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ABSTRACT: Retinal (R) can be sequentially voltammetrically reduced in CH3CN in two
one-electron processes to form first the anion radical (R•−) at −1.75 (±0.04) V vs Fc/Fc+

(Fc = ferrocene) then the dianion (R2−) at −2.15 (±0.04) V vs Fc/Fc+. The anion radical
undergoes a reversible dimerization reaction to form the dianion (R2

2−) with a forward
dimerization rate constant kdim = 8 × 102 L mol−1 s−1 and a reverse monomerization rate
constant kmon = 2 × 10−2 s−1 at 295 K. All three anion species (anion radical, dianion, and
dimer dianion) undergo hydrogen-bonding interactions with water that is present at
millimolar levels in the solvent. As the water content of the solvent increases, the fate of
the reduced compounds is determined by chemically irreversible hydrolysis reactions with
H2O and decomposition reactions of the highly charged R2−. Bulk-controlled potential
electrolysis experiments combined with NMR analysis of the reaction solutions indicate
that the reduction occurs at the aldehyde group of retinal. The electrochemical data
obtained under a range of experimental conditions (varying voltammetric scan rates,
temperatures, H2O content of solutions, and retinal concentrations) were modeled by digital simulation techniques to determine
the kinetic and thermodynamic parameters associated with all of the homogeneous reactions.

1. INTRODUCTION
Retinal is a form of vitamin A found in plants and is thought to
be the product of the oxidative cleavage of β-carotene (Scheme
1).1−3 Being a liposoluble vitamin, retinal is stored in fat cells in

the body, where it can also undergo various chemical
conversion processes.4−7 In physiological reactions, retinal is
recognized as being used as a visual pigment in the eye in order
to enhance night vision.8 It is possible for retinal to chemically
convert to other forms of vitamin A, such as retinol and retinoic
acid, depending on certain key biochemical reactions within the
body. Retinal is also thought to be beneficial as an antioxidant5

and to have preventive effects for various diseases and
cancers.6−10

As retinal exists in epithelial cells in the skin, it helps to
prevent skin diseases by acting as a first line of defense. Because
the transformations between the different forms of vitamin A
can involve oxidation or reduction mechanisms inside lipophilic
membranes, it is interesting to examine the voltammetric
properties of the compound in a low-water environment.
Several detailed studies have been performed on electro-

chemical reaction mechanisms related to carotenoid com-

pounds,11−13 which have molecular structures similar to retinal.
Despite the fact that retinal is a common and beneficial form of
vitamin A, little is known of the exact electrochemical reaction
mechanism it undergoes. It has been proposed that retinal
undergoes an initial one-electron reduction to generate an
anion radical.14,15 The homogeneous reactions following the
generation of the anion radical have led to some uncertainty as
to whether a dimerization process or a hydrolysis reaction with
trace water in the solvent (or both processes) takes place.
Previous studies have tried to decipher whether a protonation
reaction or dimerization reaction takes place by using various
methods such as electrochemical kinetic studies,13 theoretical
calculations,14 and spectroscopic experiments.14,15 Some studies
have also proposed a disproportionation step in which the
doubly reduced retinal (a dianion) reacts with the starting
material to form two molecules of the anion radical.14 The
actual site of the molecule undergoing reduction is still unclear
as it could possibly occur within the polyene chain or at the
carbonyl group.16 Electrochemical reduction experiments have
been performed on activated olefins, and it has been shown that
they undergo dimerization through their associated anion
radicals.17−20 In alkaline ethanol solutions, benzaldehyde
undergoes reductive dimerization through its radical
anion.21,22 It has been proposed that reduced retinal undergoes
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Scheme 1. Structure of All-trans Retinal
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dimerization when proton donors are present, similar to
malonate esters.23,24

In this study we have used variable scan rate cyclic
voltammetry combined with digital simulation modeling of
the data to better understand the reduction mechanism of
retinal. The focus was on determining whether the reduced
species underwent hydrogen-bonding interactions with water,
hydrolysis (protonation reactions), or whether the simulations
supported a dimerization reaction of the anion radicals.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All-trans retinal (≥98%) was obtained from

Sigma-Aldrich and stored in the dark at 277 K. Bu4NPF6 was
prepared by reacting equimolar amounts of aqueous solutions
of Bu4NOH (40%, Alfa Aesar) and HPF6 (65%, Fluka),
washing the precipitate with hot water, and recrystallizing three
times from hot ethanol. The sample was then dried under
vacuum at 433 K for 6 h and stored under vacuum. Molecular
sieves in the form 1/16 in. rods with 3 Å pore size (CAS 308080-
99-1) were obtained from Fluka. Acetonitrile was either high-
performance liquid chromatography or analytical grade and
used directly from bottles (after drying over 3 Å molecular
sieves) unless otherwise stated. Purified water, with a resistivity
≥18 MΩ cm, was obtained from an ELGA Purelab Option-Q
system.
2.2. Voltammetry. Cyclic voltammetry (CV) experiments

were conducted with a computer-controlled Metrohm Autolab
PGSTAT302N potentiostat. The working electrode was a 1
mm diameter glassy carbon (GC) disk (Cypress Systems) and
was used in conjunction with a Pt auxiliary electrode
(Metrohm) and a Ag wire miniature reference electrode
(Cypress Systems) connected to the test solution via a salt
bridge containing 0.5 M Bu4NPF6 in CH3CN. The internal
filling solution of the reference electrode was prepared
immediately prior to use to reduce contamination from water
in the reference electrode filling solution. Accurate potentials
were obtained using ferrocene as an internal standard. Digital
simulations of the CV data were performed using the DigiElch
software package.25−30 Variable-temperature experiments were
performed in a Metrohm jacketed glass cell with the
temperature controlled with a Julabo FP89-HL ultralow
refrigerated circulator.
Controlled potential electrolysis with coulometry was

performed in a two-compartment cell using Pt mesh baskets
as the working and auxiliary electrodes and with the Ag wire
miniature reference electrode placed in the working electrode
compartment solution. The volumes of the working and
auxiliary electrode compartments were approximately 20 mL,
and both solutions were continually purged with a stream of Ar
gas to simultaneously stir the solutions and maintain an inert
atmosphere.
2.3. Measurement of Water Content of Organic

Solvents. The drying process was carried out on the solvent
and electrolyte prior to the start of the experiment. CH3CN was
first dried using molecular sieves. The sieves were heated to 413
K for 6 h, added to the solvent in the solvent bottle, and left to
stand for 24 h with occasional swirling to facilitate the drying
process. A 0.2 M supporting electrolyte was weighed into a 25
mL volumetric flask and heated to 413 K for 6 h in a vacuum
oven. After the electrolyte was heated, it was dissolved with 25
mL of dried solvent from the solvent bottle. The solvent/
electrolyte mixture was poured into the predried vacuum
syringe (containing molecular sieves) and kept under a

constant flow of nitrogen gas for 2 days before being used. A
sample of 2 × 10−3 M retinal was weighed, added to the
electrochemical cell, and dissolved with 5 mL of the dried
solvent/electrolyte mixture from the syringe. A control
electrochemical cell containing just the solvent/electrolyte
was used to estimate the amount of water entering the
electrochemical cell over time under natural humidity
conditions.
Karl Fischer (KF) titrations were conducted with a Mettler

Toledo DL32 coulometer using (Riedal-deHaen̈) HYDRA-
NAL-Coulomat CG for the cathode compartment and
HYDRANYL-Coulomat AG for the anode compartment. The
chemicals were all obtained from Sigma-Aldrich. The water
content of the solvent/electrolyte mixture under dry exper-
imental conditions was estimated by KF titrations to be ∼20 ×
10−3 M in the electrochemical cell. Constant humidity
measurements were conducted in a (122 × 61 × 61 cm3)
humidity control glovebox using a dry nitrogen purge system
from Coy Laboratory Products Inc.31

3. RESULTS AND DISCUSSION

3.1. Cyclic Voltammetry of Retinal in Acetonitrile with
Low Water Concentrations. CH3CN was used in this study
because it is less hygroscopic than other aprotic solvents
suitable for electrochemistry, such as dimethyl sulfoxide and
dimethylformamide, enabling the initial water content to be
more easily maintained at a relatively low level.31 While
chlorinated solvents such as dichloromethane and 1,2-dichloro-
ethane are less hygroscopic than CH3CN, they have a limited
reductive potential range that makes it difficult to detect all of
the voltammetric processes of retinal.
Voltammograms of retinal in CH3CN containing 0.2 M

Bu4NPF6 at room temperature (295 ± 2 K) show two
reduction processes at negative potentials (solid black line in
Figure 1a, peaks Ired and IIred). Bulk-controlled potential
electrolysis (with coulometry) was conducted to find the

Figure 1. (a) CV data of 2 × 10−2 M retinal in CH3CN ([H2O] = 50
(±10) mM) containing 0.2 M Bu4NPF6 at 295 ± 2 K obtained at a 1
mm GC electrode at a scan rate of 0.1 V s−1; (solid black line) before
and (dotted red line) after the transfer of one electron per molecule in
a controlled potential electrolysis cell. (b) Current and coulometry
versus time data obtained during the reductive electrolysis of retinal at
−1.9 V vs Fc/Fc+.
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number of electrons transferred in the first reduction process
(Figure 1b). The coulometry experiments indicated that the
first reduction peak was a one-electron process, which resulted
in the formation of the radical anion R•−.
At a scan rate of 100 mV s−1, both the first and second

reduction processes display much smaller reverse oxidative peak
currents (ip

ox) compared to their forward reductive peak
currents (ip

red) (ip
ox/ip

red ≪ 1), which is due to chemical
instability of the reduced compounds (Figure 2). An oxidation

peak (IIIox) appears at a potential of approximately −1.0 V vs
Fc/Fc+ only if the scan is first applied in the negative potential
direction past the first one-electron reduction process and is
thus associated with the oxidation of a secondary product of the
reduction. Multiple scans showed no reverse (reduction) peak
for process IIIox, indicating that the generated product is itself
short-lived when it is oxidized. It is possible that other
secondary products have also been formed after the reduction
processes and are not redox active or do not fall within the
potential window of CH3CN (using a GC electrode).
When the scan direction is reversed after the second

reduction process at approximately −2.2 V vs Fc/Fc+, two
small oxidation processes are detected (Iox and IIox), which are
the reverse processes of Ired and IIred, respectively. The first
reduction process (Ired) is due to the formation of the radical
anion, and the second reduction process (IIred) is the further
one-electron reduction of the radical anion to form the dianion
(R2−). At slow scan rates (<10 V s−1), the ip

red value for the
second process is smaller than the ip

red value for the first process
because the radical anion is undergoing other homogeneous
reactions before it has time to be reduced to the dianion.
Halting the forward potential scan just after the first electron
transfer process (Figure 2) resulted in an increase in the size of
the ip

ox value for process Iox because there were more radical
anions at the electrode surface able to undergo oxidation back
to the starting material. However, the subsequent oxidation
peak at approximately −1.0 V vs Fc/Fc+ becomes much
smaller, suggesting that the species responsible for this process
are formed in a higher amount after the second reduction step.
Another possible explanation is that process IIIox is associated
with the oxidation of multiple species formed from
homogeneous reactions of R•− and R2− that are coincidentally
oxidized at similar potentials. Experiments were also conducted
by scanning values more negative than the second reduction
peak potential; however, there was no obvious reduction
process following the second reduction.
Background voltammograms of just the solvent and electro-

lyte were performed at all scan rates to reduce contributions
from the charging current and minor solvent impurities
detected with the use of the 1 mm diameter GC working
electrode. All CV data are presented minus their backgrounds
to more clearly show the retinal peaks under the reaction

conditions stated. CV data of 2 × 10−3 M retinal in CH3CN
containing 0.2 M Bu4NPF6 recorded at 1 mm diameter GC
working electrode at variable scan rates show that as the scan
rate increases, the first reduction peak becomes more
chemically reversible (Figure 3). The oxidation peak (IIIox) at

approximately −1.0 V vs Fc/Fc+ displays a large difference in
peak current depending on whether the scan direction is
switched immediately after the first or second reduction
process. It appears that the species responsible for process
IIIox are produced from both the first and second one-electron
reduction steps, but a larger proportion of the product comes
after the generation of the dianion.
Variable scan rate experiments were also conducted at several

different temperatures: 295, 283, 273, 263, 253, and 243 K
(Figure 4). It was found that the chemical reversibility of the
first and second electron transfer steps did not change
substantially with changing temperature, indicating that the
lifetime of the dianion did not noticeably improve at low
temperatures. Even at a scan rate of 20 V s−1, the reverse
oxidation peak (IIox) remains very small. The peak currents of
the reduction and oxidation processes decreased as the
temperature was lowered because of slower diffusion rates of
the species involved. Some interesting changes with temper-
ature were observed for process IIIox. As Figure 4a shows, the
oxidation process IIIox, which occurs at approximately −1.0 V
vs Fc/Fc+ at 295K, shifts more positively to approximately −0.9
V vs Fc/Fc+ at 243K. The peak also changes from a sharp peak
at higher temperatures to a flattened peak at lower temper-
atures, possibly because of the separation into two electron
transfer processes. Examination of Figure 4b, in which the
potential was switched just after the first electron transfer step,
reveals that the small oxidation peak at approximately −1.0 V vs
Fc/Fc+ also shifted more positively with decreasing temper-
atures. The IIIox process in the right column is always at a
potential that is slightly more positive than that of the IIIox
process in the left column where the switching potential is
more negative. This indicates that it is possible that different
secondary products (but with similar oxidation potentials) were
generated depending on whether the scan direction is switched
just after the first or second electron transfer reduction process.
Therefore, different reaction pathways exist for the radical

Figure 2. CV data of 2 × 10−3 M retinal in CH3CN ([H2O] = 50
(±10) mM) containing 0.2 M Bu4NPF6 at 295 ± 2 K obtained at a 1
mm GC working electrode at a scan rate of 0.1 V s−1.

Figure 3. CV data of 2 × 10−3 M retinal in CH3CN ([H2O] = 50
(±10) mM) containing 0.2 M Bu4NPF6 at 295 ± 2 K obtained at a 1
mm GC working electrode at variable scan rates (ν) of 0.1, 0.5, and 1.0
V s−1. The current axis has been scaled by multiplying by ν−0.5.
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anion and dianion generated after the initial heterogeneous
electron transfer reduction steps.
Experiments with 1 × 10−3, 2 × 10−3, and 5 × 10−3 M retinal

were performed in order to assess concentration effects on the
voltammetric reduction mechanism (Figure 5). As the
concentration increased, the second reduction peak decreased
in size relative to the first reduction process, showing that with
increasing concentration of retinal, fewer radical anions are able
to undergo further reduction to the dianion. Furthermore, as
the concentration of retinal increased, the chemical reversibility
of the first reduction process appeared to decrease. These
results provide evidence of a dimerization process after the
formation of the radical anion (eq 1).

+ →•− •− −R R R 2
2

(1)

The change in peak current ratios can also be seen clearly in
Figure 1 in which a very high 20 mM concentration of retinal
shows a second reduction process (IIred) that is much smaller
than the first process (Ired) at a scan rate of 0.1 V s−1. When the
radical anion is generated after the first reduction step, two
molecules can react together and dimerize, resulting in fewer
radical anions being reduced in the second reduction process.
With a greater concentration of starting material, it is more
likely that the radical anions can react; hence, more dimerized
product will be formed. This can also be voltammetrically
observed by looking at Figure 5b, where a greater concentration
of retinal (5 × 10−3 M) gives a less chemically reversible first
reduction peak compared to that of lower concentrations,
showing that more of the radical anions had dimerized. It can
be observed in the voltammograms in Figure 5b that the
oxidation peak at approximately −1.0 V vs Fc/Fc+ (IIIox)

appears relatively larger (compared to the oxidation peak Iox) at
high concentrations compared to that at a low concentration.
This suggests that process IIIox, which is evident when the scan
is reversed just after the first one-electron reduction, can be
assigned to the oxidation of the newly formed dimerized
species. The peak height registered at lower concentration is
smaller because less dimerized product is formed. This in turn
gives a more chemically reversible peak for the first reduction
process at lower concentrations. There are several reports of
the radical anions of aromatic compounds produced by
electrochemical methods undergoing reversible dimerization
reactions.32−38 The dimers of the radical anions have been
reported to be more difficult to oxidize than the radical anions,
which results in cyclic voltammograms showing an oxidation
process a few hundred mV more positive than the oxidation of
the radical anion (i.e., consistent with process IIIox).
Synthetic scale-controlled potential electrolysis experiments

were performed by electrolyzing 140 mg of retinal. Thin-layer
chromatography analysis of the reaction mixture at the
completion of the electrolysis showed a number of products
that were not easily separated and purified by preparative
column chromatography. Nevertheless, 13C NMR spectroscopy
performed on the entire reaction mixture showed no carbonyl
carbon resonance, indicating that the aldehyde group had
undergone reduction. Similarly, Fourier transform infrared
analysis of the reaction mixture did not lead to the detection of
a carbonyl stretching band. Therefore, it is possible that the
dimerization occurs through the carbonyl group to form a
pinacol, as has been previously proposed.23 However, we were
not able to obtain spectroscopic evidence for the existence of
the dimer on the synthetic time scale; thus, it is equally
probable that the dimer exists only as an intermediate in
solution, which is often the case in reversible dimerization
reactions.32−38 Furthermore, because of the relatively high
reduction potential, it is unlikely that dianionic dimers would
survive as intermediates under the conditions used for liquid

Figure 4. CV data of 2 × 10−3 M retinal in CH3CN ([H2O] = 50−100
mM) containing 0.2 M Bu4NPF6 at variable temperatures recorded at
a 1 mm GC working electrode at a scan rate of 0.5 V s−1.

Figure 5. CV data of 1 × 10−3, 2 × 10−3, and 5 × 10−3 M retinal in
CH3CN ([H2O] = 60 (±10) mM) containing 0.2 M Bu4NPF6 at 263
K obtained at a 1 mm GC working electrode at a scan rate of 0.5 V s−1

with different switching potentials. The current scale has been
normalized (to 0.002 M retinal) so that the first reduction process
appears to be the same size in each voltammogram.
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chromatography−mass spectrometry or gas chromatography−
mass spectrometry experiments.
The experiments conducted with varying temperature, scan

rate, and concentration help identify the likely reduction
mechanism that retinal undergoes, which is consistent with a
radical dimerization mechanism (radical anion coupling) if the
potential is extended only to the first reduction process.
However, the reverse oxidation process (IIIox) that is observed
when the potential is extended past the second one-electron
transfer to form the dianion may not be associated with just
dimer formation.
3.2. Cyclic Voltammetry of Retinal in Acetonitrile with

Variable Water Concentrations. Previous studies have
indicated that water plays a role in the reduction mechanism
of retinal in organic solvents;23,24 thus, it is important to
quantitatively determine exactly how water affects the electro-
chemical behavior of the starting material and the electro-
chemically generated species.39 Water is an ever-present
impurity in organic solvents and normally exists in a
substantially higher concentration than the analyte, unless
scrupulous care is taken to remove it.31 Electrochemical
reactions involving the accurate addition of water are difficult
to perform because of natural contamination from the
atmosphere into the electrochemical cell over time. Although
an initial water content of 20 mM can be achieved in the
electrochemical cell at room temperature, the value quickly
increases, especially at lower temperatures.
With a water content of 20 mM, it was observed that peaks

Iox and IIIox were a similar size at a scan rate of 0.1 V s−1 (Figure
6). This was not the same as the voltammogram obtained with
a higher water content (Figure 5) in which IIIox appears larger
than Iox at the same scan rate and retinal concentration. This
result indicates that the species responsible for IIIox is both a
dimeric compound (formed by dimerization of the radial
anion) and a reaction product that is favored in the presence of
water.
When water was progressively added to the solvent and

voltammograms were conducted over a range sufficiently
negative to form only the anion radical (Figure 6b), oxidation
process IIIox became relatively larger compared to oxidation
process Iox, suggesting that oxidation process IIIox is partly
associated with a reaction product of R•− (in addition to a
dimeric species). Similarly, when the forward potential scan was
extended so as to form the dianion (Figure 6a), process IIIox
became much larger as more water was added to the solvent
(up to 1 M), suggesting that the dianion undergoes a
decomposition reaction and that this occurs to a greater extent
than for the anion radical (by a comparison of Figure 6a,b). At
very high water concentrations (>0.5 M), process IIIox
substantially decreases in size and takes on a more complicated
shape, possibly because of competing hydrolysis reactions
making new compounds that are oxidized at different
potentials.
It was also noticed that the second reduction peak changes in

shape as more water is added to the solution, becoming
progressively flatter. The peak potential shifts to more positive
potentials as water is added, making it easier to reduce the
starting material and radical anion. The shift in potential can be
attributed to a hydrogen-bonding mechanism that is often
observed during the reduction of quinones, where the hydrogen
bonding facilitates the reduction processes.40−42 Although it
could be argued that process IIIox is actually associated simply
with the oxidation of a hydrolyzed product of the anion radical

and dianion (or a product favored in the presence of water),
this is not consistent the fact that process IIIox becomes larger
(relative to process Iox) when the concentration of retinal is
increased (Figure 5). As the concentration of retinal increases,
there are actually fewer water molecules per molecule of retinal;
thus, it would be expected that a reaction product that is
favored in the presence of water would result in process IIIox
becoming relatively smaller compared to process Iox, which is
the opposite of what is observed. Therefore, it is proposed that
process IIIox is associated with oxidation of both a dimeric
compound (R2

2−) that forms via dimerization of R•− as well as
a decomposition product X formed from R2− that is favored in
the presence of H2O.

3.3. Digital Simulation of CV Measurements on
Retinal with Variable Water Concentrations and
Temperature. Digital simulation studies were performed to
determine the most appropriate mechanism to account for the
voltammetric behavior of retinal. The simulations were
performed by a trial and error process that involved
systematically expanding the steps in the electrochemical
mechanism using one set of parameters over all scan rates
(for each individual temperature) until the simulated
voltammograms matched the experimental voltammograms.
Initially, the diffusion coefficient (D) of retinal was determined
from the reductive peak current of the first process, while the D

Figure 6. CV data of 5 × 10−3 M retinal in CH3CN containing 0.2 M
Bu4NPF6 at 295 ± 2 K obtained at a 1 mm GC working electrode at a
scan rate of 0.1 V s−1 with varying amounts of water.
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values for the other compounds (anions and dimers) were
lowered by up to 50% to take into account the stronger
electrolyte interactions and larger size slowing down their
movement. The fitting procedure was performed by eye rather
than by an automated defined error minimization process. The
match between representative simulations and experimental
data is shown in Figure 7.

Scheme 2 shows the reaction mechanism of the electro-
chemical reduction of retinal that was deduced by digital
simulation of the series of cyclic voltammetry scans conducted
at variable scan rates, temperatures, amounts of water, and
retinal concentrations. The CV scans were performed over two
potential ranges: one involved the initial one-electron reduction
of retinal, and the other was extended to a sufficiently negative
potential to further reduce the radical anion to the dianion.
Therefore, the mechanism shown in Scheme 2 is dependent on
the applied potential with partially different pathways occurring
for the one- and two-electron reductions.
At slow scan rates, the one-electron reduction of retinal

produces the radical anion (R•−) which quickly dimerizes to
form R2

2−. This dimerization process also occurs after a
hydrogen-bonding step in which R•− interacts with water to
form R•−(H2O), which then dimerizes to form R2

2−(H2O)2. In
addition to combining with water and undergoing dimerization,
the radical anion can be further reduced at more negative
potentials to form a dianion R2−. The fact that the one-electron
reduction of the anion radical to form the dianion is not
chemically reversible (at scan rates <20 V s−1) indicates a fast
homogeneous reaction step following the heterogeneous

electron transfer,43 resulting in the generation of a new species
that can be oxidized at more positive potentials (IIIox).
Although process IIIox becomes larger when water is added to
solutions, the simulations did not support a straight hydrolysis
reaction. Instead, a better match of the simulations to the
experimental data could be obtained for a decomposition step
to form a currently unidentified product X (Scheme 2). Process
IIIox can also be detected on the reverse scan when the forward
scanning potential is switched just after the first electron
transfer step, but it is coincidentally associated with oxidation of
the dimer dianion.
It was not possible to match the experimental with the

simulated data exactly with just one unique set of data for all
conditions because of the large number of steps involved. The
data given in Table 1 show the best average fits for all of the
data used at several temperatures for the reactions in Scheme 2.
The solution resistance and diffusion coefficient values differed
for each of the temperatures used. The general trend was that
the resistance increased and the diffusion coefficient values
decreased as the temperature was lowered.
The dimerization reaction was modeled on both a radical

coupling mechanism (ECdim) and an ECEdim mechanism. The
ECEdim mechanism involves the radical anion first reacting with
a molecule of the starting material to form R2

•−, which then
undergoes a further one-electron reduction to form R2

2−. A
closer match of the simulations to the experimental data was

Figure 7. CV data of 5 × 10−3 M retinal in CH3CN ([H2O] = 50
(±10) mM) containing 0.2 M Bu4NPF6 at 295 ± 2 K obtained at a 1
mm diameter GC working electrode at variable scan rates. Current
data were scaled by multiplying by ν−0.5. The dotted red lines represent
the simulated voltammograms according to the mechanism in Scheme
2 and parameters in Table 1, while the solid black lines are the
experimental data.

Scheme 2. Electrochemical Reduction Mechanism of Retinal
in CH3CN Deduced by Digital Simulation of Cyclic
Voltammetry Data over a Range of Scan Rates,
Temperatures, and Retinal and Water Concentrationsa

aThe chemical equilibrium and kinetic values associated with the
heterogeneous electron transfer and homogeneous chemical reactions
are given in Table 1.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp4051808 | J. Phys. Chem. B 2013, 117, 9371−93799376



obtained for the ECdim mechanism, which was modeled to
involve both the H-bonded and non H-bonded radical anions.
The simulations indicate that the equilibrium constants for the
dimerization reactions (Eq 5 and Eq 6 in Scheme 2) increase as
the temperature decreases, which is similar to the results
obtained from other electrochemical studies on reversible
dimerization reactions indicating that the dimerization is
favored at lower temperatures.32−38

Although Figure 7 shows that the simulations could be made
to closely fit the experimental data, the large number of
parameters used in the simulations means that the values given
in Table 1 are not necessarily a unique set. A further
complication is that many of the parameters are interrelated
in such a way that varying one necessitates altering the others
to maintain the close fit. Nevertheless, it was found that in all
instances the degree of variation (and the estimated error) was
substantially less than 1 order of magnitude, which is a
reasonable degree of precision considering the large number of
steps in the mechanism.
A set of “dry” experimental results were also simulated to fit

the measured water content of 20 mM at room temperature
while normal nonwater controlled conditions used a water
concentration of 50 (±10) mM.
The simulations indicated that the potential of the first

reduction process (E°(1)) occurred at −1.75 (±0.04) V vs Fc/
Fc+ while the second reduction process (E°(2)) occurred at
−2.15 (±0.04) V vs Fc/Fc+. The reduction potential (E°(3)) of
the strongly hydrogen-bonded (with water) radical anion
occurred at a slightly more positive potential of −2.05 (±0.02)
V vs Fc/Fc+. Process IIIox consists of multiple species
undergoing oxidation (E°(4,5)) at slightly varying potentials
ranging from −0.83 V vs Fc/Fc+ to −1.08 V vs Fc/Fc+.
Oxidation of the dimer dianion that is formed from two
molecules of the anion radical takes place at a potential that is
slightly more positive than that of the oxidation of product X
that is formed via a decomposition reaction of the dianion. The
assignment of peak IIIox as consisting of at least two processes
was deduced by comparing the voltammograms obtained with
different switching potentials. The oxidation process (IIIox) that
was detected when the scan direction was reversed just after Ired
occurred at a potential that was more positive than that of the

oxidation process detected when the scan direction was
reversed after IIred. Furthermore, it was found that when
water was progressively introduced into the solution, the
reduction peak potentials shifted to more positive potentials,
which is likely due to hydrogen-bonding interactions.39−42

4. CONCLUSIONS

The results of this study indicate that retinal undergoes a series
of homogeneous reactions following heterogeneous electron
transfer that critically depend on retinal concentration,
temperature, and water content of the acetonitrile solutions.
At low water concentrations, low temperature, and high retinal
concentrations, dimerization of the anion radical is the favored
reaction mechanism. As the water content increases, hydrolysis
reactions (including hydrogen bonding) and decomposition of
the dianion of retinal dominate. The electrochemical
mechanism was particularly difficult to study because both
major products of the reduction (dimer dianions and
decomposition products) were themselves oxidized at very
similar potentials, comprising oxidation process IIIox.
The experimental apparatus used for electrochemical experi-

ments makes it difficult to completely exclude water from
electrochemical cells. Furthermore, the requirement that
voltammetric experiments be performed at relatively low
analyte concentrations (<10 mM) to avoid deleterious effects
in modeling the data (such as IR drop and migration), means
that in most circumstances there will be more water than
substrate. Therefore, the full interpretation of the voltammetric
behavior of retinal requires knowledge of the water content of
the solution. Whether these reactions occur biologically
remains to be determined, but it is interesting that even
relatively small amounts of water can substantially alter the
reduction mechanism. Furthermore, it is also likely that other
hydrogen-bonding donors such as amines, which are present in
lipophilic membrane environments, will also affect the
electrochemical behavior of retinal.
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Table 1. Equilibrium and Rate Constants Obtained by Digital Simulation of CV Data for the Reaction Mechanism Given in
Scheme 2a

temperature(K) kinetic parameters Eq 1 Eq 2 Eq 3 Eq 4 Eq 5 Eq 6

295 ± 2 (dry) Keq 5 × 104 1 × 107 1 × 103 1 × 104 5 × 104 3 × 104

kf 2 × 101 3 × 102 1 × 102 1 × 102 5 × 103 5 × 102

kb 4 × 10−4 3 × 10−5 1 × 10−1 1 × 10−2 1 × 10−1 2 × 10−2

295 ± 2 Keq 2 × 104 2 × 105 3 × 103 8 × 103 5 × 104 4 × 104

kf 2 × 100 1 × 102 3 × 102 5 × 102 5 × 103 8 × 102

kb 1 × 10−4 5 × 10−4 1 × 10−1 6 × 10−2 1 × 10−1 2 × 10−2

273 Keq 1 × 104 2 × 105 5 × 103 5 × 103 1 × 105 5 × 105

kf 2 × 100 1 × 102 3 × 102 5 × 102 5 × 103 1 × 103

kb 2 × 10−4 5 × 10−4 6 × 10−2 1 × 10−1 5 × 10−2 2 × 10−3

253 Keq 5 × 103 2 × 105 8 × 103 1 × 103 2 × 105 1 × 106

kf 2 × 100 1 × 102 5 × 102 1 × 102 2 × 103 6 × 102

kb 4 × 10−4 5 × 10−4 6 × 10−2 1 × 10−1 1 × 10−2 6 × 10−4

aCV data recorded in CH3CN with 0.2 M n-Bu4NPF6 at a 1 mm diameter GC electrode at scan rates of 0.1− 20 V s−1 and at water concentrations
between 0.020 and 0.1 M, where 0.020 was used for the dry conditions and 0.05−0.1 M for noncontrolled conditions. Heterogeneous rate constants
were estimated to be 0.5 cm s−1. Diffusion coefficient values for retinal were 1.25 × 10−5 cm2 s−1 at 295 K, 9.00 × 10−6 cm2 s−1 at 273 K, and 6.00 ×
10−6 cm2 s−1 at 253 K. The diffusion coefficient value for water was set at 1.00 × 10−5 cm2 s−1. Homogeneous rate constants for the forward (kf) and
backward (kb) reactions have units of s−1 and L mol−1 s−1 for the first- and second-order reactions, respectively.
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