesting that the lines were not excessively broadened
by radical-radical or radical-parent molecular interactions.
Under these conditions the line width would exceed the used
modulation amplitude of 0.02 mT. The result in 5b is in fact
closer to those obtained for MV'*® productions through chemical
reduction® or an exhaustive electrolysis of 1 mM MV>" reported
by Bard et al.*®

A complementary option for scanning the magnetic field to
record the entire EPR spectrum is to fix the field to a given value
and monitor the signal amplitude as a potential perturbation is
applied. This allows the generation of radical species at the
electrode as a function of time and potential to be monitored
simultaneously. Fig. 6 shows an average EPR signal amplitude
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Fig. 5 EC-EPRincellA: (a) CVat 20 mV st for 1 mM MV?* at a 50 um Ag wire electrode vs. a Ag-pseudo reference in water with 0.4 M KNOs, AEp = 98 mV.
Inset: The molecular structure of MV2*. (b) EPR spectrum of MV*® recorded after a 2 min potential step at —0.9 V, 2 mW microwave power,

0.02 mT modulation.
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Fig. 6 5 scan average of the EPR signal amplitude at constant magnetic
field as a function of potential and time during a 10 second potential step
to —1.0 V from 0 V. 1 mM of MV2* in water at 50 uM diameter Ag wire
electrode vs. Ag pseudo RE and 0.4 M KNOsin the cell B. S: N = 122 : 1 with
2 mW microwave power and 0.1 mT modulation.

of 5 repetitions as a function of potential and time for 1 mM
MV>" in water and 0.4 M KNOj3, as the WE is stepped to —1.0 V
for 10 seconds in cell B. Between the 5 repetitions, fresh
solution was inserted to the cell via a syringe pump.

The charge generated during a 10 second potential step was
ca. 1.4 x 107 C, indicating that the number of radical species
(MV™*) generated was 8.7 x 10", The volume of sample inside
the sensitive part of the resonator was 5 pL, and thus the
concentration of the radical species can be estimated to
ca. 30 uM, assuming 100% efficient electron transfer and that
the radical decay is negligible during the relatively short
potential step. The S:N = 122:1 when the signal was taken to
be the maximum EPR amplitude, while for the noise a RMS was
calculated from the region before the potential step. Extrapo-
lating from the results in Fig. 6, the limit of quantification
(LOQ) was estimated to be 7.1 x 10" and the limit of detection
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(LOD) 2.1 x 10" spins or 2.4 and 0.7 uM, respectively if the
experiment was to be repeated 5 times.

The increase in the EPR signal shown in Fig. 6 is rapid after
the potential step is applied at 32 seconds into the experiment.
The EPR signal intensity increases for ca. 10 seconds after the
potential switches off at 42 seconds, which could be attributed
to the radical diffusing away from the electrode surface intro-
ducing changes to the filling factor and to the distribution of
the radical within the B, field inside the sample volume. Also
the formation of an EPR silent radical cation dimer in water has
been proposed*"*>

2MV™ = (MV),>* (7
the presence of which could have an effect on the EPR signal at
least on short timescales at the vicinity of the WE.

During the following 180 seconds after the potential was
switched off the signal intensity decreased to 70% of the largest
value, confirming the observation that MV™* is indeed a stable
radical in aqueous systems at least around neutral pH. No
decay constant was calculated, as with the current setup it is
possible that the stable radical could diffuse out of the sensitive
part of the resonator within 180 seconds.

A wider potential sweep CV between —0.2 and —1.4 V for both
reduction peaks of MV>* is shown in Fig. 7a for cell B, corresponding
to the electron transfer processes in eqn (5) and also eqn (8)

MV™ +e” = MV’ (8)
where the paramagnetic one electron reduction product is
further reduced to diamagnetic and EPR silent MV° species.
An increase in the EPR signal amplitude (right y-axis) was observed
(1) as the reduction in eqn (5) started to produce the paramagnetic
species at the WE (left y-axis), and did not cease until the peak
current for the second reduction step (2).

After this point, the EPR signal remained constant while
the switching potential was reached and the scan reversed,

.1 ()

1 Eon

—13V,3.1e-5C
—-1.1V,1.5e-5C
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T T+ T ' T T+ T T ' 1
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Fig. 7 (a) EPR signal amplitude (right y-axis) vs. redox processes for 1 mM MV2+/1++/0 (jeft y-axis) in water during 20 mV s~ CV; (b) EPR signal intensity vs.
time during 10 second potential steps from —0.2 V to —1.1 V and —1.3 V. Both (a) and (b) with 50 um diameter Ag wire electrode vs. Ag pseudo RE, 0.4 M

KNOz3 in the cell B. 2 mW microwave power and 0.1 mT modulation.
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indicating that a steady concentration of radical species was
maintained in the cell for ca. 20 seconds, at least on the EPR
sensitivity scale. This result seems surprising as at high nega-
tive potentials the parent MV** molecule would be expected to
reduce to MV°, while the already generated MV*® would also go
through the second reduction step, thus leading to a diminishing
EPR signal.

The EPR signal intensity started to increase again during the
return scan at the onset of peak (3) on the voltammogram,
where eqn (8) was reversed. The shape of the first oxidation
peak during the reverse scan suggests a precipitation or deposi-
tion of the neutral MV° on the surface, and subsequent strip-
ping from the electrode. This was also supported by the EPR as
the rate of EPR signal increase between points (3) and (4) was
ca. 25% larger than between (1) and (2), suggesting that the
arrival of the species to the electrode surface exceeded the
diffusion limit. Integration of the stripping peak yielded a
charge of 2.5 x 107 C or 1.6 x 10** molecules being oxidized
during the reversal of eqn (8).

Finally the EPR signal intensity started to decrease at the
onset of the second oxidation peak of the return wave (4) where
eqn (5) was reversed. The signal intensity diminished by less
than 20%, as the radical diffused throughout the sample
volume and did not have time to arrive to the electrode for
oxidation before the experiment finished.

The unexpected levelling of the EPR signal intensity at
potentials beyond ca. —1.2 V in Fig. 7a was further investigated
by applying two independent 10 second potential steps at
—1.1 V and —1.3 V, corresponding to points just before and
after the second reduction step, respectively. Fig. 7b displays
the EPR amplitudes (y-axis) as a function of time (x-axis), and
the applied potentials.

For the —1.1 V potential step corresponding to the process
in eqn (5) the EPR signal increased as expected based on the
data in Fig. 6 and ca. 1.5 x 10~° C of charge was transferred.
On the other hand, when the potential was stepped to —1.3 V,
after the initial increase in the EPR signal a distinct plateau
was observed, and the EPR signal increase didn’t resume at
the expected rate until the potential was switched off. None
the less, as almost exactly twice the charge was generated
during the step (3.1 x 10~> C) combined with exactly double
the EPR signal, there is a clear quantitative evidence that
the final product in the solution is the paramagnetic MV'*
and not the neutral MV® that the applied potential would
suggest.

From Fig. 7a it was determined that MV® is likely to deposit
on the surface of the electrode, so the increase of the EPR signal
after the potential is switched off at —1.3 V can be attributed to
a process in eqn (9), proposed by Monk et al.**

MV® + MV*" — 2MV™* (9)

although results reported therein did not display the quantita-
tive behaviour described here. Due to an existing concentration
gradient, MV>" species still diffuses to the electrode surface
after the potential step and can react with the MV° thus yielding
two paramagnetic molecules. As long as there is an applied
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potential the paramagnetic product from eqn (9) is further
reduced to the diamagnetic form and a plateau in the EPR
signal intensity is observed.

Clearly this setup allows the characterization of electrode
processes under precise potential control on a quantitative level
with high EPR sensitivity. In the future EC-EPR could be used
for example to study comproportionation reactions, previously
performed on UMEs, on equal or even lower redox mediator
concentrations than before.*?

Finally cell A was tested using a solvent with a moderate
dielectric loss, acetonitrile. Fig. 8a displays the CV obtained at
100 mV s~ ' scan rate over the both reduction steps for 1 mM
MV>" at a 50 um diameter platinum WE vs. Ag-pseudo reference
using 0.2 M TBAP as a supporting electrolyte. Clearly in
acetonitrile the neutral MV® does not deposit on the electrode
nor precipitate out of solution, at least to any significant extent,
as both peaks of the return wave have a symmetry indicative of
mass transport limitation, when compared to the CV in Fig. 7a.
The larger cell resistance is obvious from the stretched AE,
value for the first wave (118 mV) when compared to the aqueous
results.

The high EPR sensitivity is evident from Fig. 8b which was
obtained after stepping the potential to —0.3 V with a single
EPR scan for a concentration of ca. 20 uM of MV"* giving S : N of
72:1 for 42 sec scan time, indicating that EC-ERP measure-
ments are possible also with organic solvents.
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Conclusions

A novel design of EC-EPR cell has been presented and its
electrochemical performance demonstrated with well-known
redox mediators. The electrochemical EPR performance was
analysed by characterising the behaviour of MV** in an aqueous
system. These results suggest that the potential control of the
cell is precise enough for analytical experiments, while the
simultaneous EPR behaviour of the system can be monitored
quantitatively under inert atmosphere.

Silver, gold and platinum can be used as a WE material
between 25 and 125 pm conductor diameters. Also a piece of
mesh has been inserted to the capillary instead of a wire and
successful EC-EPR experiments performed, although at the
expense of the potential control.

In terms of EPR sensitivity the LGR turned out to perform as
well as commercially available cylindrical TEq,; resonator. Sub
uM EPR limits of detection have been demonstrated even for
radicals such as MV'* with complicated multi-line EPR spectra.
Much lower detection limits are of course possible for radicals
with simple single line EPR spectra. The sensitivity of the LGR
allows the use of relatively small surface area micro wires and
also a true miniaturization of the electrochemical cell. As the
syringe pump/potentiostat/EPR interface can be programmed
and thus certain experiments automated, signal averaging can
be efficiently used to study short liver radicals.

Although designed primarily for aqueous samples, the applic-
ability for organic solvents has also been demonstrated.

Obviously there are several parameters to optimise in EC-EPR,
depending on the system under study. The design demonstrated
here allows the maximum flexibility between the electrochemistry
and EPR. Further work is underway for a detailed characterization
of the setup for the routine absolute quantification of paramagnetic
species in EC-EPR experiments.
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