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Nuclear Magnetic Resonance (NMR) spectroscopy suffers from low
sensitivity due to the low nuclear spin polarization obtained within
practically achievable external magnetic fields. Dynamic Nuclear
Polarization (DNP) refers to techniques that increase the NMR signal
intensity by transferring spin polarization from electrons to the
nuclei. Until now, a common method of introducing unpaired
electrons to a sample has been to add to it a radical such as
TEMPOL or trityl. The alternative we address here is to use electro-
chemical oxidation and/or reduction of a redox mediator to generate
radical species that can be used for DNP. Surprisingly, the potential of
electrochemically-generated radicals as a source of hyperpolariza-
tion for DNP has not been investigated so far. In this communication,
we show the proof of principle of performing an in situ DNP
experiment at a low magnetic field in a solution phase, with
electrochemically generated methyl viologen cation radicals. Electro-
chemistry as a source of radicals can offer exciting prospects for DNP.
The electrode may be one that generates radicals with a high spin
polarization. The concentration of radicals in the sample can be
adjusted by changing the duration and magnitude of the applied
electrode potential. Removal of the radical from the sample after spin
polarization transfer is also possible, thereby increasing the lifetime of
the nuclear hyperpolarization.

Introduction

Dynamic Nuclear Polarisation (DNP) designates an array of
techniques that seek to enhance NMR signals by transferring
electron spin polarization to nuclei.'™ Overhauser identified a
possible mechanism that he considered applicable for electron
and nuclear spins in metals.” His prediction was verified,>® and
extended to liquids with radicals in solution.” The Overhauser
effect (OE) can also be obtained in liquids when working with
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two dipolar-coupled nuclei (NOE) that have very different
gyromagnetic ratios.® After the demonstration of dissolution
DNP in 2003,” DNP regained interest and was adapted to the
high fields used in modern spectrometers.'®'" At high fields,
the Overhauser effect requires high microwave powers to
achieve saturation,'® causing the sample solutions to overheat
unless great care is taken to avoid this.">'* It has been recently
demonstrated nonetheless that a very large enhancement can
be obtained at high fields."” The Overhauser effect is not only a
means to enhance signal, but has also been used to study
hydration shells for example.'®™° In this paper, we open up a
new application of the Overhauser effect using radicals in
solutions that are generated electrochemically from an electro-
active redox mediator. We demonstrate enhancements greater
than 30-fold in situ, i.e. in the NMR probe, and 50-fold ex situ at
low fields (0.3 T).

Electrochemical reactions change the oxidation state of a
redox mediator at an electrode either by reduction or by oxidation.
This change in the oxidation state can generate paramagnetic
species, which can be studied using Electron Paramagnetic
Resonance (EPR) spectroscopy at low fields,”** or more
recently, at high fields.>* Surface EPR is possible on high surface
area materials such as catalysts.>®> However, after the electro-
chemical oxidation or reduction, the chemical reactions that
may follow could quench the radical intermediate before a
satisfactory EPR spectrum can be obtained.*

Liquid state NMR can also be used to assess the time
evolution of electroactive species in solution.>’ > The analysis
of the electrolyte during or after an electrochemical process has
been demonstrated.>> NMR can also monitor a battery under
operation, provided it is built into a stripline resonator.***> NMR
can also probe molecules adsorbed on an electrode surface;***” in
particular, it can characterize the partial charge transfer between
the electrode and the chemisorbed species.*®*?° The well-known
sensitivity issue of NMR renders its application in surface studies
tedious. A minimum of 10"” nuclei is required to begin to envisage
surface NMR, whereas a typical surface atom density is around
10"® atoms per cm?. Thus, NMR of electrode surfaces calls for
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either a large surface area electrode (>100 cm?), where accurate
electrochemical potential control may not be possible, or signal
enhancement by DNP.*°

Considering the importance of being able to conduct NMR
analysis of electrolytes in confined geometries, and possibly of
species chemisorbed on electrodes, we have explored the extent
to which electrochemistry (EC) could serve as a source of radical
species for OE experiments (EC-OE). In this communication, we
show a proof of principle for Overhauser-enhanced proton
NMR, obtained using methyl viologen radicals MV'®, electro-
chemically generated in situ from methyl viologen dication
MV>" (1,1'-dimethyl-4,4'-bipyridinium dichloride).

Electrochemical Overhauser effect
DNP (EC-OE-DNP)

The Overhauser effect for an ensemble of pairs of 1-spins can be
described by considering the evolution of the populations at
the four energy levels. For an intermolecular Overhauser effect
involving radicals as a solute and nuclei in solution, we refer to
the model proposed by Armstrong based on the work of
Hausser. In the liquid state, in the case of full or partial
saturation of the EPR transition, the polarization enhancement

¢ is given by:”*!

e=1-ppls! 1)
1

where, ys and y; are the gyromagnetic ratios of the electrons and
nuclei, respectively, and
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The coupling factor p in eqn (2) is a function of the transition
probabilities wy, w; and w,, which are respectively the zero
quantum, first quantum and double quantum of the *H dipolar
relaxation rate factors for the two 1-spin systems and where w’
is the 'H relaxation rate factor in the absence of radicals. In
eqn (3), the leakage factor f depends on both T, and T, which
are, respectively, the 'H relaxation rate constant of the solvent
without and with free radicals, k is the relaxivity constant and C
is the concentration of free radicals. In eqn (4), the saturation
factor s is valid only if the irradiation is on the EPR resonance.
The term ys”B,’1;17, is equal to the power P times o.*> Note
that the relaxation rates (z; and t,) of the electron appear in the
numerical o factor but this constant is also related to the
microwave source and cavity properties with B, the magnitude
of the applied RF magnetic field in the rotating frame. n is the
number of hyperfine lines.*'

We cannot consider our system as homogenous because the
radicals are generated locally at the electrode surface and
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subsequently distributed in the whole solution by mass transport.
The mass transport is expressed by the Nernst-Planck equation,
which describes the diffusion flux density J which results from
diffusion, electrostatic migration and convection,

J=-DVC - %CVQD +vC (5)
kgT

where v is the fluid velocity, z is the ionic species valence, e is the
elementary charge, kg is the Boltzmann constant, and 7 is the
temperature. Because of this mass transport, the distribution of
radicals across the sample volume depends on the time and
distance from the radical-producing electrode. The electrostatic
potential ¢ is negligible because of the screening effect of the
electrolyte. The diffusion coefficient D for the system was
determined to be 1.3 x 10> em® s~ * at a 10 um diameter Pt
ultramicroelectrode. If we consider that the concentration
3 to zero in 0.1 cm, the diffusion
contribution to J is of about 10° cm?® s '. Therefore, the
convection contribution to J in our electrochemical cell is
greater than that of diffusion. Indeed, after a couple of seconds
of electrolysis, the flux of the bright blue methyl viologen radical
(MV*'*) becomes visibly turbulent. This means that, during the
DNP experiment, the radical is not homogeneously distributed
throughout the sample volume, and the observed DNP enhance-
ment is a spatial average over different local concentrations.

decreases from 10 cm™

Experimental
EC-OE-DNP sample

Chemicals. 1,1’-Dimethyl-4,4’-bipyridinium dichloride hydrate
(MV?"), tetrabutylammonium perchlorate (TBAP), tetrabutyl-
ammonium hexafluorophosphate (TBAHP) and anhydrous
acetonitrile (ACN) were purchased from Sigma-Aldrich. Anhydrous
methanol was from ABCR. All the chemicals used were of the
highest available purity.

For the electrochemical characterization, a 1 mM solution of
MV>" was prepared in ACN with 200 mM of TBAP as the
supporting electrolyte. For the EPR characterisation, an aliquot
of this sample was electrolysed into a ca. 100 uM concentration
of MV™ in a two compartment u-cell at a Pt electrode.*® For the
electrochemical Overhauser experiments, the sample solutions
contained 50 mM of MV>* and 50 mM of TBAHP dissolved into
a 20:80 MeOH : ACN (w/w) mixture, in which the solubility of
MV?" is high. All of the samples were prepared and stored in a
glove box with dry nitrogen atmosphere, and taken out only in
sealed test tubes for measurements.

Electrochemistry setup

Fig. 1 displays a schematic representation of the experimental
setup. The electrochemical cell was assembled into a 4 mm
inner-diameter NMR tube. The working electrode (WE) was a
250 um diameter coiled silver wire with a ca. 0.5 cm? surface
area. A Pt wire tip was used as a pseudo reference electrode (RE,
not shown) and a Pt coil as the counter electrode (CE). A cotton
wool plug was placed between the WE and the CE to prevent
the mass transport of methyl viologen radicals (MV'®), thus
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Fig. 1 Schematics of the experimental setup: (a) working electrode (WE),
(b) counter electrode (CE), (c) cotton wool plug, (d) coax and coupling loop
for microwave (MW) irradiation (9.3 GHz), (e) sapphire resonator, (f) NMR
coil (14 MHz), tuning and matching variable capacitors, and (g) inductors
and capacitors, which are located as close as possible to the sample,
decoupling the electrode leads from the MW and RF signals. A uniform
magnetic field B of 0.3322 T is applied perpendicular to the tube. The
setup is isolated from outside with grounded metal shields. To prevent any
damage, a high frequency dissipator is used after a circulator in the MW
channel.

confining the electrochemically generated radical ions to the
sensitive part of the NMR measurement, ie. in the volume
occupied by the WE. The electrode potential was managed with
a potentiostat (Gamry Interface 1010 E). The radical generation
for the EC-OE-DNP experiments was carried out via chrono-
potentiometry, applying a stable current for a required period
of time to generate the desired radical concentration. The
potential of the WE in these experiments was typically between
—0.2 and —0.3 V. It is very likely that the setup presented
here can be improved by integrating the electrolysis cell with
the EPR resonator by commercial solution,** or with a thin
capillary setup.*®

NMR-DNP setup

The electrochemical Overhauser (EC-OE)-DNP experiment was
conducted within a Varian electromagnet in a magnetic field B
of 0.33 T. The saturation of the EPR line is done with a setup
composed of a microwave (MW) source PHILIPS PM 7022X, a
200 Watt traveling wave tube amplifier, and a high frequency
circulator that prevents damage by dissipating the power in a

This journal is © the Owner Societies 2020
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high-power resistance. The high power MW is transmitted into
the sample through a coax cable and a coupling loop (d in
Fig. 1), thus providing continuous microwave irradiation at the
EPR resonance frequency of the MV'* (9.3 GHz), to a sapphire
resonator (e in Fig. 1). An NMR coil was placed in the vicinity of
the WE for a simultaneous 14 MHz excitation/detection. The
NMR signal is managed with a home-made setup composed of
a pulse generator PulseBlaster Spincore, a PTS 620 frequency
synthesizer, a TOMCO RF Pulse Amplifier, a digitizer Gage
Applied RazorMax, and a home-made spectrometer. The tuning
and matching (T&M) trimmer capacitors (NMTIM120CEK,
Municom) were located out of the sample space. In the future
the NMR-DNP setup could be improved by integrating the NMR
coil into the dielectric resonator, as demonstrated before.*¢™*°

The sample space (EPR resonator and NMR coil) was isolated
with a brass cavity. The probe was inserted into an aluminium
box that contained the T&M capacitors.

MV radicals were produced in situ in controlled quantities
which were used to transfer the polarisation from the unpaired
electrons to the ACN protons. A computer equipped with a
Labview software pilots the NMR spectrometer, Gamry potentio-
stat and MW switch.

EPR spectroscopy

The EPR spectrum of MV'® was measured with a Magnettech
MiniScope MS 400 benchtop EPR spectrometer inside a ca.
1 mm inner diameter borosilicate tube.

NMR pulse sequence

The pulse sequence described in Fig. 2 was used to measure the
NMR signals. The NMR transition was first completely saturated
by applying a hundred 90° pulses every 5 ms. Then, the MW
source irradiated the sample for 1 s and the NMR signal
detection was done with a 90° pulse. The 1 s irradiation time
was a compromise between the hyperpolarization process
and the heating of the sample during the microwave irradiation.

90° 90°

L J100x

Irradiation time| Cooling time

Mw

_#scans

EC trigger HEIectrolysis time

Fig. 2 Pulse sequence of the *H channel (14 MHz), MW channel (9.3 GHz)
and DC trigger to initiate the electrochemical sequence. All the spectra in
this paper were performed with small modifications of this pulse
sequence. In the experiment with MW off, the pulse in the MW channel
was set to zero power. The one-shot experiments were done without the
EC trigger line. NMR T; measurements were done by varying the “irradia-
tion time” with no applied MW power. Multistep EC experiments (Fig. 5)
use the entire pulse sequence.
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The optimisation of the electrolysis cell geometry and the NMR-
DNP setup, as discussed above, could alleviate the heating
issues in the future. The time delay between two DNP experi-
ments was long enough to allow for a complete cool-off of the
electrochemical cell.

Results and discussion

According to eqn (1) and (3), the OE in liquid is maximized at a
high radical concentration,*’ so a system capable of creating
radicals at a relatively high concentration is desired. Methyl-
viologen dication MV>* is a good candidate in this regard.*®
Fig. 3a shows a cyclic voltammogram of a 1 mM solution of
MV>" at a gold electrode in acetonitrile with 200 mM of TBAP as
the supporting electrolyte against a Pt pseudo RE. During the
forward scan, the two visible redox processes are the reduction
of MV?*" into MV'® at around —0.16 V, and the consecutive
reduction of MV™ into MV? at around —0.56 V. Both processes
are electrochemically reversible. The corresponding processes
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Fig. 3 (a) Cyclic voltammogram of a 1 mM solution of MV2* in acetonitrile
with 200 mM TBAP recorded at a 3 mm diameter gold electrode against a
Pt pseudo reference at 50 mV s~*. The redox reactions are indicated on the
voltammogram. Inset: The chemical structure of MV2*. (b) The EPR
spectrum of ca. 100 uM of MV** in acetonitrile with 200 mM TBAP.
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are depicted in Fig. 3a and the structure of the MV>" is shown in
the inset. MV™* can also be generated by stepping the electrode
potential beyond —0.56 V to produce MV° which then compro-
portionates in the vicinity of the electrode surface according to
the relationship: MV® + MV** = 2MV™ with an equilibrium
constant of 1 x 10”7 in ACN.>">?

Fig. 3b shows the X-band EPR spectrum of MV"* recorded
at a radical concentration of about 100 pM in acetonitrile with
200 mM of TBAP as the supporting electrolyte. The spectrum
shows a hyperfine splitting of ca. 0.137 mT, typical for the ring
protons of MV*™.*° In acetonitrile, the larger line width masks
most of the hyperfine couplings visible in aqueous solution.**>

The electrochemical electrodes (WE, RE and CE) which are
located very close to the resonator have a significant effect on
the resonance of the EPR cavity, causing its resonance to be very
broad. As a consequence, we needed a high-power source for
MW irradiation. Our setup provided 3.2 W to the sample.

Fig. 4 presents the results before and after electro-generating
the radicals. Averages of 20 scans were used for MW-on and 500
scans for MW-off measurements. After the radical production,
the short T; of the protons made possible the detection of the
proton signal despite the short delay time between each scan,
whereas Tj, was too long to detect the NMR within this short
delay time. The delay time was kept identical in all experiments.
The EC-OE-DNP signal of the sample protons is enhanced by a
factor of 31.

Fig. 5 presents the DNP enhancement in a stepwise increase
of electrochemically generated radicals. The electrochemical

T T T T T T T T T T T
180 - s
160 4
140 - -
_ 120 E

< —— MW off
2> 100 — MW on b
= ]
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Fig. 4 'H NMR spectra at 14 MHz. Spectra before and after the electro-
chemical (EC) process. The enhancement calculated from the magnitude
of the different spectra is 31. The spectra are obtained by averaging 20
scans for MW on (red) and 500 scans for MW off (black). The “Before EC”
spectrum is offset by —30 arbitrary units. The MV*® concentration for
“After EC" was 11 mM according to the T;-based calculation. Starting
conditions: 50 mM of MV2*, 50 mM of TBAHP in 20: 80 MeOH : ACN (w/
w). The bigger intensity of the MW-off spectrum after EC is a consequence
of the reduction of the T; due to the presence of radicals.
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Fig. 5 'H NMR peak intensity during a multi-step EC experiment. Con-
centrations were obtained from a T;-based calculation. It was not possible
to reach a concentration higher than 10.4 mM. The reason could be the
long duration of the T;-measurements during which the radicals diffuse
through the cotton wool. Vertical (enhancement) and horizontal (T; based
concentration) error bars reflect the signal-to-noise ratio.

step was done in situ with the setup described in the experi-
mental section. At each step, a steady current of —1 mA was
applied to the working electrode for 67 seconds, and the
corresponding voltage fluctuated slowly between —0.2 and
—0.3 V. The system reached roughly a maximum after the 4th
EC step, leading to about 10.4 mM concentration of MV'® and
an enhancement of 31.

The method used in this paper to determine the radical
concentration is based on the 'H T, measurements. In the
liquid phase, the longitudinal relaxation time is sensitive to the
concentration of the radical species. According to the model of
Borah et al.,>* the concentration of MV'® can be determined.
The T; were measured by saturation recovery which requires
quite a long acquisition time, here about 40 minutes. We recall

Enhancement (-)

10 L 1 L L L 1 L L L
0 5 10 15 20 25 30 35 40 45 50

Concentration (mM)

Fig. 6
MV** (a) or TEMPO (b).
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that the setup was optimized for MW power and the NMR
detection was far from optimal.

Carrying out T; measurements needs a long time and is the
likely reason for the observation of a concentration saturation.
Over time, the MV'* diffuses through the cotton wool of the
electrolysis cell (see Experimental part), thus affecting its detected
concentration. This phenomenon is even more important for
high concentrations of MV*®. This is probably the source of the
scatter in the data which were accumulated over long times
because of the T; measurements which were needed to get the
local estimate of the concentration. This mass transport issue is
further confirmed when working with solutions prepared ex situ,
where a large concentration of radicals is homogeneously
obtained throughout the studied sample (Fig. 6a). Extrapolation
from the fitted curve in Fig. 5 yielded an enhancement of 60 at a
concentration of 50 mM of radicals, which is consistent with the
calibration curve obtained with the solutions prepared ex situ
(Fig. 6a).

Fig. 6b presents the OE-DNP enhancement obtained with
our setup (Fig. 1) when using tetramethylpiperidinyloxyl (TEMPO)
radicals at different concentrations in acetonitrile. Surprisingly,
the MV'* gave a significantly higher OE-DNP enhancement than
TEMPO under exactly the same conditions. The biggest enhance-
ment factor obtained with MV™® at 50 mM was 57, whereas the
observed enhancement factor with TEMPO at 64 mM was found
to be 15. This difference in enhancement under identical
experimental conditions should reflect the difference of coupling
factors or saturation factor pertaining to these two radicals.

Conclusion

In conclusion, we have demonstrated the possibility to produce
an Overhauser-enhanced proton signal by means of electro-
generated radicals. One of the main advantages of this process
is the ability to quench the radicals without heating®® or adding

& & =8 a8 A
=] N = = =

Enhancement (-)
(=3

2 L L 1 L L L
0 10 20 30 40 50 60 70
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Enhancement of the 'H signal (14 MHz) after 1 s of MW irradiation in solutions that were prepared ex situ with different concentrations of either
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a chemical®® after the polarisation transfer in order to remove
the paramagnetic centres. Using reversible redox couples, one
can invert the electrochemical process to provide a diamagnetic
species from the radical, either by oxidation (MV"* — MV>") or by
reduction (MV™ — MV®). Based on these encouraging results,
other redox mediators should be tested, and the setup optimized
in order to get better thermal control and larger enhancements.
Further tests are needed to evaluate the benefits of this
method. For example, it may be of use in high-resolution NMR,
as the radicals could be quenched right after hyperpolarizing
the nuclei in order to avoid paramagnetic line broadening. The
working electrode would have to be optimized so that it does
not introduce any field inhomogeneity. The application of the
Chirality-Induced Spin Selectivity (CISS) effect®® should also be
explored as a method for hyperpolarising the electron spins, as
it may greatly simplify the method to achieve OE at high fields.
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