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g r a p h i c a l a b s t r a c t
� The effect of the high magnetic field
of NMR spectrometers on electro-
chemical reactions is evaluated.

� High resolution NMR is not a passive
technique when coupled with in situ
electrochemical experiments.

� The reaction kinetics change when
subjected to a magnetic field.

� Previous papers have not taken this
effect into consideration in their
studies.
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a b s t r a c t

The strong effect of magnetic field on the electrochemical (EC) reduction of a diamagnetic species was
monitored in situ in a 600 MHz (14 T) NMR spectrometer. Throughout EC-NMR experiments, the
diamagnetic species is influenced by the Lorentz force (cross product of current density and magnetic
field), which in turn acts on analyte transport and, as a result, enhances reaction rates. This phenomenon,
known as magnetoelectrolysis, has not been considered in several in situ EC-NMR studies in solution,
electron paramagnetic resonance (EC-EPR) spectroscopy, and magnetic resonance imaging (EC-MRI)
involving the oxidation and reduction of organic compounds and lithium ion batteries. Recently, we have
demonstrated the presence of this effect in the electroplating of a paramagnetic ion species by moni-
toring it in situ in a low-field (0.23 T) NMR spectrometer. In this report, a ca. five-fold enhancement in the
electroreduction rate of benzoquinone was observed when the analyses were performed in situ in the
NMR spectrometer. Therefore, this work has the objective of informing the scientific community that
before every electrochemical reaction carried out in situ in NMR, EPR and MRI apparatuses, the influence
of the magnetic field on the reactions must be evaluated, since it can alter the mechanism and kinetics of
the reaction which, if not taken into account may lead to wrong interpretations of the data.

© 2017 Elsevier B.V. All rights reserved.
ira Gomes).
1. Introduction

In situ studies of electrochemical reactions by Nuclear Magnetic
Resonance (EC-NMR) and Electron Paramagnetic Resonance (EC-
EPR) spectroscopies as well as byMagnetic Resonance Imaging (EC-
MRI) have been used to determine reaction kinetics, mechanisms,
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and mass transport in real time [1e19]. Although these experi-
ments have been performed in the presence of a magnetic field, B,
none of them has considered the magnetoelectrolysis phenome-
non. Magnetoelectrolysis is the turbulence-inducing effect of the
magnetic field on electrochemical reactions and is widely known
[20e27]. Lorentz Force, FL (Eq. (1)), is the main force driving
magnetoelectrolysis, which acts on the mass transport and is pro-
portional to the cross product between magnetic field intensity (B)
and current density (j).

FL ¼ j� B (1)

As demonstrated by Kelly in 1977, the magnetic field can alter
processes controlled bymass transport or by charge-transfer. When
the process is controlled by mass transport, the magnetic field can
alter the thickness of the diffusion layer because it creates stirring
on the solution, changing the kinetics on the reaction. However,
when the reaction is controlled by charge-transfer, the magnetic
field can alter the potential between the solution and the electrode
and in some cases it can change the reaction mechanism [28].

It is worth pointing out that even when the magnetic field is
oriented perpendicular to the electrode surface (parallel to j) a
resulting FL will still be present mainly due to the edge effects of
the electrode surface and gas bubbles which locally distort the
electric field (and thus the ionic flow) which creates a local
resulting Lorentz force [22]. This secondary effect is known as mi-
cro magnetohydrodynamic effect (micro-MHD).

Recently we have demonstrated that the eletrodeposition of
Cu2þ (a paramagnetic species) is enhanced when it is monitored
using a low field (0.23 T) time domain NMR relaxometer [29,30]. In
these works we also confirmed the presence of the micro MHD
effect.

The active interference of themagnetic field of a high-resolution
NMR spectrometer (14 T) on an electrochemical reaction of
diamagnetic species has been analyzed in situ and is demonstrated
in this article. The magnetic field of the NMR spectrometer
increased the mass transport and, consequently, the reaction rate.
Therefore, the electrochemical reaction was much faster than its ex
situ counterpart. Furthermore, the magnetic field is capable of
changing the reaction mechanism in certain systems, so it is very
important to check what effect the magnetic field has on the re-
actions before using EC-NMR, EC-EPR or EC-MRI in order to ensure
the correct interpretation of the data acquired through these
studies.

We have used the p-benzoquinone (BQ) electroreduction to
hydroquinone (HQ) as a reaction model to demonstrate the mag-
netoelectrolysis phenomenon because this reaction is often used to
demonstrate the efficiency of the EC-NMR coupling [9,2,31] and is
also linked to pharmaceutical degradation reactions in biological
systems [32]. It is worth noting that this phenomenon is also seen
in other mass-transport limited systems [28,25,22], however, here
we focus only on the reduction of BQ, since we aim only to
demonstrate the existence of the phenomenon during the EC-NMR
coupling.
Fig. 1. Electrochemical cell illustration. The cell was built in a NMR tube of 5 mm
diameter. The cell is not to scale.
2. Experimental

2.1. Chemicals and solutions

p-benzoquinone (98%, Sigma-Aldrich) was recrystallized from
hot water (T ¼ 80 �C); H2SO4 (95%, Vetec), Na2SO4 (99%, Sigma-
Aldrich) and D2O (Sigma-Aldrich). The supporting electrolyte so-
lution was as follows: Na2SO4 0.45 mol L�1 at pH 1, acidified with
H2SO4. D2O content was set to 10% of the total solution volume.
2.2. Apparatus

Electrochemical measurements were performed with a EmStat2
potentiostat (Utrecht, The Netherlands). 1H NMR experiments were
carried out in a 600 MHz NMR spectrometer (Ascend™ 600 Bruker)
at 25 �C, using 30� pulses, 64 scans and a relaxation delay (d1) of 2 s.

2.3. Electrochemical-NMR cell

The EC-NMR cell, in which all of the electrochemical experi-
ments were performed, consisted of a three-electrode system in-
side a 14-cm-long, 5-mm NMR tube. Working electrode (WE)
comprised of carbon fibers (CF) (each of the ca. 300 to 5000 fibers
had 6.3 mm in diameter and 2 mm in length) fixed in a glass
capillary tube, as described in the literature [2]. Electrical contacts
were made with conductive epoxy resin. Counter electrode (CE)
consisted of a platinized Pt wire inside a glass capillary, whereas
pseudo-RE comprised a silver wire coated with an AgCl film (Fig. 1).
Electrochemical experiments were performed at 25 �C, using a
sample volume of 600 mL, the same electrical cable (3m total length
and 200 mH chokes for each electrode) was used in in situ and ex situ
experiments (scheme available in the supplementary material) and
the cell was used in a vertical orientation.

2.4. Diffusion measurements

1H DOSYmeasurements were carried out in duplicate, while the
current was flowing, on a 14.1 T Ascend™600 Bruker spectrometer,
which operates at 600.13 MHz for 1H, equipped with a 5 mm BBO
probe, that produces a nominal maximum gradient of 50.1G cm �1

in a z-gradient coil. The 1H DOSY data were acquired using the
ledbpgp2s Bruker's pulse sequence at 25 �C with standard variable
temperature regulation. Sixteen nominal gradient amplitudes were
used ranging from 4.8 to 38.5 G cm�1, employing the diffusion time
(d20) 90 ms, the gradient recovery delay (d) 0.2 ms, the length of
the diffusion gradient (p30) 0.7 ms, and the additional longitudinal
eddy current delay (d21) 5 ms. The diffusion coefficients values and
the correlations map were obtained with the Bruker's Dynamics
Center software.



Fig. 2. Voltammograms acquired under ex situ (black line, B ¼ 0 T) and in situ (red line,
B ¼ 14 T) conditions. Scan rate was 100 mV s�1 and number of cycles was 4 (scan
number 4 is shown). A 550 mL aliquot of a BQ solution (0.045 mol L�1 in Na2SO4

0.45 mol L�1, pH ¼ 1) was used. A carbon fiber electrode was used as the working
electrode. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Chronoamperogram performed both ex situ (grey region, B ¼ 0 T) and in situ
(red region, B ¼ 14 T). Each of the tested conditions was maintained for 10 min. The
electrochemical cell (containing 550 mL of a 0.045 mol L�1 BQ solution in Na2SO4

0.45 mol L1, pH ¼ 1) alternated between each condition six times. The applied potential
was �600 mV (vs. Ag/AgCl pseudo-RE). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. NMR spectra acquired under the following ex situ (black line, B ¼ 0 T) and in situ
(red line, B ¼ 14 T) conditions: 30� pulse, 64 scans, relaxation delay (d1) of 2 s and
25 �C. Spectra were recorded after chronoamperometric measurements (30 min,
�600 mV (vs. Ag/AgCl pseudo-RE), a) ex situ and b) in situ. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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2.5. Electrochemical measurements

The electrochemical reaction behaviors inside and outside the
magnetic field were studied using both cyclic voltammetry and
chronoamperometry. Cyclic voltammetry measurements were ob-
tained at potentials ranging from�1 V toþ1 V (vs. Ag/AgCl pseudo-
RE), using a scan rate of 100 mV s�1 and a step potential of 10 mV.
Chronoamperometry data were acquired at a potential of �600 mV
for 30 min.

2.6. Measurement definitions

In situ electrochemical measurements were those performed
inside the NMR spectrometer simultaneously with the NMR mea-
surements. Temperature was maintained at 25 �C.

Ex situ electrochemical measurements were performed under
the same temperature conditions as in situ experiments (25 �C) but
outside the NMR spectrometer. NMR measurements were per-
formed before and after the electrochemical reactions. The elec-
trodes and wires were not removed from the cell for the NMR
measurements. The solution was well mixed before the NMR
measurements.

3. Results and discussion

Fig. 2 presents the voltammograms of the electroredution of p-
benzoquinone (BQ) in aqueous solution (0.045 mol L�1 in Na2SO4

0.45 mol L�1, pH ¼ 1) both in the presence and absence of a 14.1 T
NMRmagnetic field. This figure shows that B dramatically changed
the voltammogram profile. When B was present, the cathodic
current, ic, (ic;14T ¼ �0.93 mA) was approximately four times
greater than that in the absence of B (ic;0T ¼ �0.23 mA) - both
experiencing a �600 mV potential (vs. Ag/AgCl pseudo reference
electrode (pseudo-RE)). This effect may be explained by the action
of FL on mass transport, which leads to an increased number of BQ
molecules that reach the electrode surface, enhancing the reaction
rate. Furthermore, the change on the voltammogram profile could
be related to changes in the potential difference between the
electrode and the solution or changes in the reaction mechanism
[28].

The peak current, iap, in the anodic branch (Fig. 2) in the pres-
ence of B (iap,14T ¼ 0.33 mA) was lower than the B-free iap
(iap;0T ¼ 0.85 mA), measured at 340 and 420 mV (vs. Ag/AgCl
pseudo-RE), respectively. This may by attributed to the magnetic
stirring caused by FL , which might mix the solution and facilitate
the transport of the reaction product (i.e., Hydroquinone (HQ)).
Therefore, when the cyclic voltammetry swept towards anodic
potentials, HQ had already diffused to the solution bulk, decreasing
HQ concentration next to the electrode surface and, as a conse-
quence, reducing iap. Since the experiments were all performed at
25 �C we can safely say that the observed effect is due to the
magnetic field and not due to temperature fluctuations.

Fig. 3 shows the chronoamperograms acquired in a single
measurement both in the presence and absence of B, aiming to
demonstrate the instantaneous effect of B on the electrochemical
reaction. As observed in Fig. 3, the current was intensified when the
cell was placed in the magnetic field of the NMR spectrometer (red
region) and returned to lower values when the cell was removed
(grey region). The chronoamperogram current was found to be
higher, in absolute value, when the cell was under the effect of B
when compared with that observed in ex situ conditions. The cur-
rent disturbance in the presence of B can be associated with the
stirring caused by FL [20,22,33].

Fig. 4 presents the 1H NMR spectra of the solution after 30 min
of (a) ex situ (B ¼ 0 T) and (b) in situ (B ¼ 14 T) reactions as well as



Fig. 5.

�
RA ¼ AHQ

AHQþABQ
� 100%

�
ratios determined in 1H NMR measurements vs. elec-

trochemical reaction time for ex situ (black squares) and in situ (red circles) conditions.
The electrochemical cell contained 550 mL of a 0.045 mol L�1 BQ solution in Na2SO4

0.45 mol L�1, pH ¼ 1. Conditions: �600 mV (vs. Ag/AgCl pseudo-RE). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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and the respective chronoamperograms (insets). The ratio of the
areas (RA) of the NMR signals of HQ (AHQ) and BQ (ABQ), located at

6.79 ppm and 6.87 ppm respectively,
�
RA ¼ AHQ

AHQþABQ
� 100%

�
was

used to monitor the reduction reaction. Fig. 5 shows RA variation in
ex situ and in situ reactions. After 30 min of reaction, RA was five
times greater when the reaction was performed in situ (15%) than
when it was carried out ex situ (3%). This enhancement is in the
same order of magnitude as the increase in the chronoamperogram
current. Ex situ NMR spectroscopy measurements were performed
prior to electrolysis (at �600 mV (vs. Ag/AgCl pseudo-RE)) as well
as after 10, 20 and 30 min. A brand new solution was used for each
of these measurement times. In situ NMR measurements were
performed at different times throughout the reaction. After the in
situ reaction was performed two NMR measurements were made.
One just after the reaction and one after mixing the solution, in
order to evaluate if the reaction product was more concentrated in
certain regions of the solution. We found no significant differences
between these two measurements, which indicates that the reac-
tion product is already well distributed in the solution.

We estimated that jFLj should have an intensity between 40 and
700 N m�3. For these calculations an average current of �0.6 mA
was considered, the number of carbon microfibers was considered
to be between 300 and 5000. The intensity of jFLj is in agreement
with the results obtained by Ref. [34].

The stirring effect caused by FL on the whole sample was esti-
mated using Diffusion Ordered NMR Spectroscopy (DOSY) [35]. The
diffusion coefficient of water in the solution before the electro-
chemical reactionwas determined to be 1:78± 0:00 � 10�9 m2s�1.
During the reaction, the mass transport (diffusion plus stirring)
increased the apparent diffusion coefficient by 7%
ð1:89± 0:01 � 10�9 m2s�1Þ. This indicates that the turbulence
caused by FL acts strongly in the vicinity of the electrodes, but also
affects all the volume as confirmed by the chronoampetrometric
and voltammetric measurements.

It is worth noting that we only reported the diffusion co-
efficients of water because the concentration of this compound
does not suffer significant changes during the reaction. In the DOSY
experiment the diffusion coefficient is measured based on the
decrease of the signal area during the experiment due to only
diffusion phenomena, therefore, the ideal condition for these
measurements is that the signals retain the initial area. Neverthe-
less it was possible to determine the diffusion constant of BQ
before, during and after the reaction and for HQ only after the re-
action and these values are presented in the supplementary ma-
terial. However, note that the error associated with these values is
increased due to the variation of the concentration of these species
during the reaction.

4. Conclusion

The rate of electrochemical reactions was enhanced when NMR
measurements were performed in situ. This is also true for EPR and
MRI, suggesting that these do not denote passive analytical
methods, especially when the EC reaction is limited by mass
transport or charge transfer.

Taking into account that all papers published until now, which
used EC-NMR high resolution, did not consider the strongmagnetic
field effect on the electrochemical reactions performed in situ and
its influence on the reaction kinetics or even on the reaction
mechanism, it is imperative that this information is passed on to
the scientific community that wishes to use the EC-NMR coupling.

Finally, whatever the geometry used for the experimental setup
it is always necessary to evaluate the existence and intensity of the
Lorentz force when the reaction is mass transport and/or charge
transfer limited, as it can be present in the form of either the MHD
and/or micro MHD effect.
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