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ABSTRACT

A device using a three-electrode electrochemical cell (referred to as an ECNMR cell) was successfully
constructed that could be used in a standard 5 mm NMR probe to acquire high-resolution NMR spectra
while the working electrode was held at a constant electrical potential. The working electrode was a
20 nm thick gold film thermally coated on the outside of an inner 3 mm glass tube. An underlayer con-
sisting of (3-mercaptopropyl)trimethoxy-silane was coated on the glass surface in order to improve its
adhesion to gold. Tests showed prolonged life of the gold film. Details of the design and construction
of the ECNMR cell are described. The ECNMR cell could be routinely used in a multi-user service high-
resolution NMR instrument under oxygen-free conditions in both aqueous and non-aqueous solvents.
Different approaches were applied to suppress the noise transmitted between the potentiostat and the
NMR spectrometer. These approaches were shown to be effective in reducing background noise in the
NMR spectra. The electrochemical and NMR performance of the ECNMR cell is presented. The reduction
of 1,4-benzoquinone in both aqueous and non-aqueous solvents was used for testing. The evolution of the
in situ ECNMR spectra with time demonstrated that use of the ECNMR cell was feasible. Studies of caffeic
acid and 9-chloroanthracene using this ECNMR cell were undertaken to explore its applications, such as

monitoring reactions and studying their reaction mechanisms.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Electrochemical nuclear magnetic resonance spectroscopy
(ECNMR) involves performing electrochemistry directly in a high-
resolution NMR probe. It is very powerful in obtaining in situ quan-
titative structural and mechanistic characterization of a chemical
system. More information is obtained by conducting simultaneous
electrochemical and spectrometric experiments rather than by
performing each experiment separately. However, the realization
of an in situ ECNMR probe encounters conflicting requirements
between electrochemistry and NMR spectroscopy. On the one
hand, the asymmetric, metallic electrodes and the presence of cur-
rent generate inhomogeneity of the magnetic field and cause a loss
in resolution and sensitivity in the NMR experiment. On the other
hand, the confined NMR tube size restricts the electrochemical
reaction to occur in an extremely limited space, which might dis-
tort the acquired voltammogram.

A flow cell arrangement [1,2] avoids the inherent incompatibil-
ity between electrochemistry and NMR; however, it is not truly
in situ as the electrochemical reaction occurs outside the NMR
radio frequency (rf) region. Both experimental arrangements
described in the literature required a large solution volume and
might not exclude oxygen during experimentation. Moreover, as
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the NMR detection was performed a certain time after the genera-
tion of new products, use of the method for kinetic and mechanis-
tic studies was limited.

In situ studies have been performed by directly locating bulk
electrodes inside the rf regions of an NMR probe, with varying
degrees of success [3-5]. Considerable work has also been per-
formed on solid samples, where sample size limitations are severe
but high-resolution spectra are not expected [6-8]. Significant pro-
gress toward combining the electrochemical and high-resolution
NMR techniques has been realized by taking advantage of the “skin
depth” [9] of the electrode materials. The skin depth & defines the
thickness of a conductor over which the amplitude of the incident
rf radiation falls to 1/e (about 37%) of its original value. In mathe-
matical form, it is Af/A; = exp(—d/s), where A; and Ay are the initial
and final amplitude of the rf radiation, respectively, and d is the
thickness of the conductor. The skin depth of a specific conducting
material can be calculated from

_ [P
o= /nvuo’ (1)

where p is the electrical resistivity of the material (units of Q m), v
is the rf field frequency (s~!), and p, is the magnetic permeability
(Hm™!) [9]. Bloembergen [10] studied the relation between the
magnetic and conduction loss, and found that the rf field can pene-
trate a conducting sample without attenuation or phase shift as
long as the sample dimension is small compared to the skin depth.
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A thin metal film has been used by several research groups
[11-13] as a working electrode to take advantage of the skin depth
effect in an in situ ECNMR cell. Mincey et al. [11] used an Sb-Sn0O,
semiconductor film as the working electrode; Prenzler et al. [12]
and Webster [13] both used gold films as working electrode. The
gold film electrode is metallic and provides a faster electrolysis
rate than the Sb-SnO, semiconductor film. However, both gold
film systems [12,13] used a 10 mm or larger size NMR tubes. Very
recently, Dunsch et al. [14] used large scale carbon fibers for both
working and counter electrodes. The metal-free electrodes were
unique in producing an enhanced homogeneity of the NMR
magnetic field. Nevertheless, a 75% decrease of the signal-to-noise
ratio and a four-times-broadening of signals were reported. This
profound weakness in NMR signal might have been due to the high
current (i.e., over 28,000 times more than a conventional platinum
electrode system) generated by the large scale electrode. Therefore,
it is debatable whether the large scale electrodes are advantageous
in the NMR performance.

This paper presents the design and applications of a 5 mm
ECNMR cell, a particularly common size in modern liquid-phase
NMR, with a thin gold film as the working electrode. The lab-built
ECNMR cell is capable of studies in both aqueous and non-aqueous
solutions. To validate the design and approach, results are
presented on the reduction of benzoquinone in both aqueous and
non-aqueous solvents. Then, two brief applications are presented,
on the oxidation of caffeic acid and the reduction of 9-chloroan-
thracene.

2. Experimental

All chemicals used were reagent grade and included 1,4-benzo-
quinone (>99.5%, Fluka), 9-chloroanthracene (96.0%, Aldrich),
anthracene (96.0%, Sigma-Aldrich), BuyNPFg (98%, Aldrich) and
acetonitrile (HPLC, Fisher). Caffeic acid (>99.0%) was purchased
from Fluka. Deionized water was purified with a hydro-purification
system connected in series to a Millipore Direct-Q®3 system. In
NMR studies, acetonitrile-ds (99.8 atom%D, Aldrich) was used to
prepare deuterated solutions.

All electrochemical measurements were performed by a
computer-controlled, lab-built potentiostat with home-written
software. The sweep rate was 100 mV s~ unless otherwise stated.
Background runs were performed and subtracted from the
reported cyclic voltammograms. All experiments were carried
out at least three times with a freshly prepared solution. 'H NMR
spectra were acquired with a Bruker/Tecmag AC-250 Spectrome-
ter. In order to obtain the optimum NMR performance with a lim-
ited numbers of scans, the spectra were centered at the mid-point
of the proton peaks and the width of the new spectral window was
set just to cover the spectra of protons of interest. The number of
acquisition points was also modified in order to keep the acquisi-
tion time reasonable (i.e., no greater than 2 min). In the final
reported spectra, the chemical shifts were realigned to use TMS
as a reference.

2.1. Design of the ECNMR cell

2.1.1. Working electrode

A thin gold film-coated on glass was used as the working elec-
trode. As gold is known to be weakly bonded to regular glass, a
underlayer was applied to improve the adhesion between the gold
film and the glass substrate. (3-Mercaptopropyl)trimethoxy-silane
(MPS) has been reported [15,16] to improve the adhesion due to its
unique structure. The silane group could bind to an oxygen surface
atom through a siloxane bond and the thiol functional group could
bind strongly to the gold coating layer [17]. Only a very thin layer

(e.g., single molecular layer) is necessary to improve the glass sur-
face adhesion to gold.

All glass tubes were thoroughly cleaned prior to coating. To re-
move organic contaminates from the surface, the glassware was
first soaked in HNO3/H,O (50/50) for 30 min. After rinsing with
deionized H,0, they were immersed in a freshly prepared piranha
solution (70% H,S04/30% H,0,, 3:1 in volume) for 30 min before
being extensively cleaned with deionized H,0 at 60 °C. All glass-
ware was subsequently dried under a N, stream and ready for
future use.

The following procedures [17] were used to provide a thin layer
of MPS undercoating. The solution for silanization was prepared by
mixing 9.5 ml of MPS (Aldrich, 95%), 10 ml of H,O (deionized) and
510 ml of 2-propanol (VWR, 99.5%). Cleaned glass tubes were
placed in the prepared silanization solution, which was subse-
quently brought to reflux. The area to be coated with gold was kept
immersed in solution for 15 min after reaching the refluxing point.
The outside surface of the glass tubes was then rinsed with 2-pro-
panol and the inside was cleaned with a brush. This was done to
remove all unwanted MPA on the inside surface. After blow drying
with a jet of N,, these tubes were gently placed in a drying oven at
100 °C for 15 min. This curing step concluded the MPS treatment of
all 3 mm glass tubes.

A thin gold film was then thermally coated on top of the MPS
layer on the outside of a 3 mm glass tube as the working electrode.
As illustrated in Fig. 1, the 3 mm diameter tube had to be inserted
into the 5 mm NMR tube and the gold film was coated on the out-
side of the inner tube. Due to the restricted room in a 5 mm NMR
cell, one of the electrodes (either reference or counter electrode)
had to be placed inside the inner glass tube so as to effectively uti-
lize its space. In this configuration, reference and counter elec-
trodes were separated. Small holes were bored into the inner
tube in order for the ions from the electrolyte to pass between elec-
trodes. Both Prenzler et al. [12] and Webster [13] used this strategy
(i.e., coated a gold film on the outside of a tube) but used larger size
NMR tubes (e.g., 10 mm diameter and larger) and demonstrated
satisfactory NMR results.

In the present work, two sequential coatings were performed on
each glass tube to be used as the working electrode. First, the lower
section of the tube was coated uniformly with a thin layer of gold.
This section is to be placed in the rf region of an NMR spectrometer
and requires good homogeneity. Second, the upper section of the
tube was coated with relatively thicker gold in order to yield an
enhanced electrical connection with the lead wire to the potentio-
stat. This thicker gold did not need to be uniform; rather, coating
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Fig. 1. Sketch showing a gold film thermally coated on the outside of a 3 mm glass
tube to be used as a working electrode. The outer circle represents a 5 mm NMR
tube. Holes (represented by a gap in the 3 mm tube) are bored into the inner tube to
create ion paths among all three electrodes. Drawings are not to scale.
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only one side of the glass tube was sufficient. An overlap area was
necessary between the upper and lower regions.

A E12E4 thermal evaporator (Edwards) was applied to coat
the outer surface of the 3 mm glass tubes. The gold was deposited
by thermal evaporation at 1000-1100°C in vacuum (ca.
3 x 1075 Torr). To coat the lower section, the glass tube was at-
tached horizontally to a homemade rotor that was located 12 cm
above the gold source. The rotor rotated in the range of 180-
200 revolutions per minute, which was faster than the speed of
gold deposition. The thickness of the gold coating was monitored
and controlled using a quartz crystal thickness monitor, which is
standard instrumentation for vacuum deposition systems.

The portions of the tube which were not to receive gold were
covered with PTFE tape. The second segment of gold started from
a 5mm overlapping section with the uniform gold film in the
lower section. Stationary coating (i.e., without rotation) was per-
formed. Since this upper band of gold film was only coated on
one side of the glass tube, the resultant thickness could be read
directly from the thickness monitor (no compensation is neces-
sary). The gold film applied in the upper section was five times
thicker than the lower section. This extra thickness was required
to reduce its resistance.

As a working electrode, the prepared gold film included a 4 cm
length of a uniform film (evenly coated around the glass tube) with
a 20 nm thickness and a 4.5 cm length of a film (only coated on one
side of the glass tube) with 100 nm thickness. The total resistance
of the gold film was typically found to be 10-20 Q by a four point
resistance measurement. The measured resistance is similar to the
theoretical calculation (i.e., around 10 Q) and the slight difference
might cause problems in electrochemical studies, such as an un-
even current distribution over the surface of the working electrode.

2.1.2. Counter electrode and reference electrode

In a three-electrode cell, the current flows between working
and counter electrodes. Effective electrochemical measurement is
based on the assumption that the measured impedance comes
entirely from the working electrode. This can be achieved by
ensuring a very small resistance and a very large capacitance of
the counter electrode. The larger the area of the counter electrode,
the smaller its resistance and the bigger its capacitance. Therefore,
in practice, the active size of a counter electrode should be as much
as 100 times the size of the working electrode. In this work, this
area ratio was hard to obtain due to the use of a large working elec-
trode as well as a very limited cell size. Consequently, effort was
put into making the counter electrode as small as possible in phys-
ical size (in order to fit inside a 5 mm NMR tube) while presenting
the largest possible surface area.

To place the counter electrode outside the 3 mm glass tube, the
overall electrode thickness is crucial. The gap between the 3 mm
glass tube and the 5 mm NMR tube (with a wall thickness of
0.38 mm) is 0.6 mm. Therefore, a very thin curved counter elec-
trode had to be constructed for this configuration. A platinum foil
counter electrode (0.06 mm thickness) was therefore prepared by
spot welding a 0.3 mm diameter platinum wire onto the narrow
side (i.e., 3 mm) of the platinum foil with a size of 3 mm x 40 mm.
It was then manually curved according to the curvature of the
3 mm glass tube. After cleaning by submerging in warm concen-
trated HNO3 (68-70%) for 20 min, the platinum counter electrode
was platinized with the intention of increasing the effective surface
area. In pairs, two homemade counter electrodes were immersed
in a 0.05 M H,PtClg solution with lead acetate. A 30 mA current
was passed between the pair of platinum electrodes and the cur-
rent direction was alternated every 30 s. The platinization proce-
dure was considered to reach completion after both electrodes
turned black. They were then rinsed with water and were ready
to use.

A customized 120 mm long leak-free Ag/AgCl electrode (Warner
Instruments) was used as a reference electrode. This Ag/AgCl refer-
ence electrode has an outer diameter of 1 mm and could fit inside
the inner 3 mm tube. The cell thus constituted of the curved plat-
inum foil counter electrode, which is positioned outside the 3 mm
glass tube, the thin film working electrode on the 3 mm tube and
the reference electrode in the center of the 3 mm tube.

2.1.3. ECNMR cell assembly

The main body of the ECNMR cell is illustrated on the left of
Fig. 2. Both the enlarged view and the top view of the dotted area
are shown by the sketches on the right. The outer compartment (a)
was a 5-mm-o.d. high precision NMR tube (Wilmad 506-1M,
Pyrex) affixed to a thicker-walled 7-mm-o.d. glass tube (b). This
7-mm-o.d portion offered an improved resistance to cracking as
well as a bigger working space (see Fig. 3).

A thin gold film-coated 3-mm-o.d. glass tube (d) was positioned
inside the 5-mm-o.d. NMR tube to function as the working
electrode. A glass rim was made towards the bottom of the 3-
mm-o.d. glass tube (also referred to as the inner glass tube) for
the purpose of centering. Three small holes (o) were cut in the
inner glass tube to facilitate the transfer of ions. The gold film
working electrode was made up of two sections. The lower section
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Fig. 2. Left: Side view of the ECNMR cell; Top right: Enlarged drawing of the dotted
area; Bottom right: Cross section of the dotted area. (a) 5-mm-o.d. NMR tube, (b) 7-
mm-o.d. glass tube, (c) working electrode copper lead, (d) 3-mm-o.d. glass tube, (e)
reference electrode, (f) 20 nm uniform gold film working electrode, (f) 100 nm gold
film working electrode (on one side of the inner tube), (g) platinum counter
electrode, (h) number 7 glass adapters, (i) 12-mm-o.d. glass tube, (j) 7.5-mm-PTFE
bushings, (k) electric snap-in connector, (I, m and n) leading wires of three
electrodes, (o) small holes in the 3-mm-o.d. glass tube, and (p) 7-mm-o.d. glass
tube.
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Fig. 3. Photograph of fully assembled ECNMR cell.

(f, 20 nm thick) was a uniform cylindrical gold film, which was
positioned on the inner glass tube between the glass rim and the
small holes. It had a length of 40 mm and was placed in the rf re-
gion of the NMR spectrometer during experiments. The second
segment of the gold film (f, 100 nm thick) was positioned on the
inner glass tube above the first section with a 5 mm overlapping
(between the bottom two holes) area. The thicker gold film had a
length of 45 mm in total and was coated on one side of the glass
tube. A piece of platinum foil was wrapped tightly at the top sec-
tion of the 100 nm gold film. One end of a thin copper wire (c)
was soldered to the platinum foil and the other end was connected
to a copper lead (1) that linked to the potentiostat. The soldered
section was covered with PTFE tape, which would be above the
electrolyte solution during all experiments. A reference electrode
(e) was inserted inside the 3-mm-o.d. glass tube with its tip posi-
tioned at one of the small holes (0). A curved platinum gauze/foil
counter electrode (g) was positioned between the inner glass tube
and the outer NMR tube.

Two identical number seven glass adapters (Ace Glass Inc.,
5027-05) (h) were connected tail-to-tail with a section of a
12-mm-o.d. glass tube (i), which housed the cap-in connector (k)
to the reference electrode as well as the lead wires of the other
two electrodes. A pair of 7.5-mm-PTFE bushings (Ace Glass Inc.,
5029-35) (j) were screwed into these two glass adapters (h) to hold
all glass tubes in position. O-rings were used on the 7-mm-o.d.
glass tubes (b and p) to ensure an air-tight seal. All leading wires
(I, m and n) to the three electrodes were fixed to the 7-mm-o.d.
glass tube (p) by epoxy.

The assembly of this ECNMR started with connecting all three
electrodes to their leading wires either by a snap-in connector
(k) or by a soldering technique. Then all components were trans-

potentiostat

copper braided shield

3 embedded low-
- ” pass LC filters

computer on cartm
s

ferred to a glove box. The assembly of all other sections was per-
formed inside a glove box.

A NMR sample tube holder (also called a spinner) was home-
made from Delrin (polyoxymethylene), which is commonly used
in engineering plastics as a metal substitute. This material is
light-weight and is capable of operating at various temperatures.
The Delrin holder was constructed with the same specifications
as a commercial NMR tube holder but had a longer (not wider)
upper section. This lengthened section was used to house the main
body of the ECNMR cell (Fig. 2 left). In this way, the ECNMR cell
was entirely protected inside the Delrin holder, which could be
readily fit into a commercial NMR instrument. Three holes were
drilled in the Delrin cap, which was incorporated in the sample
holder. Three male connectors were securely fixed inside these
holes. All leading wires (I, m and n) were soldered to these male
connectors from inside. On the outside, pins were snapped in for
connection and then lead to a potentiostat.

2.1.4. Noise control strategies

In order to execute electrochemical and NMR experiments
simultaneously, the computer-controlled potentiostat was placed
on a cart and brought to the NMR facility room. As shown in
Fig. 4, the potentiostat was positioned about two meters from
the NMR magnet. This distance was adopted to minimize the influ-
ence on the potentiostat from the strong magnetic field. The rf
shielded connecting cables to the three electrodes were two and
a half meters long. Both chokes in the potentiostat and low-pass
filters in the electrode leads were applied to minimize the interfer-
ence between the potentiostat and the NMR spectrometer.

A flexible copper-braided shield was used to house the three rf
shielded cables. The copper shield guided these cables from the

aluminum foil coverage

grounded at the
NMR outer shell

. NMR tube
holder

Fig. 4. Sketch of experimental setup of an in situ ECNMR experiment. Important noise control segments were labeled in figure.
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ECNMR cell after noise control
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Fig. 5. NMR spectra of 5 mM benzoquinone in a HCl solution (pH 0.5). The top two
spectra were acquired in the ECNMR cell with and without the noise control
performance, respectively. The bottom spectrum was acquired in a regular NMR
tube. The values of the signal-to-noise ratio are reported beside each spectrum.

potentiostat to the homemade sample tube holder that was placed
inside the NMR bore. The outer shield was open to the potentiostat
and grounded to the probe ground at the NMR outer shell. An alu-
minum foil was used to cover the opening of the NMR bore to fur-
ther reduce the noise.

The noise control strategies greatly increased the signal-
to-noise ratio of the NMR spectra. Fig. 5 compares the NMR spectra
of benzoquinone with and without the noise control steps. The
bottom trace shows the spectrum of benzoquinone at pH 0.5 in a
5mm NMR tube; in the ECNMR cell the sample volume is
decreased by about 36%, due to confinement between the 3 mm
and 5 mm tubes. The reduction in signal-to-noise ratio from 140
to 90 is in about this ratio, indicating that the electrical noise
reduction strategies were quite effective.

3. Results and discussion
3.1. Probe performance: studies of 1,4-benzoquinone

1,4-Benzoquinone was chosen to study because it is easy to
work with and has been well-studied electrochemically both in
aqueous [18-21] and non-aqueous [22-24] solutions. The evolu-
tion of NMR spectra with time upon the reduction to hydroquinone
has also been reported [4,11,12,14]. However, no simultaneous
electrochemical data along with NMR spectra on benzoquinone
have been presented.

3.1.1. 1,4-Benzoquinone in an aqueous solution

The electrolysis products of benzoquinone in dilute H,SO4 were
characterized in the ECNMR cell constructed in-house. The electro-
lyte was 7.7 mM 1,4-benzoquinone dissolved in 0.15 M H,SO,4. The
ECNMR cell was assembled with electrolyte inside a N, glove box
to maintain an oxygen-free environment. Fig. 6 demonstrates the
reaction for the reduction of benzoquinone. The H,SO, solvent
provides sufficient proton donors required for the reaction. This
well-studied reaction [4,11,12,14,18-21] was selected in order to
evaluate the function of the ECNMR cell. The NMR spectra of the
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Fig. 6. Reduction of benzoquinone in an aqueous solution.
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Fig. 7. Cyclic voltammogram of 7.7 mM 1,4-benzoquinone in 0.15M H,SO,4 at a
20 nm gold film electrode at the sweep rate of 100 mV s~ . It was acquired inside a
NMR probe.

four phenyl protons in benzoquinone and hydroquinone are simi-
lar. Both spectra consist of singlets, with slightly different chemical
shifts. The cyclic voltammogram of benzoquinone in the NMR
probe is presented in Fig. 7. To our knowledge, no documented ac-
count of a cyclic voltammogram acquired inside a NMR probe have
been published. It makes Fig. 7 the first in situ cyclic voltammo-
gram in this field. The starting potential was 0.1 V (corresponding
to zero in current) and swept cathodic before anodic. The reduction
peak was bigger than the oxidation peak. This can be explained by
diffusion: after reduction, the reduced species (i.e., hydroquinone)
diffused away from the electrode surface and only a portion was
left (or diffused back) to be reoxidized upon the reverse reaction.

Electrolysis was performed in order to generate exclusively the
reduced species at the potential of —0.4 V, where reduction takes
place. In situ ECNMR spectra were recorded simultaneously and
are shown in Fig. 8. The series of NMR spectra was collected during
the course of the electrochemical reactions. Before electrolysis, the
phenyl protons in benzoquinone showed a singlet at 6.74 ppm
(bottom spectrum in Fig. 8). After 1 min of electrolysis, a second
peak appeared at 6.66 ppm, indicating the formation of hydroqui-
none. The spectra acquired during a 10 min time frame depicted
the general trend of the evolution between the two species. The
increasing peak at 6.66 ppm was due to the production of
hydroquinone and the decreasing peak at 6.74 ppm was due to

OH
o]
OH
o]
10 min
5 min
2.5 min
1 min
prior to electrolysis
7 6.9 6.8 6.7 6.6 6.5 6.4

ppm

Fig. 8. In situ ECNMR spectra for the reduction of benzoquinone. Conditions:
7.7mM 1,4-benzoquinone in 0.15M D,SO4, Egppiiea=—0.4V. All spectra were
obtained in the ECNMR cell positioned inside the NMR probe. NMR spectrum of
benzoquinone prior to electrolysis is also included for comparison.
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the consumption of benzoquinone. An NMR spectrum of hydroqui-
none in D,SO,4 was also performed (not shown) and confirmed that
the lower frequency signal was indeed caused by the phenyl pro-
tons in hydroquinone. The results demonstrated that the in situ
ECNMR cell could be used in a 5 mm high-resolution NMR probe
in aqueous solution.

Upon further electrolysis, there was no change observed in the
peak intensity of both phenyl protons, suggesting that not all
benzoquinone was reduced to hydroquinone even with an
extended reduction period. As shown in Fig. 2, electrolyte was
present both inside and outside of the 3 mm glass tube. Benzoqui-
none that was inside the 3 mm glass tube could only diffuse
through the small holes in order to contact the gold film working
electrode. Thus it was difficult for the electrolyte to be reacted to
completion. However, this incomplete reaction was not a concern.
As long as a certain amount of product would be produced and
spectrally resolved from the starting material, the ECNMR cell
would have completed its role in detecting and characterizing
the products/reactions under study.

In light of these results, the ECNMR cell constructed in-house is
a true electrochemical NMR device and is able to perform in situ
electrochemical studies. Simultaneous spectroscopic characteriza-
tion was carried out successfully in an aqueous solution using a
three-electrode cell.

3.1.2. 1,4-Benzoquinone in non-aqueous solution

The cell performance in an aprotic non-aqueous solvent was
also tested by the reduction of benzoquinone. Unlike in aqueous
solutions, there are no protons available to form hydroquinone
and therefore the quinone anion is the product. The reaction is
shown below in Fig. 9. There are two major differences upon the
change of solvent. The first difference could be the type of the ref-
erence electrode. When water-based HCl or H,SO4 was used, the
reference electrode could be Ag/AgCl or Ag/AgSO,. These electrodes
could easily be made in-house by coating a thin layer of AgCl or
AgS0, on the outside of a silver wire. As a result, the overall size
of the reference electrode was similar to the size of a single wire
and could fit conveniently inside the ECNMR cell. However, in
the case of a non-aqueous solvent, the filling solution, which con-
tains the proper ions for the reference electrode, has to be sepa-
rated from the electrolyte. This compartment would add extra
width and would be impractical for use in the 5 mm ECNMR cell.
Instead, a customized leak-free Ag/AgCl electrode (Warner Instru-
ments) with an outer diameter of 1 mm, compatible with aprotic
solvents, was used.

The second challenge is the supporting electrolyte. In the solu-
tion of HCI or H,SO4 at low pH values, such as pH 0.5, the use of an
additional supporting electrolyte was unnecessary. The acidic sol-
vent itself provided enough protons in order to maintain a high io-
nic strength of solution, which in turn had a relatively low solution
resistance. However, in the case of an organic solvent, a supporting
electrolyte is usually needed in order to ensure a high electrolyte
conductivity. The choice of an adequate supporting electrolyte in
the ECNMR cell is critical. In addition to the appropriate solubility
and potential window under conventional conditions, the NMR sig-
nals of the chosen supporting electrolyte need to be away from the
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Fig. 9. Reduction of benzoquinone in a non-aqueous aprotic solution.
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Fig. 10. Cyclic voltammogram of 7.7 mM 1,4-benzoquinone in 10 mM Buy4NPFg and
acetonitrile at a 20 nm gold film electrode at the sweep rate of 100 mV s~ . It was
acquired inside a NMR probe.

electroactive species under study. Moreover, the concentration of
the supporting electrolyte should not be too high compared to
the analyte, otherwise very weak NMR signals would be detected.

The same analyte, benzoquinone, was chosen for the non-aque-
ous study. Benzoquinone (7.7 mM) and BusNPFg (10 mM) were dis-
solved in acetonitrile in a N, glove box. The ECNMR cell was
assembled in this glove box to maintain an air-free environment.
Fig. 10 shows the reduction and re-oxidation of benzoquinone in
acetonitrile at the sweep rate of 100 mV s~'. Fig. 10 was acquired
in the ECNMR cell inside a NMR probe. Similarly to the cyclic vol-
tammogram in the aqueous solution, it started at —0.3 V, where no
current was present. The cyclic voltammetry was performed
toward reduction before oxidation and two distinct peaks were
observed. The difference in peak potential between aqueous and
non-aqueous solutions (Fig. 7 vs. Fig. 10) was believed to be caused
by a solvent effect.

Compared to the reactions in an aqueous solution, the redox
behavior of benzoquinone/hydroquinone system in an aprotic
medium is generally considered to be more complicated [25]. Both
one pair [25,26,22,23] and two pairs [26,23,24] of redox peaks have
been observed for the cyclic voltammetric analysis of benzoqui-
none in non-aqueous solutions. A variety of factors could
contribute to the changes in redox peaks, such as the surface
conditions of the working electrode [25], the applied sweep rate
[26] and the use of different supporting electrolytes [27]. Under
the conditions used in this study, one pair of redox peaks was
observed in the cyclic voltammogram. The cathodic and anodic
potentials were —0.7 V and —0.4 V, respectively.

it .
W

15 min
3 min }”
/\
7.4 7.3 7.2 71 7 6.9 6.8
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Fig. 11. In situ monitoring of the reduction of benzoquinone by NMR spectroscopy.
Conditions: 7.7mM 1,4-benzoquinone in 10mM Bu4NPFs and acetonitrile,
Eappiiea = —1.0 V. All spectra were obtained in the ECNMR cell and the time intervals
are labeled in figure. Spectrum of benzoquinone prior to electrolysis (i.e., 0 min of
electrolysis) is included for comparison.



142 X. Zhang, J.W. Zwanziger / Journal of Magnetic Resonance 208 (2011) 136-147

Electrolysis was performed at —1.0V for the reduction of
benzoquinone and a series of NMR spectra (Fig. 11) was recorded
simultaneously. The phenyl protons of benzoquinone showed a
singlet at 7.14 ppm before electrolysis (i.e., 0 min reaction time).
After 3 min of reduction, the appearance of a second peak was ob-
served at 7.0 ppm, suggesting the formation of a quinone anion.
During a 30 min period, the peak at 7.0 ppm gradually increased

HO
OH
Hom(
O
Fig. 12. Chemical structure of caffeic acid.
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Fig. 13. Cyclic voltammogram of 5 mM caffeic acid and 40 mM Buy4NPFg in (50/50)
aqueous (pD 2)/acetonitrile (deuterated) at a gold film working electrode. Sweep
rate v=100mV s~ . It was acquired inside a NMR probe.
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and the peak at 7.14 gradually decreased. This feature indicated
the formation of the quinone anion from benzoquinone.

Both electrochemical and NMR results demonstrated the suc-
cessful application of the ECNMR cell in non-aqueous solutions.
These are, for the first time, simultaneous in situ ECNMR spectra
accomplished inside a 5mm high-resolution NMR probe in a
non-aqueous solvent.

3.2. Application 1: Oxidation of caffeic acid

Caffeic acid, 3,4-dihydroxycinnamic acid, is a naturally occur-
ring organic compound. This yellow solid contains both phenolic
and acrylic functional groups, as shown in Fig. 12. Caffeic acid is
one of many phenolics considered to have antioxidant behavior
and act against immunoregulation diseases [28-32]. Besides its
medical properties, the oxidation of caffeic acid has been believed
to be responsible for the browning effect in food and beverages,
especially in the production of wines [33-35]. Browning is the
most serious phenomenon of degradation suffered by white wines
after bottling and could cause a loss in nutritional and aesthetic
values. However, the oxidation mechanism of caffeic acid is not
well understood and therefore greatly limits its application.

There are three methods for the oxidation of caffeic acid,
namely, enzymatic oxidation, chemical oxidation and electro-
chemical oxidation. The electrochemical oxidation method is clo-
ser to nature than chemical oxidation and it has been assumed to
share similar mechanisms in biological systems [36].

A wide range of solvents has been used for the investigation of
caffeic acid, including aqueous solutions [37,28], organic solvents
[30], or a mixture of the two [34,38-41]. The solubility of caffeic
acid in water is low at room temperature and increases signifi-
cantly at about 50 °C. It has therefore been suggested to dissolve
caffeic acid at temperatures between 50 °C and 95 °C when prepar-
ing aqueous solutions [42]. In this study, acetonitrile was used as a
co-solvent in order to maintain all experiments at ambient temper-
ature. The mixture of water and acetonitrile was found particularly

(©)
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Fig. 14. In situ monitoring of the oxidation of caffeic acid by NMR spectroscopy. Conditions: 5 mM caffeic acid and 40 mM BusNPFs in a (50/50) aqueous (deuterated, pD 2)/
acetonitrile (deuterated) solution, E,ppjieq = 1 V. All spectra were obtained in the ECNMR cell at different time intervals: (a) prior to electrolysis; (b) 10 min; (c) 20 min; (d)
40 min and (e) 70 min after reaction started. All H peaks are assigned and labeled in the responding structures.
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(G)

(H)

Fig. 15. List of predicted oxidation products of caffeic acid. Protons are labeled except —OH and -COOH groups. References: (A) [39], (B) [39], (C) [39,46], (D) [46], (E) [39,37],

(F) [39], (G) [45,35], (H) [30], (1) [41,38,33] and (]) [41,38].

suitable to mimic biological systems due to its low polar nature
and partially aqueous content [43,44].

Electrochemical studies that have contributed to understanding
the behavior of caffeic acid were mostly carried out on different
types of carbon electrodes [34,37,38,28,39,31,32]. In this work, a
gold electrode was mainly used. Gold has been regarded as an ideal
solid electrode to study the fundamentals of aromatic compounds,
which do not completely oxidize (e.g., form CO,) on its surface [40].

The objectives of the present work were to study the electro-
chemical behavior of caffeic acid in wine-like solutions. The forma-
tion of dimers/trimers upon oxidation of caffeic acid have been
reported [45,46,33,37-39,41,30,35] and the oxidation products
have been characterized in the ECNMR cell.

For the in situ ECNMR study, the concentration of caffeic acid
used was 5mM in order to obtain better signal-to-noise ratios
for the NMR spectra. Deuterated solvents were used in the
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Table 1

Summary of the predicted "H NMR chemical shifts of compounds mentioned in the literature as possible oxidation products of caffeic acid (see Fig. 15).
Compound H-1 H-2 H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10
(A) 6.61 6.61 6.63 4.77 4.10 7.19 6.72 6.48 - -
(B) 6.63 7.40 6.63 3.57 3.55 7.39 7.01 6.88 - -
Q) 6.65 6.60 6.58 5.80 5.07 6.99 717 6.98 7.78 6.51
(D) 6.64 6.56 6.56 5.80 5.07 6.76 6.99 6.97 7.75 6.50
(E) 6.60 6.60 6.67 6.92 3.55 - - - - -
(F) 6.68 6.67 6.61 5.70 4.53 7.21 6.76 7.62 6.61 -
(G) 727 2.92 6.85 - - - - - - -
(H) 6.28 7.63 7.80 6.51 5.60 - - - - -
n 6.60 6.70 6.64 5.54 333 - - - - -
) 6.71 7.54 6.83 494 2.98 - - - - -

cl H

W

+CI

Fig. 16. Reduction of 9-chloroanthracene to anthracene.

ACl + 1e == ArCl" (1)
ArClIT —= Ar + CI )
Ar+1e =— Ar (3)
Ar' + ArfCIT — Ar 4+ ArCl (4)
Ar + H,O — ArH + OH’ (5a)
Ar  + RCH,N'R;—= ArH + R'CHN'R;  (5b)
Ar 4+ SH—= ArH+ S (6)
Ar'+ SH— ArH 4+ S (7)
S+1e =28~ (8)
S + ArCl == S + ArCl (9)
S +H — sH (10)

Fig. 17. Proposed mechanism for the reduction of 9-chloroanthracene.

non-buffered solution at pD 2. A cyclic voltammogram (Fig. 13)
was obtained to check the performance of the prepared solution.
A relatively narrow potential window was used in order to focus
on the oxidation peak. Background subtraction was performed to
eliminate any effect of the gold electrode. Within the NMR probe,
the CV exhibited the expected oxidation peak at 0.7 V, which was
close in value to that acquired outside the NMR probe (not shown).

NMR spectra were collected simultaneously during the course
of the electrochemical reactions with the applied potential of
1.0 V. NMR data both prior to reactions and at different intervals
into oxidation are plotted in Fig. 14. During oxidation, the proton
signals 6 and 8 were deshielded (0.65 ppm and 0.53 ppm, respec-
tively) and the proton signals 2 and 5 were shielded (0.48 ppm
and 0.31 ppm, respectively) with regard to the protons in caffeic
acid. The effect on proton 7 was negligible. The time evolution of
NMR spectra clearly showed the formation of o-quinone, whose
signals were observed to be stable over 1 h, suggesting the relative

stability of the o-quinone product under conditions applied in this
research.

Structures of other possible oxidized products proposed in pub-
lished papers are listed in Fig. 15. All protons were labeled except
those in hydroxyl and carboxyl groups, whose chemical shift is dif-
ficult to predict due to the proton exchange. MestReNova software
was used to calculate the values of chemical shift, which are dis-
played in Fig. 1. Upon comparison, no signals of these oxidized
products were evident from the NMR spectra in Fig. 14. Therefore,
only o-quinone was formed under the conditions applied. There
are no indications of dimers or trimers from the NMR analysis
(see Table 1)

3.3. Application 2: Reduction of 9-chloroanthracene

The electrochemical reduction of halogenated organic com-
pounds has been studied for many years and remains a subject
of interest for both mechanistic and synthetic issues [47-50]. The
cleavage of a carbon-halogen bond upon reduction has been
widely explored to characterize and understand the processes
involved.

The carbon-halogen bond cleavage occurs differently in alkyl
and aryl halides. The reduction of an alkyl halide brings about a
simultaneous bond dissociation. However, in the case of an aryl ha-
lide, electron transfer takes place first, followed by bond cleavage
[51]. 9-Chloroanthracene belongs to the latter category and
therefore its reduction follows a sequential route. The reduction
of 9-chloroanthracene to anthracene is shown in Fig. 16.

The electrochemical reduction of 9-chloroanthracene has been
studied by different research groups [49-53]. Its cyclic voltammo-
gram at an inert electrode (glassy carbon or gold) in acetonitrile
has been reported. Upon reduction, it exhibited a chemically irre-
versible first reduction peak followed by another reductive peak
(or peaks). The first irreversible peak was attributed to the cleavage
of the carbon-chlorine bond; however, the explanation of its sec-
ond peak was controversial. While some papers [51,52] assigned
the second reduction peak to the formation of an aryl anion from
its radical precursor due to a cleavage reduction, others
[49,50,53] have stated that it was a further reduction of the previ-
ously formed anthracene.

This disagreement is at the root of the controversy concerning
the reduction mechanism of 9-chloroanthracene. In the former
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Fig. 18. Cyclic voltammogram of 5 mM 9-chloroanthracene in 10 mM Bu4NPFg and
acetonitrile at a gold wire electrode at the sweep rate of 100 mV s~

case, the cleavage of the carbon-chlorine bond is thought to be in a
step wise manner, which includes both the production of a radical
(ie., first peak) and the production of the aryl anion (i.e., second
peak). On the other hand, the latter view hypothesized that the for-
mation of an aryl anion from 9-chloroanthracene occurs in a single
step, which contributed to the first irreversible reduction peak in
the cyclic voltammogram. One of the proposed mechanisms
[13,51,54] is shown in Fig. 17. The overall electrochemical reaction
of 9-chloroanthracene (ArCl) in non-aqueous media involves two
electrons, which are transferred in (1) and (3), respectively. The
reduction starts with a one-electron heterogeneous transfer at
the electrode surface (1) and forms a radical anion ArCl-—, which
decomposes to yield the anthracene radical (Ar) and the chloride
anion (Cl7) in step (2). The neutral radical Ar formed from the
carbon-chlorine bond cleavage is, in general, more easily reducible
(i.e., has a more positive reduction potential) than the parent ArCl
molecule and can be further reduced to anthracene anion (Ar~).
The formation of Ar~ can occur either at the electrode surface (3)
or by homogeneous electron transfer with the initially generated
radical anion ArCl'~ (4). Reactions (1)-(3) constitute an Electro-
chemical-Chemical-Electrochemical (ECE) mechanism and
reactions (1), (2) and (4) are known as a DISP1 (first disproportion-
ation) pathway [55]. The anthracene anion is a strong base and will

be readily protonated by any proton donor available in solution,
such as residual water (5a) or supporting electrolyte (5b). Acidic
impurities from the solvent itself (SH) is also a possible route, even
though it is less likely, to form the final product anthracene (ArH)
(6). Alternatively, anthracene radical formed from reaction (2) can
attract a hydrogen from the solvent through HAT (hydrogen atom
transfer) to form ArH (7). The solvent radical S' formed in this way
can be reduced either at the electrode surface (8) or in solution (9).
Solvent anions (S™) can be protonated when protons are available
(10). In this mechanism, reactions (1)-(7) contribute to the forma-
tion of anthracene and will be considered below. The work de-
scribed in this section has therefore been designed to study the
reduction mechanism of 9-chloroanthracene.

The cyclic voltammogram of the reduction of 9-chloroanthra-
cene was obtained at a gold wire working electrode with 10 mM
Bu,NPFg at the sweep rate of 100 mV s~ . The acquired CV is pres-
ent in Fig. 18, which shows two successive reduction peaks fol-
lowed by one oxidation peak on the back sweep. The appearance
of this cyclic voltammogram is similar to what has been reported
by other researchers [49-53]. The concentration of BuyNPFs was
chosen to be 10 mM in order to minimize its signal strength in
NMR analysis.

ECNMR was performed to study the reactions involved with
these cyclic voltammetric peaks (cf. Fig. 18), especially the contro-
versial statements about the second cathodic peak at —2.45 V. The
reduction of 9-chloroanthracene was investigated by means of
controlled potential electrolysis and monitored simultaneously
by ECNMR inside an NMR probe. Two potentials were chosen to
cause the reduction to proceed to different reaction stages. At
—2.3V, only the first reduction peak was completed; while at
—2.7V, both reduction peaks would have occurred. These two
potentials were selected at higher potentials (i.e., more cathodic)
than those shown in Fig. 18. This was done in order to compensate
any over-potential caused by the gold film electrode.

Both values of cathodic potentials (-2.3V and —2.7 V) were
applied for electrolysis. The NMR spectra in Fig. 19 were recorded
in situ during the electrochemical reduction of 9-chloroanthracene
at —2.3 V.. The results acquired at —2.7 V (not shown) are exactly
the same during the time frame of over 1 h. The middle section
(four spectra in series) of Fig. 19 shows the evolutionary changes
in NMR spectra upon reduction. The time interval between each

ppm

Fig. 19. Bottom: NMR spectrum of 9-chloroanthracene; Middle: In situ monitoring of the reduction of 9-chloroanthracene by the NMR spectroscopy. Conditions: 5 mM 9-
chloroanthracene and 10 mM Bu4NPFg in CD3;CN. All four spectra were obtained in the ECNMR cell at different time intervals. H peaks have been assigned and labeled in the

responding structures; Top: NMR spectrum of anthracene.
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spectrum was between 10 and 15 min for each potential applied.
The bottom spectrum was taken before electrolysis and the top
spectrum was pure anthracene in a regular NMR tube. Protons
are assigned and labeled in the figure. It is apparent that anthra-
cene was formed upon the reduction of 9-chloroanthracene.

An extended time (up to 3 h) at the potential of —2.7 V was held
for electrolysis but anthracene was still the only product detected.
As the potential of —2.7 V is more negative than the reduction peak
at —2.45V in Fig. 18, the second reduction peak should not be due
to the reduction of anthracene. Otherwise, new products would
have been produced and detected. This observation eliminated
the possibility for the reduction of anthracene during the cyclic
voltammetry under study. Therefore, it is more likely that the peak
pair at —2.45V and —2.1 V was due to the forming and deforming
of the anthracene anion (reaction (3)) [51,52]. The mechanism
listed in the introduction section agreed with this finding and will
be used as guidance for the investigation of the reduction of 9-
chloroanthracene.

At —2.3V, only the first reduction peak was completed and the
reaction that occurred corresponded to (1) and (2) in the proposed
mechanism [13,51,54]. The only route to form anthracene without
Ar~ was reaction (7). Therefore, the presence of anthracene at
—2.3V indicated that reaction (7) had to take place. At —-2.7V,
the proposed reaction mechanism took place up to reaction (3).
The resultant product, anthracene, could come from (5), (6) or
(7). The integration of H. in Fig. 19 of the final product is about half
the size of the H, in anthracene, suggesting that protons at H, posi-
tion constituted around 50% deuterated form. This is a good indica-
tion that reaction (5) was not a major route. Route (6) is possible
but could not be identified by the ECNMR method.

An extensive amount of water was added to force route (5a) to
take place. Experimentally, 5 mM 9-chloroanthracene and 10 mM
BuyNPFg were dissolved in a (50/50) water/acetonitrile solution
and the previous ECNMR experiment was repeated. Again, very
similar NMR spectra were detected upon the reduction at —2.7 V.
The integrated H. signal stayed the same, indicating that route
(5a) has not likely occurred.

In this section, ECNMR data have been used to investigate the
mechanism routes from (5) to (7), and only (7) was proved to take
place under the conditions studied. There was no evidence for the
reduction of anthracene in the acquired NMR spectra, nevertheless,
it could occur. If the second reduction peak was (partially) due to
the reduction of anthracene to its radical anion form (ArH-"), then
reaction ArH~ + ArCl — ArCl'~ + ArH must have occurred. In this
study, it is reasonable to associate the second reduction peak with
route (3). According to the proposed mechanism, Fig. 18 was rec-
onciled and can be explained as follows. The first irreversible peak
at —2.1V was due to the reduction of 9-chloroanthracene to its
radical anion form, which had a certain lifetime and was able to
diffuse away from the electrode [56]. This diffusion is very impor-
tant as it efficiently avoided the direct reduction of the relatively
easily reducible radical Ar formed in step (2). Therefore, even
though Ar is thought to more easily reduced [13,50], two succes-
sive reduction peaks were observed. The second reduction peak
and the subsequent oxidation peak forms a reversible peak pair
because of reaction (3).

4. Conclusion

A 5-mm-o.d. three-electrode ECNMR cell was designed and
constructed. This homemade ECNMR cell was designed to fit any
commercial NMR instrument with a 5 mm bore. In this work, a
250 MHz shared service NMR instrument was used. The details
of all three electrodes were presented and the assembly of the cell
was described in detail. The cooperation between the potentiostat

and the NMR instrument was depicted and different approaches
were applied to minimize the noise transmitted in both directions.
These noise control methods were shown to be effective in cutting
down background noise in the acquired NMR spectra.

In situ ECNMR studies were performed using the ECNMR cell
inside a 5 mm QNP probe (Bruker 250 MHz NMR). The reduction
of benzoquinone was used to test the performance of the ECNMR
cell both in aqueous and non-aqueous solvents. The results were
promising and proved the feasibility of the use of the ECNMR cell
in both solvents. In the case of a non-aqueous solvent, it was the
first time that simultaneous in situ ECNMR spectra were accom-
plished in a 5 mm high-resolution NMR probe.

In situ ECNMR work showed the formation of o-quinone upon
oxidation. This oxidized product was stable during the course of
reaction and no dimers or trimers were detected under the condi-
tions applied. Reduction of 9-chloroanthracene in acetonitrile was
investigated and the mechanism was studied. It has been con-
firmed by ECNMR that the second reduction peak in its cyclic vol-
tammogram was not the reduction of anthracene. Rather, it was
mostly likely to be the formation of Ar~ from Ar. ECNMR work also
confirmed the occurrence of route (7) in the proposed mechanism.
Reaction (5) is not a major route and reaction (6) could take place
but could not be confirmed under the present study.
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