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ABSTRACT: The electrochemical reduction of 1,8-dihy-
droxy-9,10-anthracenedione (Q) has been investigated by
cyclic voltammetry (CV). Both 9,10-anthroquinone (AQ) and
1,8-methoxy-9,10-anthracenedione (DMeAQ) are reduced in
two steps. First, they are reduced to the anion radical. Next, the
anion radicals are reduced to the dianion. However, the CV of
Q_shows more cathodic and anodic peaks, which suggests the
formation of a neutral- anion radical complex. To study the
reaction mechanism of Q, in situ infrared (IR) spectroelec-
trochemistry, IR cyclic voltabsorptometry (CVA), and
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derivative cyclic voltabsorptometry (DCVA) spectroelectrochemical techniques are used to track the electrochemical reduction
process. It is found that Q is reduced to Q°~, then Q°~ reacts with Q to produce dimer Q,*”. What’s more, both the z-dimer and
o-dimer can be observed during the electrochemical process by an IR spectroelectrochemical technique. As a result, a new
reaction mechanism of Q_has been proposed by this powerful approach.

1. INTRODUCTION

An understanding of how electron transfer, proton transfer, and
hydrogen bonding work together in organic redox couples to
develop a detailed mechanism is a very important current goal
in organic electrochemistry. They are well-represented in
biological electron transport processes, playing key roles, for
example, in the photosynthetic reaction center and in
mitochondrial ATP synthesis.' Man has also found a number
of uses for quinones, such as dyes” and as oxidizing and
reducing agents in industrial’ and laboratory scale chemical
synthesis. In addition, a number of quinones have also been
found to have medicinal properties, including antibiotic,
antimicrobial, and anticancer activity.”> Quinone compounds
are widely distributed chemical groups in nature which play
several different roles in living organisms,é_11 and hydrox-
yquinones are of significant interest owing to their important
biological functions.

The electrochemical reduction of hydroxyquinones has been
studied widely."*~>° The results show that the initially formed
anion radical is protonated by the neutral quinone, and
stabilization of reduced forms of the hydroxyquinones occurs
by intramolecular hydrogen bonding between the hydroxylic
proton and quinoidal oxygen. The formation of a neutral-anion
radical complex has been proposed,””** which has shown that
some hydroxyquinones could undergo dimerization to form
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either o- or 7-dimers. For the formation of anion radical dimers,
its has been proposed that formation of a 7-dimer intermediate
occurs before collapse of the two radical anions into a 6-bonded
species for the case of delocalized 7z systems such as 9-
cyanoanthracene.”*** In fact, the conclusive evidence for the
formation of a 7-dimer intermediate prior to formation of the
o-dimer has been provided.*®

Recently, Macias and Evans have investigated the electro-
chemical reaction of several hydroxyquiones.”' Two reduced
steps, first to an anion radical and then to the dianion at more
negative potentials, were observed. Cyclic voltammetry (CV)
digital simulations were carried out to confirm the electro-
chemical reaction. The electrochemical process for 1,8-
dihydroxy-9,10-anthraquione in acetonitrile has been suggested
by reactions as follows

HQ + e = HQ*™ (1)

HQ'™ + e =HQ>" (2)

2HQ'™ = HQ + HQ*™ 3)
Received: September 2, 2012

Revised:  February 6, 2013
Published: February 7, 2013

dx.doi.org/10.1021/jp3116947 | J. Phys. Chem. C 2013, 117, 3940—3948


pubs.acs.org/JPCC
http://pubs.acs.org/action/showImage?doi=10.1021/jp3116947&iName=master.img-000.jpg&w=239&h=98

The Journal of Physical Chemistry C

HQ'™ + HQ = (HQ);™ )

Dimerization is one of the important organic radical
reactions, and it has received great attention recently.”>”>"
Dimers are commonly held together by covalent or hydrogen
bonds. They are often important in the fields of biochemistry,
especially medicine, where they are involved in the diagnosis of
certain diseases. Usually, a z#-dimer forming reaction is very
rapid with the kinetics constant and relatively small equilibrium
constant. However, a o-dimer forming reaction has a slow rate
and large equilibrium constant. Hence, to explore the
conversion of z-dimer to o-dimer with a CV experiment, a
slow potential scan rate (long time window) should be carried
out.

In this paper, the electrochemical reduction process of 9,10-
anthroquinone (AQ), 1,8-dihydroxy-9,10-anthracenedione (Q),
and 1,8-methoxy-9,10-anthracenedione (DMeAQ) was inves-
tigated under a lower potential scan rate. CV results show that
two well-defined CV peaks are observed for AQ and DMeAQ,
corresponding to AQ(DMeAQ)/AQ(DMeAQ)*” and AQ-
(DMeAQ)*~/AQ(DMeAQ)*™; however, more than two sets of
cathodic and anodic peaks are found for Q, which imply that
the complex electrode reaction exists. Infrared (IR) cyclic
voltabsorptometry (CVA) and derivative cyclic voltabsorptom-
etry (DCVA) spectroelectrochemical techniques were used to
study the electrochemical reduction of the three quinones. The
obtained IR CVA and DCVA correspond to the various
wavenumbers involved in the electrode process, Wthh give
more detailed information than the common CV.*

IR CVA results show that IR absorption peaks obtained from
AQ, Q, and DMeAQ can be employed to track the
electrochemical reaction and explore the electrode reaction.
Absorbance of Q at 1518 and 1310 cm™ corresponds to the
reduction from Q to intermediate Q°*~, and Q°~ was further
reduced to dimer Q—Q*, 7-Q,*", 6-Q,>". The superimposed
peak at 1310 cm™ observed in a consecutive CV scan can be
assigned to the 6-Q,>” dimer. A value of 1198 cm™ is assigned
to both Q*~ and Q—Q°*~, and 1179 cm™’ is assigned to dimer
Q-Q*", 7Q,>, 0-Q,>7, and 6-Q,>". The absorbance at 972
cm™ is assigned to vc_o of 6-Q>” and 6-Q,*” and at 1626
em™! to ve—p of Q, Q°7, 7-Q,%7, 6-Q,%, and 6-Q,%™. So, a new
electrochemical reaction mechanism of Q has been proposed
by this powerful approach.

2. EXPERIMENTAL SECTION

2.1. Chemicals. 9,10-Anthroquinone (AQ, 98%), 1,8-
dihydroxy-9,10-anthracenedione (Q, 97.5%), and anhydrous
acetonitrile (AN, 99.8%) were used as received from Sigma-
Aldrich. DMeAQ_ was synthesized as documented®® and
characterized by IR and 'H NMR. Bu,NCIO, was prepared
by a standard method,*® recrystallized from ethanol, and dried
overnight under reduced pressure at 100 °C before use and
stored under vacuum. Before dissolving AQ, Q, and DMeAQ,
blank solutions were bubbled with high purity nitrogen to
remove oxygen. The AQ, Q, and DMeAQ solution was
degassed with high purity nitrogen prior to the experiment and
kept under nitrogen during measurements.

2.2. Voltammetry. Cyclic voltammetry (CV) experiments
were conducted with an electrochemical analyzer CHI630C
potentiostat. Working electrodes were 4 mm diameter planar Pt
disks, a Pt wire auxiliary electrode, and Ag/AgCl reference
electrode. The Pt disk working electrode was polished before
each experiment with 0.05 um o-alumina slurry, rinsed
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thoroughly with double distilled water, and sonicated in a
nitric acid solution (VHNO;:VH,O = 1:1), acetone, alcohol,
and acetonitrile solutions successively. All potentials are
reported vs ferrocene, so the potential of the Pt disk working
electrode was frequently measured in the ferrocenium (Fc*)/
ferrocene (Fc) solution and used to modify the potential in the
experiment solution.

2.3. In Situ FT-IR Spectroelectrochemistry. FT-IR
spectroscopic measurements were performed by an in situ
method on a Nicolet Nexus 870 spectrometer equipped with a
specular reflectance accessory (SMART iTR) and a HgCdTe/
A(MCT/A) detector cooled with liquid nitrogen. All the
experiments were carried out in a homemade reflection—
absorption spectroelectrochemical cell. For rapid-scan time-
resolved spectroscopic measurements, 25—60 interferograms
were added to each spectrum; the sampling interval is 0.7—1.8
s; and the spectral resolution is 16 cm™. Experiment results
were dealt with Grams/3D software. The resulting spectra were
given as

A=lgt =g R(Eg)
T ° R(E)

where A and T represent absorbance and transmittance,
respectively. Eg and Ep represent sampling potential and
reference potential, and R(Eg) and R(Ey) represent single beam
spectra obtained at Ey and Eg, respectively. By subtracting the
reflection spectrum at the sampling potential Eg, R(E;), from
the reflection spectrum at the reference potential Eg, R(Ey), the
background due to the absorption of the solvent system is
eliminated. As a result, a negative-going sign of band and a
positive-going sign of band indicate the increase and the
decrease in absorption intensities of the bands at Eg,
respectively.

2.4. Characterization of the Electrolysis Products. To
confirm the dimer of Q,*7, the electrolysis of Q has been done
in a H-shaped electrolytic cell. The electrolytic product was
characterized by microscope, IR, MS, and NMR in this work
(Supporting Information).

3. RESULTS AND DISCUSSION
1. Electrochemical Study of AQ and DMeAQ. In

aprotic solvents, quinones are known to undergo two successive
one-electron reductions, accordingly forming a radical anion
intermediate in the first step and the dianion in the second step.

Figure 1 shows the typical voltammetric signal of AQ in a
thin-layer cell. As a general result, the AQ presents a
voltammogram consisting of two couples of cathodic and
anodic peaks. In the first step, one-electron reduction forms the
anion radical and the dianiom sequentially. DMeAQ from
methylated Q_also has two cathodic and anodic peaks. It is very
clear that DMeAQ has undergone one-electron reductions,
forming sequentially the anion radical and dianiom. The CV of
AQ and DMeAQ is almost the same as what has been
reported.””*" The large peak—peak separation of the second
reduction process of DMeAQ is due to the slow electron
transfer rate in the quasi-reversible process.”®> Compared with
the two half potentials (E,/,) of AQ (E',/, = —1.26 V and E?,,
—1.65 V for the first and second electron-transfer step), E; ,
of DMeAQ (E';, = —144 V and E*,, = —1.69 V) shifts
negatively, which is caused by the electron-donating effect of
methoxy.
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Figure 1. Thin-layer CV in AN solution with 0.2 M TBAP in a thin-
layer cell of 10 mM AQ_ (A) and DMeAQ (B).

3.2. In-Situ FT-IR Spectroelectrochemistry of AQ and
DMeAQ. The rapid-scan IR spectra recorded in situ during the
CV scan of AQ in the 1000—1800 cm™' region are shown in
Figure 2A. The 3D spectra was gathered during the scan
between —0.9 and —1.9 V. The spectrum recorded at —0.9 V
was used as the reference spectrum. Three types of IR peaks are
observed. The first type, including three distinct upward peaks
at 1487, 1403, and 1243 cm™, is assigned to vc—¢ and vc_q of
the semiquinone anion radical. The second is three distinct
upward peaks at 1356, 1164, and 1056 cm ™, which are assigned
to Uc_g of the final reduced product (dianion). The third, two
downward peaks, at 1672 and 1102 cm™, is assigned to vc—q
of quinone and v¢_g of ClO,” (Figure 2A). The eight IR
absorption peaks can be employed to track the corresponding
species concentration during the electrochemical reaction. The
peak at 1672 cm™' is employed to track directly the
disappearance of original reactant AQ, and 1356, 1164, and
1056 cm™" are used to follow the formation of the dianion
(AQ?"); 1487, 1403, and 1243 cm ™' yielded information about
intermediate AQ"". The band at 1102 cm ™, assigned to v¢—q,
represents the change of ClO,™" during the redox process.

The IR CVA of AQ (corresponding to Figure 2A) is shown
in Figure 3A. There is a periodic increase and decrease of
absorbance at 1487, 1403, and 1243 cm™ with the sweep
potential (time), corresponding to the reduction from AQ _to
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Figure 3. CVA (A) and selected DCVA (B) (smoothing with a fast
Fourier transform smoothing algorithm) for the AQ_electrochemical
reaction at 1672, 1487, and 1356 cm™'. To make the DCVA data
readily comparable to CV, the DCVA data of 1672 cm™' were
multiplied by —1, and 1487 and 1356 cm™ in the second reduction
and the first oxidation were multiplied by —1.

intermediate AQ®”, and AQ®” is further reduced to AQ~".
Absorbance at 1356, 1164, and 1056 cm™" (assigned to v¢_q
with the formation of the benzene ring skeleton vibration)
gradually increases in the reduction process and reaches its
maximum at nearly —1.9 V (200 s), and this absorbance
diminishes during the oxidation process and then vanishes at
—1.55 V (270 s). The absorbance at 1672 cm™' gradually
decreases in the reduction process and reaches minimum at
nearly —1.9 V (200 s), and then the absorbance begins to
increase at nearly —1.55 V (270 s) in the oxidation process and
vanishes at —1.1 V (360 s).

It is apparent from Figure 3B that the shape of DCVA at
1487 cm™! corresponding to intermediate AQ®” is similar to
that of CV shown in Figure 1A, where two redox couples are
observed. Morphological DCVA couples of the absorbance at
1672 cm™ correspond to the redox couple of AQ/AQ®™ (the
first electrochemical step). The absorbance at 1356 cm™
corresponds to the couple of AQ®"/AQ®~ (the second
electrochemical step). Both of them are the same as the
corresponding CV shown in Figure 1A.

Figure 2B shows the rapid-scan IR spectra recorded in situ
during the electrochemical process of DMeAQ_ in the 1000—
1800 cm™' region. The 3D spectra were gathered during the
scan between —0.9 and —2.0 V. The spectrum recorded at —0.9
V was used as the reference spectrum. Two distinct upward
peaks at 1526 and 1487 cm™' are assigned to vc—c of the
semiquinone anion radical, and two distinct upward peaks at
1356 and 1048 cm™' are assigned to vc_q of final reduced
production (dianion). One downward peak, at 1680 cm™, is
assigned to vc—o of DMeAQ. The five IR absorption peaks can
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Figure 2. 3D spectra of in situ FT-IR spectroelectrochemistry corresponding to the thin-layer CV (Figure 1) of S mM AQ (A) and 10 mM DMeAQ_
(B) in AN solution with 0.2 M TBAP in the thin-layer cell, with potential scan rate 5 mV/s.
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be employed to track the electrochemical reaction. The peak at
1680 cm™" can be employed to track directly the disappearance
of the original reactant DMeAQ, and 1356 and 1048 cm™" are
used to follow the formation of product DMeAQ?". Peaks 1526
and 1487 cm™' yield information about intermediate
DMeAQ"™.

The IR CVA of DMeAQ (corresponding to Figure 1B) is
shown in Figure 4A. There is a periodic increase and decrease
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Figure 4. CVA (A) and DCVA (B) (smoothing with a fast Fourier
transform smoothing algorithm) for the DMeAQ electrochemical
reaction at 1526, 1049, and 1672 cm™'. To make the DCVA data
readily comparable to CV, the DCVA data of 1672 cm™' were
multiplied by —1, and 1526 and 1049 cm™ in the second reduction
and the first oxidation were multiplied by —1.

of absorbance at 1526 and 1487 cm™" with the sweep potential
(time), corresponding to the reduction from DMeAQ to
intermediate DMeAQ®™, and DMeAQ"™ is further reduced to
DMeAQ>". The absorbance at 1049 cm™" (assigned to v¢_q
with the formation of the benzene ring skeleton vibration)
gradually increases in the reduction process and reaches its
maximum at nearly —2.0 V (220 s). This absorbance diminishes
during the oxidation process and then vanishes at —1.1 V (400
s). Also, the absorbance at 1672 cm™" gradually decreases in the
reduction process and reaches minimum at nearly —1.4 V (100
s). The absorbance begins to increase at nearly —1.3 V (360 s)
in the oxidation process.

It is also apparent from Figure 4B that the shape of DCVA at
1526 and 1487 cm™! corresponding to intermediate AQ®~ is
similar to that of CV shown in Figure 1B, where two redox
couples are observed. Similarly, morphological DCVA couples
at 1672 cm™" correspond to the redox couple of DMeAQ/
DMeAQ®™ in the first electrochemical step. The absorbance at
1049 cm™" corresponds to the couple of DMeAQ’™ in the
second electrochemical reduced wave. The morphological
DCVA couples are the same with the corresponding CV
shown in Figure 1B.

On the basis of the results of CV and IR spectroelec-
trochemistry, we can confirm that a simple stepwise reduction
can be used to express the electrochemical reaction of AQ and
DMeAQ

AQ + e = AQ*” Q)
AQ'” + e = AQ (6)
2AQ°” = AQ + AQ*” (7)

3.3. Electrochemical Study of Q. The typical CV for Q in
a thin-layer cell under a slow potential scan wave is shown in
Figure S. It is surprising that four cathodic peaks (I.—IV.) and
three anodic peaks (IV,—II,) can be observed under
experimental conditions. This electrochemical behavior is
extremely different from AQ and DMeAQ. Recently, Macias-
Ruvalcaba and Evans®' have investigated the electrochemical
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Figure 5. Thin-layer CV in AN solution with 0.2 M TBAP in the thin-
layer cell of 10 mM Q with potential scan rate: (A) v = S mV/s and
(B) v =50 mV/s.

reduction of several hydroxyquiones. Two coupled CV peaks
are found in the curves of the experiment. The forming of a
neutral—anion radical complex, HQ®™ + HQ = HQ,*", was
suggested in their research. The result of digital simulation
supports the existence of HQ,*~ during the CV scan. It is
obvious that our CV curve is greatly different from theirs.

It should be stated that our CV and in situ IR experiment
were conducted in the thin-layer cell, with slow potential scan
rate, type S mV/s. Hence, quinones can be electrolyzed
completely, and the diffusion of species can be neglected. In
addition, the potential scan rate is only 5 mV/s, which is much
slower than what has been reported (3000 mV/s). However,
the CV of Q with the high scan rate (v = SO mV/s) is similar to
that of AQ and DMeAQ (Figure SB). There are two coupled
CV peaks in the curves of the experiments. Why are four
cathodic peaks (I.—IV.) and three anodic peaks (IV,—II,)
observed in the thin-layer cell under a low potential scan rate?
A reasonable hypothesis is that slow chemical reactions coupled
with the electron transfer occur in the thin-layer cell. As
pointed out by Macias-Ruvalcaba, a neutral—anion radical
complex formed during the electrochemical reduction of Q.
One may ask that the dimer can be reduced further, or it can be
changed into another form? To investigate the electrochemical
reduction of Q_in more detail, IR spectroelectrochemistry was
utilized again.

3.4. In Situ FT-IR Spectroelectrochemistry of Q. The
rapid-scan IR spectra recorded in situ during the electro-
chemical process of Q in the 1000—1800 cm™' region are
shown in Figure 6A. The 3D spectra were gathered during the
scan between —0.7 and —2.1 V.

The IR peaks at 1310 cm ™" which increase and decrease with
the sweep potential (time) are observed in Figure 6B. The
similar change of IR peaks for AQ at 1478 and 1403 cm™' and
for DMeAQ at 1526, 1487, and 1356 cm™' were discussed
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Figure 6. 3D spectra (A) of in situ FT-IR spectroelectrochemistry
corresponding to the thin-layer CV of Figure SA of 10 mM Q in AN
solution with 0.2 M TBAP in a thin-layer cell, with potential scan rate
S mV/s. CVA (B) (smoothing with a fast Fourier transform smoothing
algorithm) for the Q electrochemical reaction at 1626, 1310, 1179, and
975 ecm™..
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above. The IR peaks are assigned to vc—c and vc_g of the
anion radical. However, two other types of IR absorption, peaks
at 1198 and 1179 cm™, show different characters. It is clear
that the IR peak at 1179 cm™" can be observed only at 170—230
s (—1.55 ~ —1.85 V) and 370—420 s (—1.85 ~ —1.55 V). The
potential is corresponding to peak III and IV on the CV curves
(Figure SA). The character of the IR peak, with its absorption
increasing and decreasing during both the oxidization and
reduction process, suggests that the IR peak at 1179 cm™'
should be assigned to an unknown intermediate. The IR
absorption at 1198 cm™" is more complex, which we will discuss
later.

The IR CVA of Q (corresponding to Figure 6A) are shown
in Figure 6B. A periodic increase and decrease of absorbance at
1310 and 1179 cm™' changes with the sweep potential (time).
It corresponded to the reduction from Q to intermediate Q°~,
and Q° is further reduced to Q*~. The absorbance at 975 cm™!
(assigned to vc_o of final reduced product Q*7) gradually
increases in the reduction process and reaches its first
equilibrium at nearly —1.7 V (195 s), whose process can be
assigned to the reduction from Q°” to Q. Then, the
absorbance reaches its maximum at nearly —1.9 V (23S s),
which means the final reduced product is being formed. These
results imply that some complex reactions exist in the process
of the reduction from Q*~ to Q*. The absorbance at 975 cm™!
diminishes during the oxidation process and then vanishes at
—1.4 V (425 s). Also the absorbance at 1626 cm™' gradually
decreases in the reduction process and reaches its first
equilibrium at nearly —1.15 V (85 s), which corresponded to
the reduction process from Q to intermediate Q°”. The
absorbance at 1626 cm™! reaches its minimum at nearly —1.9 V
(240 s), whose process can be assigned to the reduction from
Q" to Q.

Interestingly, the IR absorbance at 1626 and 1310 cm™" does
not return to baseline after one potential cycle. The absorbance
begins to increase at nearly —1.8 V (350 s) in the oxidation
process and reaches a steady state value. The results coming
from CV and IR CVA both strongly suggest that an irreversible
electrochemical/chemical process exists in the electrochemical
reaction of Q.

3.5. Electrochemical Reaction Mechanism of Q. Evans
2122 reported that the dimers were formed in the
electrochemical reduction of hydroxyquinones. A more
complex reaction mechanism was being shown as reactions
1—4, and the guess was supported by the result of digital
simulation under the condition of semi-infinite diffusion and of
relative high potential scan rate (0.1-3 V/s). However, the
electrochemical route can not explain our experimental results.
To investigate the electrochemical nature of Q, CV curves
under consecutive scan were recorded, and the results are
shown in Figure 7A.

The peak currents of I, and II. are the largest in the first scan,
which decrease rapidly in the second and third scans. The
oxidation peak corresponding to I. is not observed in the CV
curves in the potential range. The peak current of II, is much
smaller than that of II.. The results indicate that the redox
process of I, II, and Ila is irreversible. The I, and II. are
assigned to the reduction from Q to Q°*". The III. and IV, are
assigned to the reduction of Q"~ and Q*". The IVc shows some
irreversibility characteristics.

IR CVA results obtained from Q provide more information,
which can be employed to track the electrochemical reaction
and explore the electrode reaction.
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Figure 7. Continuous CV in AN solution with 0.2 M TBAP in a thin-
layer cell of 10 mM Q_(A) and corresponding CVA (B) of in situ FT-
IR spectroelectrochemistry, with potential scan rate S mV/s.

The absorbance at 1626 cm™, assigned to vc—q of Q, shows
four distinct steps. Steps 1 and 2 stand for the reduced process
and steps 3 and 4 for the oxidized process during the CV scan.
Step 1 is corresponding to the reduction from Q to Q*~, and
step 2 is corresponding to the reduction from Q*~ to Q*". In
the oxidation process, steps 3 and 4 are corresponding to Q*~/
Q°*" and Q*7/Q, respectively. However, after the first potential
scan, the IR absorption does not return to the base value. In
addition, the absorption at step 1 decreased rapidly with the
number of the cycles increasing. In fact, step 1 disappears
completely in the fifth scan (not shown in Figure 7B). This
result is consistent with the CV curves (Figure 7A). It strongly
suggests that the irreversible electrochemical/chemical process
occurs under experimental conditions. Accordingly, new species
exist after the first CV scan.

The absorbance at 1310 cm™, assigned to vc_o of Q*~ and
Q,*7, shows a similar character. That the absorption cannot
return to baseline also implies that a new species was produced
after the first CV scan. Interestingly, a superimposed absorption
peak at 1310 cm™ is observed in the second and third scans.
The absorption of the superimposed peak increases with the
number of the potential cycles increasing. Finally, only the
superimposed peak can be observed after several times of CV
scan.

The absorbance at 1179 cm™ increases and decreases
periodically with the sweep potential (time) in one CV scan.
The absorption gradually increases with the absorption at 1310
cm™" decreasing. It reaches its maximum at nearly —1.4 V (180
s) and then gradually decreases and finally vanishes in the
reduction process. Meanwhile, we find that the absorption at
975 cm™! appears before the absorption at 1179 cm™" reaches
its maximum value. The absorption at 975 cm™' reaches its
maximum value, while the absorption at 1179 cm™ vanishes
completely. The absorbance repeats this process in the
oxidation process. These results mean that the absorbance at
1179 cm™" can be assigned to an unknown intermediate which
is generated from Q°~ and then changed to Q*".

On the basis of the discussion above, we can propose the
electrochemical reduction mechanism of Q_as follows

Q+e=Q" (8)
QL +Q=Q," )
Q,  +e=Q,” (10)
Q, +e=Q," (11)
Q) +e=Q," (12)
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The dimerzations are extensively observed in the reduction
of quinone. As we know, two kinds of dimer were proposed: 7-
dimer and o-dimer. Now we want to explore which kind of
dimer exists in the electrochemical reduction of Q.

On the basis of the chemical structure of Q, the anion
radicals can react with a neutral molecule to form a z-dimer, in
which the two 7 systems interact in a face-to-face manner. An
extra interaction force comes from intermolecular H-bonding.
The n-dimerization reactions show rather small equilibrium
constant and large rate constants. To explore the nature of the
dimers, we reconsider Figure 7 again. As we discussed above,
the current peaks I_ and II_ are assigned to the electrochemical
reduction from Q to Q°~ and Q,*~ to Q,”7, respectively. The
peak II,, corresponding to II,, is reoxidized from Q,*” to Q,"".
In consecutive CV scan experiments, Q diminishes gradually,
and only Q,° exists at last. Hence, the peak current of II. and
II, should increase gradually and finally reach a steady state,
while the peak of I. decreases gradually and disappears finally.
Although the peak I. decreases with increasing scan times as we
expected, the peaks of II, and II. also decrease with increasing
scan times. It implies that Q,° is not stable in the experimental
time and that more complex electrochemical processes exist.

The changes of absorbance at 1310 cm™ in consecutive CV
scan experiments (Figure 8A) can be used to explain the
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Figure 8. CVA (A) and DCVA of 1310 cm™ (B) corresponding to
Figure 7A. To make the DCVA data readily comparable to CV, the III,
reduction and III, oxidation in the DCVA data were multiplied by —1.

complex electrochemical reduction reaction. The absorption
gradually increases at first in the first CV scan for the
electrochemical reduction from Q to Q°®” which forms Q,*”
sequentially. The superimposed absorption peaks are clearly
observed at —1.52 V in the reduction process and at —1.42 V in
the oxidization process in the second and third scans. The
redox peaks show that the reaction of 7-Q," (7-Q,*")
irreversibly forming 6-Q,* (6-Q,>™") is slow, and the
absorption increases with the number of potential cycles
increasing because of the concentration of 6-Q,* (6-Q,>")
increasing with time. At the same time, the 6-Q,*” can also be
reduced to 6-Q,>” in the second and third CV scans for the
reason that a new couple of cathodic and anodic peaks
corresponding to the superimposed absorption peak appeared
in the DCVA (Figure 8B). The peak current increased with the
number of the potential cycle increasing. So these reactions
should be added to the mechanism as follows

Q+e=Q" (13)
Quick reaction:

Q+ Q7 - QQ" o 7Q," (14)

Q" or ﬂ-Qz._ +e= ﬂ-sz_ (15)
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Slow reaction:

7-Q," = 06-Q,"
”'sz_ - U'sz_ (16)
c-Q," +e=0Q," (17)

To confirm the electrochemical process, CV scan experi-
ments, one in small range potential and the other with more
positive potential, were conducted. Figure 9A shows the CV of
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Figure 9. CV (A), corresponding 3D spectra (B) of in situ FT-IR
spectroelectrochemistry, CVA (C) and DCVA of 1198 cm™ (D) in
AN solution with 0.2 M TBAP in a thin-layer cell of 10 mM Q with
potential scan rate S mV/s and potential range —0.7 ~ —1.3 Vin a
thin-layer cell. To make the DCVA data readily comparable to CV, the
second reduction and the first oxidation in the DCVA data were
multiplied by —1.

Q.in the potential range of —0.7 ~ —1.3 V. Two cathodic peaks
appear in the first scan CV. The first reduction peak is assigned
to the reduction of Q to Q; the second is assigned to the
reduction from Q,*” to Q,*". Only one anodic peak,
corresponding to the oxidation of Q,>” to Q,°7, is observed.
The height of the anodic peak is much smaller than that of the
cathodic peak. The reason may be that Q_is reduced to Q°7,
which reacts with Q to form 7-Q,*”. Soon enough (reaction
14), 7-Q,*" irreversibly changes to 0-Q,*” with slow rate
constant (reaction 16). The irreversible reaction can be verified
by the fact that no appearance of the anodic peak can be
observed in the second CV.

The change of absorbance at 1310 cm™' comes from the
corresponding 3D spectra of in situ FT-IR spectroelectrochem-
istry (Figure 9B), and CVA (Figure 9C) also supports the
electrode reaction described by reactions 13—17. The
absorbance at 1310 cm™ is assigned to Q*7, Q—Q*", 7-Q,>",
and 6-Q,*". During the first cycle (0—240 s), the absorbance
gradually increases in the reduction process and reaches its
maximum at nearly —1.2 V (90 s), corresponding to the
reduction from Q to Q°” and to 7-Q,>”. The absorbance
diminishes during the oxidation process which corresponds to
the oxidation from 7-Q,”” to Q,"”. Then the absorption
“vanishes” at —1.0 V (190 s). Again the absorption does not
come back to the baseline, implying that the reaction of the
forming dimer is irreversible, which makes less Q exist in the
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thin-layer cell after a CV scan. As a result, the change of IR
absorbance at 1310 cm™" decreases rapidly at the second cycle
(241-480 s).

Now, we focus our attention on the IR absorbance at 1198
cm™". In the potential range between —0.7 and —1.3 V (in the
reduction process of 0 ~ 120 s)—which corresponds to the
reduction peaks of I. and IIl.—the absorption at 1198 cm™
shows a “peak” shape curve, while the absorption at 1310 cm™
shows an “S” shape curve. In the oxidation process, the IR
absorbance at 1310 cm™! at —1.2 to —1.0 V decreases, while the
absorbance at 1198 cm™! increases. The result indicates that the
absorbance of 1310 and 1198 cm™ comes from different
species. One reasonable explanation is that the IR absorbance at
1198 cm™ is from two kinds of dimers, both 7-Q,*” and o-
Q"

Two reduction peaks (I, and II.) can be clearly observed in
the DCVA (Figure 9D). The two peaks are corresponding to
the reduction from Q to Q*~ and then to 7-Q,*”. The peak
current of I. and II. is smaller in the second CV cycle than that
in the first CV cycle because the reduction forms a stable o-
dimer (6-Q,*”) which cannot be oxidized under experimental
conditions. As a result, the stable IR absorbance at 1198 is
observed after the CV scan.

Figure 10A shows the CV of Q in the potential range of 0.28
~ —1.32 V. It is obvious that a new oxidation wave (I,) at +0.12
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Figure 10. CV (A), correponding 3D spectra (B) of in situ FT-IR
spectroelectrochemistry, CVA (C) and DCVA of 1198 cm™ (D) in
AN solution with 0.2 M TBAP in a thin-layer cell of 10 mM Q with
potential scan rate 5 mV/s and potential range 0.28 ~ —1.32 V in the
thin-layer cell. To make the DCVA data readily comparable to CV, the
second reduction and the first oxidation in the DCVA data were
multiplied by —1.

V appears after a first reduction scan. There is no I, in Figure
9A, which means that 6-Q,"” cannot be oxidized in the
potential range of —0.7 ~ —1.3 V. However, a new oxidization
peak (I,) appears at +0.12 V when the CV is scanned to a more
positive potential. So the I, can be assigned to the reaction that
0-Q,*” is electrochemically oxidized to Q.*”*° The guess can be
confirmed by IR experiments.

Corresponding 3D spectra of in situ FT-IR spectroelec-
trochemistry and CVA are shown in Figure 10B and 10C.
Absorbance at 1310 cm™ has the same change as Figure 10B
and 10C at first. However, with scanning more positive
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potential at nearly +0.12 V (about 810 s), the absorbance
decreases gradually again and almost comes to baseline, which
strongly suggests that the oxidation from 0-Q,*” to Q occurs.

In the oxidation process (in the potential range between 0.28
~ —1.32 V), two oxidation peaks at —1.0 and +0.12 V are
observed in CV. At E, = —1.0 V, the absorption of 1198 cm™!
appears again, indicating that 7-Q,>” is electrochemically
oxidized to 7-Q,*~ which is changed to form the o-dimer (o-
Q,*") slowly. However, after E,, = +0.12 V, the absorption of
1198 cm™" decreases and finally comes back to baseline. At the
same time, the absorption of 1626 cm™ also comes back to
baseline. All the results indicate that the o-dimer is oxidized to
Q, so Q has been recovered. Two reduction peaks (I and II.)
can be observed in the DCVA of 1198 cm™ more clearly than
that in the CV (Figure 10D). The peak current of I. and II. in
the first CV is close to that in the second CV because the o-
dimer (6-Q,*”) is oxidized to Q under experimental conditions.

On the basis of the above discussion, the Q is reduced to Q™
(reaction 18) which reacts with Q and forms Q—Q*~ or 7-Q,*~
quickly (reaction 19). Q—Q°~ or 7-Q,"" is reduced to 7-Q,*~
(reaction 20). At the same time, 7-Q,*” and #-Q,” irreversibly
change and form 6-Q,"” and 6-Q,>” slowly (reaction 21). The
0-Q,*” is reduced to 6-Q,>~ (reaction 22) which is reduced to
0-Q," (reaction 23). 6-Q,**” is reduced to 6-Q,*™ (reaction
24). The 6-Q,*” can be oxidized at +0.12 V (reaction 25). So
the electrochemical reaction mechanism of Q was proposed as
follows

Ep=—097V
Q+e Q (18)
Quick reaction:
Q+Q - QQ" o 7-Q,” (19)
E,,=—1.04V
o— o— 2—
Q-Q or #-Q, +e w-Q,
E,.=—101V (20)
Slow reaction:
JT'QZ._ N U'QZ._
2- 2-
m-Q," —0-Q, (21)
E,=—152V X
0-Q," " +e c-Q,"
E,=-142V (22)
S E,=—162V -
0-Q," +e o-Q,
E,,=-148V (23)
E, =—187V
o3— pe 4—
0-Q," +e 0-Q,
E,,=—1.66V (24)
. E,=0.12V
0-Q, —e——2Q (25)

4. CONCLUSION

The electrochemical characteristics of AQ, Q, and DMeAQ
were studied by CV and in situ IR spectroelectrochemistry in a
thin-layer cell. The results show that AQ and DMeAQ can be
explained by normal stepwise reduction to the anion radical and
dianion. However, Q should be explained by the formation of
dimer between neutral quinone and the anion radical, which
can be comfirmed by IR CVA and DCVA as well as continuous
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CV and IR CVA. Our experimental results show that two types
of dimer, 7#-dimer and o-dimer, form in the electrochemical
reaction. The reaction mechanism can be explained by the
following sequences: Q_is reduced to Q*7; Q° reacts with Q_
and forms 7-Q,"~ quickly; and 7-Q,°” irreversibly changes and
forms 0-Q,*” with slow rate constant. The detailed mechanism
of electrochemical reduction of Q can be proposed as reactions
18-28.
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