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The oxidation/reduction properties of the thiol-substituted carotenoid, 7′-apo-7′-(4-mercaptomethylphenyl)-
â-carotene (AMC), on gold and glassy carbon electrodes were investigated. Similarities of the first and second
oxidation potentials of AMC when the glassy carbon electrode is used are attributed to stabilization of the
dication in the presence of CH2Cl2. This does not occur for AMC tethered to gold, where the second oxidation
potential is higher than the first by 145 mV. Self-assembled monolayers between AMC and the gold electrode
causes the first oxidation potential to be lower by 90 mV than that on glassy carbon electrode. These phenomena
are examined with density functional theory (DFT) calculations, which show that the ionization potential for
the AMC-transition metal complex is lower than that of AMC. DFT calculations also show that the LUMO
of the carotenoid-transition metal complex is independent of the chain length of the carotenoid but is related
to the transition metal. Upon reduction at-1.185 V versus SCE the C-S bond of self-assembled AMC is
cleaved.

Introduction

Extensive electrochemical studies1 using platinum electrodes,
confirmed by density functional (B3LYP) quantum chemical
calculations, revealed the inversion of the standard potentials
of the first and second electron transfers in the oxidation of
â-carotene and 15,15′-didehydro-â-carotene (but not in their
reduction) as well as in the reduction of canthaxanthin (but not
in its oxidation). Two main interconnected effects were deduced.
One is the localization of the charges of the di-ion toward the
ends of the long conjugated molecule at a large distance from
one another, thus minimizing Coulombic repulsions. The
localization of charges also favors solvation of the di-ion giving
rise to additional stabilization. The charge in the ion radical is
delocalized over the entire polyene chain, which disfavors
stabilization by interaction with the solvent. These two solvation
effects allow for potential inversion by 30 mV, which cannot
occur if the two electrophores are linked by a saturated bridge.1

Localization of the charges in the di-ion is favored by the
presence of electron-accepting terminal groups of reduction
(carbonyl groups in canthaxanthin) and hole-accepting groups
for oxidation ofâ-carotene.

In this paper, we examine the standard oxidation potentials
of the first and second electron transfers of a carotenoid tethered
to an electrode at one end of the conjugated chain, thus reducing
the effect of solvation at both ends of the carotenoid. Such a
study is possible with a thiol-substituted carotenoid, 7′-apo-7′-
(4-mercaptomethylphenyl)-â-carotene (AMC), which can form
self-assembled on monolayers (SAMs) gold surfaces.2 The
electrochemical behavior of a carotenoid self-assembled on gold

can be compared to that when using a glassy carbon electrode,
where no self-assembly can occur and thus the carotenoid
dication can be additionally stabilized by the solvent.

Saturated organosulfur compounds such as alkanethiolates are
known to form self-assembled monolayers on metal surfaces,3

and various features of SAM's have been reviewed extensively.4-8

The properties of electroactive SAMs have attracted considerable
interest because of their potential application in molecular
devices.9 Molecules that contain a long conjugated system, such
as carotenoid derivatives,2 phenylene-vinylene,10 and phenyl-
eneethynylene11 and others,12,13have been synthesized and also
incorporated into SAMs. Of these molecules, carotenoid poly-
enes appear to be excellent candidates for molecular wires
because of their conjugated nature and the planar conformation
of the alkene chain, which maximizes overlap of theπ electrons.
Despite the demonstration of promising molecular-electronic
devices,14-17 the nature of the junction between molecules and
metals is still unclear.18 Previous studies19,20 have shown that
the conductivity ofn-alkenes is enhanced enormously when
metal “contact pads” are covalently bonded to each end of the
molecule and a conducting atomic force microscope probe is
used to contact the top metal surface (a gold nanoparticle).

Recently, a thiol-substituted carotenoid, 7′-apo-7′-(4-mercap-
tomethylphenyl)-â-carotene (AMC) (Chart 1), was synthesized.2

This material is over one million times more conductive than
long-chain alkanethiols, suggesting that the carotenoid acts as
a molecular wire.2 Infrared and UV-vis spectroscopy, contact
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angle measurements, ellipsometry, and XPS (X-ray photoelec-
tron spectroscopy) data indicate that AMC molecules self-
assemble on gold surfaces.21 The monolayers are less ordered
than alkanethiols because of steric hindrance along the polyene
backbone and the bulky terminalâ-ionone group. Nevertheless,
they still form a hydrophobic interface. The polymer chains are
disordered, and XPS spectra suggest that AMC molecules absorb
on Au surfaces as thiolates.

In this study, we investigated the electrochemistry of AMC
on gold and glassy carbon electrodes with the aim of ascertaining
how chemisorption of AMC affects the electron transfer between
AMC and the gold electrode. Because AMC is chemisorbed
on the gold surface, solvation of the AMC radical cation,
dication, radical anion, and dianion should be altered, and thus
the difference between the first and second oxidation potentials
and that between the first and second reduction potentials on a
gold should be different from those on a glassy carbon electrode.
Density functional quantum chemistry calculations (DFT) were
carried out to examine the ground-state energies and the
oxidation potential of the AMC-transition metal complex as
well as the dependence on chain length of the carotenoids.

Experimental Section

Chemicals.7′-apo-7′-(4-mercaptomethylphenyl)-â-carotene
(AMC) was a gift from Devens Gust’s group (Department of
Chemistry and Biochemistry, Arizona State University). An-
hydrous dichloromethane (CH2Cl2) was purchased from Aldrich.
Tetrabutylammonium hexafluorophosphate (TBAHFP) was
obtained from Fluka.

Electrochemistry. Cyclic votammetry (CV) and Osteryoung
square-wave voltammetry (OSWV) measurements were per-
formed by using a BAS-100 B/W electrochemical analyzer in
a conventional three-electrode system at room temperature.
TBAHFP was the supporting electrolyte. Gold and glassy carbon
disks (diameter for gold electrode is 1.6 mm and that for glassy
carbon is 3 mm) were used as working electrodes, a platinum
wire was used as the auxiliary electrode, and a saturated calomel
electrode (SCE) was used as the reference electrode. The
working electrodes were prepared with the polishing tool
supplied by BAS before each experiment. AMC CH2Cl2 solution
was prepared in a N2 drybox. The concentration of AMC is 1
mM, and that of TBAHFP is 0.1 M. The DigiSim CV simulation
program (version 2.0), written by Rudolph et al.,22 was supplied
by BAS.

DFT Calculations. Functional B3LYP23 included in the
Gaussian 03package24 was used in the DFT calculations.

Results and Discussion

Cyclic voltammetry of the electrochemical oxidation-reduc-
tion cycle of carotenoids (Car) in CH2Cl2 has been well studied,
and several electrode and homogeneous reactions (Scheme 1)
have been identified.25-33 Typically,33 the oxidation-reduction
CV for a carotenoid such as canthaxanthin consists of five peaks.
Peak 1 is due to the formation of the radical cation (eq 1). Peak
2 at a slightly higher oxidation potential is due to the formation
of the carotenoid dication by a one electron oxidation of the
radical cation (eq 2). Peaks 3 and 4 are the subsequent one-
electron reductions of the dication and the radical cation,
respectively (reverse of eqs 1 and 2). Peak 5 is due to the
formation of the neutral carotenoid radical formed by the loss
of H+ from the 5 or 5′ (or possibly 9′ or 9, or 13′ or 13) methyl
group of the dication (eqs 6 and 3) followed by reduction. EPR
studies26,29and electrochemical simulations have established the
equilibrium given by eq 4. Electrochemical-EPR studies con-

firmed29 the existence of the equilibrium (eq 4) by the
reappearance of the radical cation EPR signals following the
electron transfer between diffusing excess carotenoid and the
dication after the diamagnetic dication is formed by extensive
electrolysis. The equilibrium constant (K) for eq 4 varies over
approximately 4 orders of magnitude, being the largest (K ≈
103) for carotenoids with high oxidation potentials, such as those
with electron acceptor groups like canthaxanthin (keto group)
or dicyano groups to the lowest (K ≈ 1) for those carotenoids
with donor groups likeâ-carotene, which exhibits some of the
lowest oxidation potentials measured to date.

The CV was recorded (Figure 1a) after the gold electrode
had been immersed in the AMC CH2Cl2 solution until AMC
SAM formation had taken place.21 Peaks 1 and 2 are oxidation
peaks of Car and Car•+, respectively; peaks 3, 4, and 5 are
reduction peaks of Car2+, Car•+, and #Car+, respectively. The
peak-to-peak separation for the first redox pair is only 42 mV
at scan rate 1000 mV/s, indicating that the electron transfer
between AMC and the gold electrode is very fast, in accord
with chemisorption and SAM formation on the gold electrode.
The appearance of peak 5 confirms the formation of Car2+ from
which #Car+ is produced.25-33 Because the DigiSim CV
simulation program cannot be used to simulate a CV process
that is not diffusion-controlled, the electron-transfer rate con-
stants and redox potentials cannot be obtained by simulation.
The redox potentials listed in Table 1 for the first and second
electron transfers are averages of the observed oxidation and
reduction peak potentials. The second oxidation potential is
higher than the first by 145 mV; the same as observed33 for
8′-Apo-â-carotenal in CH2Cl2 solution using a Pt electrode.

Figure 1b shows the oxidation CV and DigiSim simulation
CV of AMC on a glassy carbon electrode at a scan rate of 500
mV/s. Soaking the electrode in the AMC CH2Cl2 solution for
30 min prior to measurement had no effect on the CV. The
presence of the reduction peak of #Car+ (peak 5) indicates that
two electrons can be transferred in the oxidation. Thus, the broad
peaks are due to overlap of the two oxidation and two reduction
peaks. The first and second oxidation peaks cannot be separated
by high-resolution OSWV measurements. Best-fit DigiSim
simulation (Figure 1b, Table 1) is obtained when the two
oxidation potentials are very similar. It should be noted that
the first oxidation potential on the gold electrode is lower than
that on the glassy carbon electrode by about 100 mV. To
investigate the similarity of oxidation potentials in this case,
the charge distributions in the AMC radical cation (AMC•+)
and dication (AMC2+) were calculated by B3LYP/G-31G(d,p).

SCHEME 1
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The structure of AMC was built based on the reported X-ray
structure34 of â-carotene. In the optimized geometry, calculated
by B3LYP/G-31G(d,p), the benzene ring, the Cd-Cg bond, and
the chain are in the same plane. The Cd-Cg-S angle is 107.6°,
and the Cg-S-H angle is 98.7°. The calculated excess charge
differences (DDexcess) between AMC•+ and AMC and those
between AMC2+ and AMC are shown in Figure 2a and b,
respectively. Note, they-axis scale in Figure 2b is twice that of
Figure 2a. For brevity, the charges at the benzene ring and Cg
are added together as T and the charges at adjacent carbon atoms
in the conjugated chain are added together. In AMC•+, the
positive charge is distributed over the conjugated chain. In
AMC2+, the positive charge distribution exhibits two maxima,

one around C5 and C6 and the other at T. Thus, stabilization
of the dication by solvent as shown previously forâ-carotene1

has caused the oxidation potential to be similar to that of the
radical cation using a carbon electrode.

The reduction CVs of AMC were also carried out with the
gold and glassy carbon electrodes (Figure 3a). When the scan
range is from 0 to-1600 mV, no reduction peak of AMC on
the glassy carbon electrode was observed; however, a reduction
peak (inset of Figure 3a) at-1185 mV for AMC on the
chemisorbed gold electrode was detected, and no reverse
oxidation peak was observed. Studies8 show that SAMs on a
gold surface are easily desorbed upon reduction between-0.7
and-1.1 V depending on the thiol derivative. Thus, the peak
at -1185 mV is attributed to apparent reductive desorption,8

that is, rupture of the C-S bond leaving S on the gold surface
(ref 37). When the scan range is from-1400 to-2000 mV, a
reduction peak was detected with each electrode; no reverse
oxidation peak was observed in either case.

According to a previous study,1 carotenoids that are not
chemisorbed can also add two electrons. Because in the
reduction of AMC, only one broad band is observed with the
glassy carbon electrode, either only one electron is transferred,
or the first and second reduction peaks overlap. The latter proved
to be the case for the glassy-carbon electrode: high-resolution
OSWV (Figure 3b) showed two peaks separated by only 66
mV. B3LYP/6-31G(d,p) calculations show that in AMC•- the
excess negative charge is distributed throughout the whole
molecule (Figure 4a), and that in AMC2- (Figure 4b) the excess
negative charge (DDexcess) is localized around C7 and C8 and
around C7′ and C8′. Note, they-axis scale in Figure 4b is twice
that of Figure 4a. No reverse oxidation peaks were detected in
the CVs because AMC•- and AMC2- are either unstable or very
reactive. The first and second reduction potentials on the gold
and glassy carbon electrode determined by OSWV are listed in
Table 1. The broad peak at-1.8 V is due to overlap of the
first and second reduction peaks shifted to a more negative
potential than on the glassy carbon due to modification of the

Figure 1. (a) Oxidation-reduction CV of AMC on a gold electrode.
Scan rate: 1000 mV/s. (b) Experimental (solid line) and simulation
(dashed line) of oxidation-reduction CV of AMC on a glassy carbon
electrode. Scan rate: 500 mV/s.

TABLE 1: First and Second Oxidation Potentials (vs SCE)
of AMC on Gold and Glassy Carbon Electrodes, and the
Reduction Potentials (vs SCE) of AMC on Gold and Glassy
Carbon Electrodes

electrode
oxidation potentials

(mV) (5
reduction potentials

(mV) (5

first second first second

gold 520 665 -1800a -1800a

glassy carbon 612 616 -1604 -1670

a Reduction potentials of desorbed AMC-Au after rupture of a C-S
bond and in the presence of adsorbed S. Apparent reductive desorption
occurred at-1185 mV.

Figure 2. Calculated excess charge difference (DDexcess) between (a)
AMC•+ and AMC, (b) between AMC2+ and AMC. They-axis scale in
b is twice that of a.
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gold electrode by the presence of S. This is noteworthy because
now the first reduction potential on the gold electrode at-1.8
V is much lower than that on the glassy carbon electrode (by
about 190 mV).

The hybrid density functional theory (DFT) method B3LYP23

was used to study HOMO and LUMO energies of AMC,
AMC-Au, AMC-Ag, and AMC-Cu. The basis set Lan-
L2DZ35,36was used for all atoms in the geometry optimization
without symmetry constraints. For thiolates chemisorbed on
transition-metal surfaces, the metal cluster size affects the
molecular orbitals’ (MOs) eigenstates,37 and the complex
AMC-(M)n (M represents a metal,n is the number of metal
atoms) were also calculated. Because AMC contains about 100
atoms, the calculation effort of AMC-(M)n would be huge.
Fortunately, according to ref 37, only several MOs eigenstates
exhibit a strong dependence on the size of the metal cluster,
and other MOs change only slightly upon variation of the
number of metal atoms. For thiolates chemisorbed on the Cu
cluster,37 only two MOs, both composed of C(2pz), S(3pz), and
Cu(3d) contributions with energies around-9 eV, exhibit a
strong dependence on the size of the Cu cluster.37 The calculated
HOMO and LUMO energies (see below) of AMC-Cu are much

higher than-9 eV and thus can be considered to be ap-
proximately independent of the size of the metal cluster. The
optimized geometries of AMC, AMC-Au, AMC-Ag, and
AMC-Cu by B3LYP/LanL2DZ showed that the structure of
AMC does not change significantly after the thiol H atom is
replaced by the metal atoms. The respective C-C, CdC, C-H,
and C-S bond lengths are very similar in the four structures.
The bond lengths for S-Au, S-Ag, S-Cu, and S-H are 2.388,
2.438, 2.207, and 1.383 Å, respectively. Because the atom size
decreases from Au to Ag to Cu to H, those bond lengths should
decrease from S-Au to S-Ag to S-Cu to S-H. However,
the calculations show that the bond length of S-Au is shorter
than that of S-Ag, indicating that the bonding between S and
Au in AMC-Au is stronger than that between S and Ag in
AMC-Ag. The calculated HOMO energies, listed in Table 2,
show that the HOMO energies of AMC-Au, AMC-Ag, and
AMC-Cu are higher than that of AMC by 0.02, 0.06, 0.06 eV,
respectively. The differences indicate that replacement of H with
Au, Ag, or Cu causes a small change in the HOMO energy.
The calculated LUMO energies, listed in Table 2, show that
the LUMO energies of AMC-M are lower than that of AMC
by 0.98, 0.57, and 0.36 eV for AMC-Au, AMC-Ag, and
AMC-Cu, respectively, indicating that metal atoms cause the
LUMO energy of AMC-M to be lower than that of AMC and
the larger metal atom affects the LUMO energy more signifi-
cantly than the smaller one. The DFT calculated ionization
potential for AMC-Au is 121.9373 kcal/mol for oxidation and
-50.1635 kcal/mol for reduction. For AMC, the DFT calculated

Figure 3. (a) Reduction-oxidation CV of AMC on a gold electrode
(solid line) and a glassy carbon electrode (dashed line), scan range:
-1400 to -2000 mV, scan rate: 1000 mV/s. Inset: reduction-
oxidation CV of AMC on a gold electrode, scan range: 0 to-1600
mV, scan rate: 1000 mV/s. (b) OSWV for reduction of AMC on a
gold electrode (solid line) and a glassy carbon electrode (dashed line)
from -1500 to-1950mV.

Figure 4. (a) Calculated excess charge difference (DDexcess) between
AMC•- and AMC, and (b) AMC2- and AMC. They-axis scale in b is
twice that of a.

TABLE 2: Calculated HOMO and LUMO Energies (eV) for
AMC, AMC -Au, AMC -Ag, and AMC-Cu

AMC AMC-Au AMC-Ag AMC-Cu

HOMO -4.52 -4.50 -4.46 -4.46
LUMO -2.42 -3.40 -2.99 -2.78
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ionization potential is 122.1602 kcal for oxidation and-39.9449
kcal/mol for reduction. The calculations are in agreement with
the experimental data, which showed that the first oxidation
potential of AMC-Au is lower than that of AMC. The first
reduction potential for AMC-Au is predicted to be less negative
than that for AMC. Unfortunately, reductive desorption by
rupture of a C-S bond occurred before a reductive potential
could be measured for AMC-Au. To understand these phe-
nomena, the HOMO and LUMO surfaces of AMC, AMC-Au,
AMC-Ag, and AMC-Cu were calculated and are shown in
Figure 5. For the HOMO surfaces, theπ orbitals are distributed
over the whole conjugated system and there are no contributions
from the atomic orbitals of the metals, which explains why the
HOMO orbital energies are not affected by the metal atoms.
However, for the LUMOs of AMC-M, the atomic orbitals of
the metal (2s, 3s, and 5Px) and S (3Px and 4Px) make the largest
contributions while those from C and H are very small, which
explains why the metal atoms affect the LUMO energies
significantly and why different metal atoms affect the LUMO
energies of AMC-M differently.

To predict whether the above properties depend on the chain
lengths of carotenoids, thiol-substituted carotenoids with dif-
ferent chain lengths were examined by B3LYP calculation. Chart
2 shows thatI andII contain 2 and 4 fewer double bonds than
AMC, respectively, andIII contains 2 more double bonds than
AMC. The HOMO and LUMO surfaces (Figure 6) ofI-Au,
II -Au, andIII -Au by B3LYP/ LanL2DZ show that Au does
not contribute to the HOMOs of those carotenoid-Au com-
plexes and that Au and S make the largest contribution to the
LUMOs of those complexes, which is just like AMC-transition

metal complexes, indicating that those properties are independent
of chain lengths of carotenoids. The calculated HOMO and
LUMO energies ofI-Au, II -Au, III -Au, and AMC-Au
listed in Table 3 show that the HOMO energies of those
complexes increase with increasing chain length of carotenoid;
however, the LUMO energies are the same for all of the species
because the LUMOs consist of only S and Au atomic orbitals.

Conclusions

The dications of AMC are more stabilized than the radical
ions because the two charges are localized at the two ends of
the conjugated chain at a large distance from one another; the
charge in the radical ion of AMC is delocalized throughout the
whole conjugated system. These properties cause the similarity
of the two oxidation potentials and the two reduction potentials

Figure 5. Calculated HOMO and LUMO surfaces of AMC, AMC-Au, AMC-Ag, and AMC-Cu. Green, positive wave function; red, negative
wave function. H, light gray; C, dark gray; S, yellow (small); Au, yellow (large); Ag, light blue; Cu, brownish red.

CHART 2

Thiol-Substituted Carotenoid J. Phys. Chem. A, Vol. 110, No. 33, 200610095



of AMC on a glassy carbon electrode. However, the solvation
effect is suppressed when AMC is chemisorbed on the gold
electrode. Chemisorbed AMC is reductively cleaved (C-S
scission), at 1.185 V, leaving S attached to the Au electrode.

Bonding of AMC to the gold electrode facilitates the first
electron transfer from AMC to the electrode. DFT calculations
show that the LUMO orbital of AMC-M is composed of the
atomic orbitals of S and the metal atoms and contribution from
C and H atoms are small. Metal atoms cause the LUMO energy
of AMC-M to be lower than that of AMC, and this effect is
more significant for large metal atoms such as Au. Because the
HOMO orbitals of AMC and AMC-M are distributed over the
whole conjugated system and there is no contribution from the
metal atom, the HOMO energies are not affected by metal
atoms. Unfortunately C-S bond scission occurs before reduction
can occur, leaving an S covered electrode remaining. DFT
calculations also show that the HOMO energy of the caro-
tenoid-transition metal increases with increasing chain length
of the carotenoid and is independent of the transition metal.
The LUMO energy of the complex does not depend on the chain
length of the carotenoids but is affected by the transition metal.
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