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ABSTRACT: The in situ coupling between electrochemistry and spectrometric
techniques can help in the identification and quantification of the compounds
produced and consumed during electrochemical reactions. The combination of
electrochemistry with nuclear magnetic resonance is quite attractive in this
respect, but it has some challenges to be addressed, namely, the reduction in the
quality of the NMR signal when the metallic electrodes are placed close to or in
the detection region. Since NMR is not a passive technique, the convective effect
of the magnetic force (magnetoelectrolysis), which acts by mixing the solution
and increasing the mass transport, has to be considered. In seeking to solve the
aforementioned problems, we developed a system of miniaturized electrodes
inside a 5 mm NMR tube (outer diameter); the working and counter electrodes
were prepared with a mixture of graphite powder and epoxy resin. To investigate
the performance of the electrodes, the benzoquinone reduction to hydroquinone
and the isopropanol oxidation to acetone were monitored. To monitor the alcohol oxidation reaction, the composite graphite−epoxy
electrode (CGEE) surface was modified through platinization. The electrode was efficient for in situ monitoring of the
aforementioned reactions, when positioned 1 mm above the detection region of the NMR spectrometer. The magnetoelectrolysis
effect acts by stirring the solution and increases the reaction rate of the reduction of benzoquinone, because this reaction is limited
by mass transport, while no effect on the reaction rate is observed for the isopropanol oxidation reaction.

■ INTRODUCTION

The coupling of electrochemistry with nuclear magnetic
resonance (NMR) has been attracting the attention of the
scientific community in recent decades due to the possibility of
detecting the formation and consumption of species, in real
time, which can be used to study reaction mechanisms and
kinetics. There are a few dozen models of miniaturized cells
that aim to minimize the effects resulting from interference
between the techniques, since the placement of electrodes
close to or in the NMR detection region can degrade the NMR
signal by introducing noise and increasing the width of the
peaks.1−19 Furthermore, when performing the electrochemis-
try−NMR coupling, it is important to keep in mind the
existence of the magnetoelectrolysis effect, where the magnetic
field force, FB,

a plays a major role, as it originates from the
interaction between the magnetic field, B, and the ion flow
density, j, as the charged species move through the solution
toward the electrode surface, as shown in eq 1.19−27 This
convection force, also termed the magnetohydrodynamic force,
stirs the solution with an intensity proportional to the intensity
of B; therefore, the greater the intensity of the magnetic field,
the greater the agitation caused in the system. For systems that
are limited by mass transport, this effect is very evident, as it

significantly increases the reaction rate.19,28−33 By placing
electrodes above the NMR detection region and by taking
advantage of the aforementioned effect, it is possible to greatly
reduce the delay between the consumption/production of
species and the detection of these events. This is because the
magnetohydrodynamic force, through its action, quickly
homogenizes the concentration of species in the solution.

F j BB = × (1)

To address the current limitations and challenges inherent to
the coupling of electrochemistry and NMR, a miniaturized
system of composite electrodes was developed. The electrodes
were prepared by mixing a graphite and expoxy (CaldoFix)
resin. The choice in materials stems from the inherent
limitation of using metallic electrodes in the detection region
of the NMR spectrometer6,19 as well as from the fact that

Received: October 18, 2021
Accepted: December 24, 2021
Published: January 31, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

4991
https://doi.org/10.1021/acsomega.1c05823

ACS Omega 2022, 7, 4991−5000

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pollyana+Ferreira+da+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bruna+Ferreira+Gomes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Manuel+Silva+Lobo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcelo+Carmo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christina+Roth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christina+Roth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luiz+Alberto+Colnago"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c05823&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05823?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05823?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05823?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05823?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/6?ref=pdf
https://pubs.acs.org/toc/acsodf/7/6?ref=pdf
https://pubs.acs.org/toc/acsodf/7/6?ref=pdf
https://pubs.acs.org/toc/acsodf/7/6?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c05823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


carbon-based electrodes can be used in a wide range of
applications.34−37 Furthermore, composite electrodes have
been shown to have good mechanical stability, are able to
withstand a wide range of applied potentials, and are
compatible with nonaqueous solvents.38−40 In addition, the
electrode’s surface can be renewed simply by polishing the
material, which shows the advantages of using such electrodes
and why their application in electrochemical systems has been
investigated over the years.38−41

In this work we demonstrate the applicability of carbon−
graphite composite electrodes (CGEEs) as an alternative that
aids in reducing the challenges faced by the electrochemistry−
NMR coupling. Both working and counter electrodes were
miniaturized CGEEs, and they were used to analyze two
electrochemical systems: the electro-reduction of bezoquinone
and the electro-oxidation of isopropanol (ISP). Naturally,
simultaneous observations of the systems were made using
NMR; i.e., the experiments were performed in situ.

■ RESULTS AND DISCUSSION

The use of metallic electrodes for electrochemistry−NMR
coupling causes several interference problems between the
techniques, such as the increase in noise in electrochemical
measurements and the loss of spectral quality in the NMR
spectra.6 Thus, a system of three miniaturized electrodes using
mainly graphite and epoxy resin as raw materials was
developed in order to minimize these issues. The applicability
of this electrode system was evaluated by monitoring the
reactions of electro-reduction of benzoquinone and electro-
oxidation of the ISP in real time. In addition, the magneto-
electrolysis effect was evaluated for both reactions. A great
advantage of this approach is the possibility of replacing
graphite with other carbon-based materials such as commercial
catalysts with different percentages of nanoparticles or even by
monitoring different electrochemical reactions (e.g., in fuel
cells).
Benzoquinone Reduction. The study of the interference

in the NMR spectra due to the positioning of the electrodes in
the electrochemical cell relative to the detection region of the
spectrometer was done by considering two positions: 1 mm
above the detection region and 1 cm within it. For this analysis,
the peaks of the TSPd4 standard, the water suppression region,

and the peaks corresponding to the analyte, benzoquinone, and
the product, hydroquinone, were monitored. Figure 1 shows
the spectra obtained in both conditions. Due to the fact that
WE and CE were made from a composite of graphite and
epoxy resin, it was expected that the insertion of these
electrodes in the detection region would not significantly
compromise the quality of the NMR spectrum. However, upon
analysis of Figure 1, it was possible to verify that the
homogeneity of the magnetic field was greatly compromised
and, consequently, there was a broadening of all the peaks of
the spectrum: the definition of the peak was lost (Figure 1 A,
bottom) and the full width at half-maximum (fwhm) is much
worse when the electrodes are inserted in the detection region
(9.62 Hz) compared to when the electrodes are placed 1 mm
above it (1.86 Hz), the suppression of the solvent signal was
severely impaired (Figure 1 B) and the separation of the peaks
referring to benzoquinone and hydroquinone was lost (Figure
1 C). This could be due to the fact that copper wires were used
to make the electric contact with the electrodes and that this
contact point was placed near the detection region. Another
explanation could be that while graphite is not as magnetically
active as some metals, it still has a much higher magnetic
susceptibility than water, which changes the magnetic field
distribution in its vicinity. With this in mind, the position
chosen for electrodes was 1 mm above the detection region,
since the magnetic force promotes homogenization of the
sample due to the convection caused by this force.19,33 Thus, it
was possible to maintain the quality of NMR measurements.
The voltammetric profiles corresponding to the redox

processes of benzoquinone in the presence and in the absence
of the magnetic field are shown in Figure 2. The changes
observed in these results are mainly due to the presence of the
magnetic field, since the convection generated by the magnetic
force takes more molecules of benzoquinone to the electrode,
increasing the cathodic current, and the formed hydroquinone
molecules quickly diffuse to the bulk of the solution, reducing
the anodic current.30 In the cathodic branch, referring to the
reduction of benzoquinone, the peak potential changes from
−0.38 V (ex situ) to somewhere around −0.80 V (in situ),
where the peak actually becomes less defined. The cathodic
peak currents were −0.11 mA (ex situ) and −0.44 mA (in
situ). Thus, it was found that the cathodic current was about 4

Figure 1. Evaluation of interference in the 1H NMR spectra of benzoquinone due to the position of the electrodes. Black line: electrodes positioned
1 mm above the detection region. Red line: electrodes positioned 1 cm within the detection region. Signal attributed to (A) the standard TSPd4,
(B) water, (C) benzoquinone and hydroquinone. A 0.05 mol·L−1 benzoquinone solution, after a 10 min long reaction, was used.
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times greater when the reaction was carried out in the presence
of the magnetic field.
The chronoamperograms obtained during in situ and ex situ

measurements with a fixed potential of −0.50 V (vs Ag/AgCl)
are shown in Figure 3A). The analysis of the chronoampero-
grams reveals differences in the current magnitudes obtained in
the different experimental conditions: during the ex situ
measurement the cathodic current remained close to −0.1 mA,
while in the in situ measurement, this parameter remained
between −0.3 and −0.4 mA, in agreement with the results
obtained by cyclic voltammetry. In addition to changes in the
magnitude of the current, it is possible to observe that the
current never stabilized during the in situ measurements,
possibly due to the experimental configuration, where a
turbulent flow may be formed in between the electrodes due
to the relative orientations of the ion flow and the magnetic
field (Figure 3B).
Figure 4 shows the 1H NMR spectra obtained in situ during

WE polarization at a potential of −0.5 V vs Ag/AgCl, for the
electro-reduction of benzoquinone to hydroquinone. The peak

corresponding to benzoquinone diminishes in amplitude over
time, as it is reduced while, conversely, the peak of
hydroquinone increases in amplitude over time, as it is being
formed. In addition, there is also a slight widening of the signal
referring to the 1H of benzoquinone during the in situ
monitoring. However, the separation between the peaks was
not compromised, which made it possible to quantify both
species by their respective peak areas (Figure 5).
Figure 5 shows the ratio between the benzoquinone/

hydroquinone peak area and the total spectrum area, RS (eq 2),
during both in situ and ex situ experiments. The points
acquired in situ are represented by the filled squares with
benzoquinone in black and hydroquinone in blue, and those
acquired ex situ are represented by the white-filled squares.
The data show a consumption of 26.7% of the initial
benzoquinone and the formation of the same amount of
hydroquinone when the reaction was carried out inside the 14
T NMR spectrometer. However, when this reaction was
carried out outside the spectrometer, under the same
concentration and temperature conditions, the amount of
benzoquinone consumed corresponded to only 5.6% of the

Figure 2. Cyclic voltamograms acquired, using graphite−epoxy
composite electrodes, in situ (red line) and ex situ (black line).

Figure 3. (A) Chronoamperograms acquired during measurements, using the composite graphite−epoxy electrodes, in situ (red line) and ex situ
(black line) electrodes. (B) Relative orientation of the magnetic field, B, current density, j, and resulting magnetic force, FB.

Figure 4. 1H spectrum of in situ reduction of benzoquinone,
performed for 1 h.
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initial concentration. That is, the data obtained by high
resolution NMR spectroscopy confirm the electrochemical
data, showing that the reaction happens more quickly in the
presence of the magnetic field of the spectrometer (approx-
imately 4 times faster).
The set of results obtained from the in situ monitoring of the

reduction of benzoquinone using the composite graphite−
epoxy electrodes demonstrates their applicability during the
electrochemistry−NMR coupling. Despite the small electro-
active area of these electrodes, it was possible to convert
around 25% of the benzoquinone into hydroquinone.
However, the quality of the NMR spectra was somewhat
compromised during the in situ monitoring of the electro-
chemical reaction, which was observed by the enlargement and
a small distortion of the peaks referring to benzoquinone, at
6.85 ppm. This distortion, however, was not enough to
compromise the quantitative measurements, given that both
NMR and electrochemical results are in good agreement.
Isopropanol Oxidation. The electro-oxidation reaction of

isopropanol, ISP, was monitored in situ to demonstrate the
versatility of the graphite−epoxy composite electrodes. This
reaction was chosen to be monitored in real time as it has great
importance in the field of fuel cells,42 in addition to its main
reaction product, acetone, being easily identifiable by 1H
NMR, as it only displays a corresponding signal at 2.2 ppm.
For this study, however, it was necessary to modify the working
electrode to facilitate the reaction. The WE was modified
through the electrodeposition of Pt and the voltammetric
profile confirming the presence of Pt on the surface of the WE
is shown by the gray line inFigure 6, where the Pt reduction
peak occurs at around +0.12 V (vs Ag/AgCl). This figure also
shows the cyclic voltammograms corresponding to the in situ
and ex situ electrooxidation of ISP, red and black lines,
respectively. The anodic scan of this voltamogram has two
bands: the first one, whose maximum current is obtained at
+0.45 V (versus Ag/AgCl), appears due to the dehydrogen-
ation of the ISP, while the second band at +0.90 V corresponds
to the bulk oxidation of 2-propanol.43 In addition, the cathodic
scan also has a band at +0.1 V vs Ag/AgCl due to the
reactivation current of the catalyst (Pt black).
In the case of the ISP electro-oxidation reaction, the

voltammetric results obtained in situ and ex situ were very

similar. A possible explanation for this observation is that the
maximum oxidation current of alcohols is normally dependent
on the formation of Pt oxides and not on the alcohol
diffusion.44 Thus, even with the effect of magnetoelectrolysis
contributing to an increase in mass transport, it was not
possible to observe a significant change in the voltammetric
profile obtained in situ. In view of the similarity between the
cyclic voltammograms acquired in situ and ex situ, real-time 1H
NMR measurements for the electro-oxidation of the ISP were
only performed in situ.
Figure 7 shows the chronoamperogram corresponding to the

oxidation of the ISP in the presence of the magnetic field. Due

to the adsorption of organic molecules on the electrode
surface, the catalytically active sites are blocked causing a
decrease in the oxidation current. For this reason, it was
necessary to periodically clean the electrode surface by
applying a potential of −0.5 V (vs Ag/AgCl) to reactivate

Figure 5. Percentage of area over time, of the in situ reduction of
benzoquinone, of each 1H peak of benzoquinone and of hydro-
quinone for 1 h.

Figure 6. Cyclic voltamograms acquired using the platinized
composite graphite−epoxy electrode in situ (red) and ex situ
(black) for the ISP electro-oxidation. The cycles shown are number
10 out of 10 acquired.

Figure 7. In situ chronoamperogram of the ISP oxidation using the
electrochemical cell made with graphite and epoxy resin electrodes.
The applied potential was +0.45 V vs Ag/AgCl, while the cleaning
potential was −0.5 V vs Ag/AgCl. Both were applied sequentially for
5 s.
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the electrode surface and prevent the equilibrium current from
being achieved so quickly. The applied potential was chosen
because this experimental condition favors the formation of
acetone.
Measured current density values (considering a geometric

area of 7.9 × 10−3 cm2, j+0.45V = 76 mA cm−2) are in the same
range as literature values obtained for the isopropanol
electroxidation reaction.45 The electrochemically active surface
area (ECSA) was calculated using the hydrogen underpotential
region (Hupd, integrated from −0.4 to −0.15 V) and was found
to be 110 cm2.
The influence of the platinum graphite−epoxy composite

electrode’s placement on the in situ monitoring of the ISP
electro-oxidation was verified (Figure 8). Just as in the case of
benzoquinone reduction, the insertion of the electrodes in the
detection region also compromised the NMR spectral quality.
Thus, taking advantage of the agitation generated by the
presence of the electric current and the magnetic field, the
electrodes were kept just 1 mm above the detection region,
since in these conditions the NMR signals were very well-
defined and the standard signal had a FWHM of 0.66 Hz
(Figure 8a).
The resonance spectra obtained before and after the

oxidation of ISP as well as the correspondence of the observed
1H NMR signals are shown in Figure 9. The peaks Ha and Hb

are characteristic of ISP. Ha are the hydrogen atoms of the
methyl groups, while Hb is the hydrogen bonded to the central
carbon atom. Ha produce a doublet signal in the NMR
spectrum, with an area 6 times larger than the multiplet signal
of Hb, just as expected by their ratio within the ISP molecule.
Hc, meanwhile, are the hydrogen atoms of acetone, which, due
to their equivalent chemical environment, produce a singlet in
the NMR spectrum.
Figure 10 shows the regions of the 1H NMR spectra

corresponding to the peaks Ha (Figure 10a) and Hc (Figure
10b) acquired during the in situ oxidation of ISP. It is
immediately clear from the figures that the spectral quality did
not deteriorate over time, given that the FWHM of the peaks
remains constant and no unfolding of the peaks was observed.
As seen in Figure 11, the RS of Ha decreases over time, owing
to the consumption of ISP, and conversely, the RS of Hc
increases over time, due to the formation of acetone. More

concretely, it was determined that only 1.6% of the ISP had
been consumed after 2 h while the concentration of acetone
increased by the same amount. The peak corresponding to Hb
was not used for the determination of ISP concentration due to
its proximity to the solvent signal (H2O + D2O) which, while
not shown in Figure 9, is still close enough to influence the
area of Hb. In addition, the peaks Ha and Hc correspond to the
same number of hydrogen atoms and thus have a 1:1 ratio,
which facilitated the comparison.
The data shown demonstrate that graphite−epoxy compo-

site electrodes are adequate for monitoring the electro-
reduction of ISP in real time if the electrodes are placed 1
mm above the NMR detection region. However, due to the
small surface area of the WE, the amount of ISP consumed
and, consequently, the amount of acetone formed was very
small, even after 2 h of reaction.

Comparison with Other Setups. Table 1 shows a
summary of the main characteristics of some setups used for
in situ coupling between NMR and electrochemistry. More

Figure 8. Evaluation of interference in the 1H NMR spectra of isopropanol due to the position of the electrodes. The electrodes were positioned 1
mm above (black lines) and 1 cm within (red lines) the detection region. Signal referring to (A) the standard TSPd4, (B) ISP doublet, and (C) ISP
multiplet.

Figure 9. NMR spectra obtained in situ using platinum−graphite
epoxy composite electrodes, before the reaction (black line) and after
120 min (red line) of ISP oxidation. The peaks for each 1H nucleus
are assigned in both spectra.
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information on current developments in the area of coupling
between electrochemistry and liquid NMR can be found in the
recent review published in 2021 by Pietrzak et al.46

■ CONCLUSIONS

The versatility of the developed cell was demonstrated with the
monitoring of the electro-reduction of benzoquinone and the
electro-oxidation of isopropanol both in situ and ex situ. It was
possible to keep track of the consumption of the reagents and
their respective products in real time. However, the percentage
of ISP consumed in situ, 1.6%, was significantly lower than the
percentage of benzoquinone consumed in situ, 26.7%, even
with the platinum modification of the electrode for the alcohol
oxidation.
The highlights of the developed graphite−epoxy-based

electrodes are the simplicity of their fabrication and their low
cost, with the added benefit that both the support material and
the catalyst can be modified to suit the desired application.
However, there are still some limitations regarding the
positioning of the electrode relative to the detection region
of the NMR spectrometer and the electrochemical current
generated and supported by this system. Regarding the
restriction of placing these electrodes inside the NMR
detection region, the magnetoelectolysis effect can be taken
advantage of to increase the homogeneization rate of the
sample solution during the in situ reaction, thus reducing the
time between product formation and its detection. However,
this effect must also be kept in mind, evaluated, and considered
during the comparisons between in situ and ex situ
experimental results. As a final note, this type of electrode is
recommended for researchers who are starting their work with

Figure 10. 1H spectra of in situ ISP oxidation over a 120 min long reaction using the composite graphite−epoxy platinized electrodes. ISP
concentration was 0.5 mol·L−1 in HClO4 (0.1 mol·L−1). (A) ISP consumption and (B) formation of acetone.

Figure 11. Graph of the percentage of area with time for in situ ISP
oxidation. The areas correspond to the peaks referring to the
hydrogens Ha (black line) and Hc (blue line). The former
corresponding to the ISP doublet and the latter to the acetone
singlet, during 120 min reaction.

Table 1. Comparison of Miniaturized Electrodes for EC−NMR Coupling

carbon fiber electrode2,19 metallic wire electrode5,19 graphite−epoxi electrode
costs low low, metal can be reused low, disposable electrodes
modification of the
electrode surface

It is possible, but the attachment of other materials to
the fiber is difficult.

Different metals can be used (e.g., Pt, Pd,
Au, etc.).

Different materials can be used
(e.g., carbon supported catalysts,
etc.).

application for
different analytes

Although electrochemically resistant, it can be applied
to a limited range of analytes when not modified.

broad broad

NMR probe
modifications
required?

no no no

large surface area yes, but difficult to quantify the geometric area yes, and it can be improved by increasing the
superficial roughness of the material

It depends on the support material
used and the surface
modification.

can be inserted in
detection region?

yes no no
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coupling electrochemistry and NMR and who want to build
their own electrodes.

■ EXPERIMENTAL SECTION

Chemicals and Solutions. Benzoquine Electro-reduc-
tion. p-Benzoquinone (98% purity) and D2O were acquired
from Sigma-Aldrich, and H2SO4 (95% purity) was acquired
from Vetec. Prior to electrochemical experiments, p-benzoqui-
none was disolved in hot water (T = 70 °C) and stirred for 30
min, after which the solution was allowed to cool down to 25
°C and filtered to obtain pure recrystallized p-benzoquinone
(this was confirmed by 1NMR). The analyte solution,
containing 0.05 mol·L−1 of p-benzoquinone, was prepared in
ultrapure water (18.2 MΩ·cm) and the pH was adjusted to 1
using H2SO4, which corresponds to a concentration of 0.1 mol·
L−1 (supporting electrolyte).
Isopropanol Electro-oxidation. Isopropanol (98% purity),

perchloric acid (70% purity), chloroplatinic acid (37.5%
purity), lead acetate (95% purity),and deuterated water,
D2O, were all obtained from Sigma-Aldrich. The supporting
electrolyte was a 0.1 mol·L−1 HClO4 solution . The analyte
solution used in the electrochemical experiments was prepared
in the supporting electrolyte solution and contained 0.5 mol·
L−1 isopropanol.
For both the benzoquinone and isopropanol reactions, the

total volume of the solution used was 660 μL, with 60 μL of
D2O being diluted in 600 μL of the analyte solution.
To platinize the working electrode, a solution containing

0.02 mol·L−1 chloroplatinic acid and 3.2 × 10−5 mol·L−1 lead
acetate was used.
Electrochemical Cell and Measurement Devices.

Apparatus. Electrochemical measurements were performed
with an EmStat2 potentiostat (Utrecht, The Netherlands). 1H
NMR experiments were carried out in a 600 MHz NMR
spectrometer (Ascend 600 Bruker).
Glass Capillaries. Commercial glass capillaries with a

volume of 100 μL, of 5.9 and 12.5 cm in height for the
reference and for the WE and CE, respectively, from Blaubrand
were used to make the electrodes.
Electrochemical Cell. The cell developed to monitor the

electro-reduction reaction of benzoquinone and the electro-
oxidation of the ISP consisted of a system of three electrodes
in a 5 mm NMR tube, as shown in Figure 12.

The working electrode (WE) and the counter electrode
(CE) were prepared with a mixture of graphite and epoxy resin
(Caldofix) in a 3:1 mass ratio, respectively, mixed under
mechanical agitation until the mixture was completely
homogeneous (mixing lasted around 5 min). This paste was
compacted inside a commercial 100 μL glass capillary with a
height of 12.5 cm. The electrical contact with the graphite
paste was made before the resin was cured, which requires at
least 24 h, with a 0.5 mm thick copper wire inserted at the
opposite end of the capillary (see Figure 12). The reference
electrode (RE) consisted of a miniaturized Ag/AgCl electrode.
This electrode was built in a 100 μL capillary with a height of
5.9 cm. A Pt wire was fixed at one end of the glass capillary by
melting the glass and it was filled with a KCl-saturated aqueous
solution (between half and one centimeter of the Pt wire were
left both inside and outside the capillary). An AgCl film was
electrodeposited on a properly cleaned 0.1 mm thick Ag wire
which was then inserted in the solution-filled capillary. Finally,
the Ag wire was fixed at the other end of the capillary using a
cianoacrylate resin (superglue). No modification of the WE
surface was needed to perfom the benzoquinone reduction
reaction; however, the electrode surface was platinized to
monitor the isopropanol oxidation reaction. To platinize the
graphite−epoxy electrode surface, a potential of −1 V vs Ag/
AgCl was applied for 10 min with the electrode being placed in
a chloroplatinic acid solution.

Electrical Connections. The electrochemical cell was
connected to the potentiostat via a triple cable with a
protective copper mesh. Halfway between the cell and the
potentiostat, chokes (inductors with a 200 μH inductance)
were attached on each cable (i.e., there was one choke for each
electrode). These were necessary to filter the noise signals that
are introduced during the electrochemical measurements in the
NMR spectra and vice versa.

Measurement Parameters. Electrochemical Measure-
ments. Electrochemical measurements were performed using
the cyclic voltammetry and chronoamperometry techniques.
The parameters used for both techniques are described in
Table 2. All electrodes used were rinsed with ultrapure water
and preconditioned using 30 cyclic voltammetry cycles, in the
respective supporting electrolyte.
The electrodes were positioned using the Bruker sampler, as

illustrated in Figure 13. More details on how to position the
electrodes inside the NMR tube and how the height in relation
to the detection region was measured can be found in the
tutorial video of the Supporting Information of ref 19.

Figure 12. Electrochemical cell illustration. The cell was built in an
NMR tube with a 5 mm outer diameter. The cell is not to scale. WE,
CE, and RE refer to the working, counter, and reference electrodes,
respectively.

Table 2. Electrochemical Parameters Used for the
Benzoquinone Electro-reduction and Isopropanol Electro-
oxidation

parameter benzoquinone electro-
reduction

isopropanol electro-
oxidation

Cyclic Voltammetry
potential range (V vs
Ag/AgCl)

−0.8 to +0.8 −0.5 to +1.5

scan rate (mV s−1) 10 100
potential step (mV) 1.0 10

Chronoamperometry
potential (V vs Ag/
AgCl)

−0.5 +0.45 for 5 s and −0.5
for 5 s

duration (s) 3600 3600
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NMR Parameters and Sequences. Before the NMR
measurements, the “shimming” was performed, which consists
of adjusting the homogeneity of the magnetic field until the full
width at half-maximum, FWHM, of the chosen standard was
close to 1 Hz. The standard, TSPd4 (3-(trimethylsilyl)-
propionic-2,2,3,3-d4 acid sodium salt with a purity of 98%,
acquired from Sigma-Aldrich), was mixed with the analyte
solution, and the shimming was performed with the electro-
chemical cell in the NMR spectrometer. In addition, the 90°
pulse was calibrated for each sample. All measurements were
performed at a temperature of 25 °C.
Benzoquinone NMR Sequence Parameters. The zgpr

sequence (Bruker standard) was used to monitor the BQ
reduction reaction. The d1 recycling time was 5.00 s, the
acquisition time (AQ) was 2.73 s, the number of dummy scans
(DS) was 4, and the number of scans (NS) was 8. With these
parameters the total acquisition time for each spectrum was 93
s.
Isopropanol NMR Sequence Parameters. The zg sequence

(Bruker standard) was used to monitor the electro-oxidation of
the ISP. The d1 recycling time was 5.00 s, the acquisition time
(AQ) was 3.00 s, the number of dummy scans (DS) was 4, and
the number of scans (NS) was 16. With these parameters the
total acquisition time for each spectrum was 160 s.
The percentage of consumption of benzoquinone, and that

of hydroquinone production was calculated as the ratio
between the respective species’ peak and the total NMR
spectrum area, RS, as shown in eq 2.

R
A

A A
100%S

S

reagent product
=

+
×

(2)

where AS is the area of the peak belonging to species S, and
Areagent and Aproduct are the peak areas of reagent and product,
respectively. In the case of benzoquinone electro-reduction, the
reagent is benzoquinone and hydroquinone is the product,
while for the electro-oxidation of isopropanol, isopropanol is
the reagent and the product is acetone. All measurements were
repeated a minimum of three times each, with the electrodes

maintaining a stable response during the one and a half hours
that the experiments lasted. The electrodes were built to be
disposable, so that a new and clean surface could be used in
each experiment, thus avoiding any cross contamination.
All the experiments, in situ and ex situ, were carried out in

the same spectrometer. The term in situ refers to the
electrochemical reactions conducted inside the NMR spec-
trometer, while the ex situ measurements (control) were
conducted outside the spectrometer, and the NMR spectra
were acquired before and after the electrochemical reactions.
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H. K.; Danieli, E.; Carmo, M.; Blümich, B.; Colnago, L. A.
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