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Lycopene is more potent than beta carotene
in the neutralization of singlet oxygen: role of energy
transfer probed by ultrafast Raman spectroscopy
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Abstract. Energy transfer processes between beta carotene, lycopene,
and singlet oxygen �1O2� have been studied by ultrafast Raman spec-
troscopy. Our experimental results demonstrate that during the neu-
tralization of singlet oxygen by beta carotene the excitation energy of
singlet oxygen is transferred directly to the first excited electronic state
S1 of beta carotene. In contrast, the excitation energy of singlet oxy-
gen is transferred directly to the ground excited vibronic state S0 of
lycopene. Our data not only provide the first direct experimental elu-
cidation of energy transfer processes in such important biological sys-
tems but also help explain why lycopene is a more potent antioxidant
than beta carotene in the neutralization of singlet oxygen. © 2006 Society
of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2398884�
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1 Introduction

Recently, a lot of experimental studies have demonstrated that
free radicals play an important role on various diseases in
human beings.1 Free radicals are molecules that contain un-
paired electrons.2 The unpaired electron is highly reactive. It
can either cause oxidative damage to the molecules or be
passed from one molecule to another so as to turn the recipi-
ent into a free radical. In the case of lipid peroxidation, there
is a chain reaction that involves damage and passing of
radicals.3 In general, cellular macromolecules, such as pro-
teins, nucleic acids, and lipids, are vulnerable to free radical
damage. For example, oxidation of low-density lipoprotein
�LDL� cholesterol by free radicals leads to atherosclerosis.4

Removal or neutralization of the free radicals can, therefore,
protect against cardiovascular diseases. It has also been re-
ported that free radicals might underlie the aging process it-
self because low caloric intake that reduces the generation of
free radicals has been shown to increase the life span in C.
elegans5 and others.6

Most free radicals in biological systems are derivatives of
oxygen that are usually referred to as reactive oxygen species
�ROSs�. They primarily are produced by mitochondria and
their damage is mainly to mitochondrial membranes and mi-
tochondrial DNA. Between 1 and 5% of the oxygen used by
mitochondrial to generate adenosine triphosphate results in
the formation of superoxide radicals. Although mitochondria
are the major source of free radicals, there are numerous other
sources. For example, free radicals are released from white
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blood cells �neutrophils� associated with inflammation. Neu-
trophils use oxidative free radicals �superoxide, hydrogen per-
oxide, hydroxyl� to kill intruding bacteria. The lysosomal
enzyme—myeloperoxidase—catalyzes the production of bac-
teriocidal hypochlorite from hydrogen peroxide and chloride
ions. Free radicals are also generated by eicosanoids from
arachidonic acid during ischemia-reperfusion injuries. Air
pollution, tobacco smoking, and ultraviolet irradiation can
produce free radicals that cause oxidative damage to lungs,
blood vessels, and other body tissues.

On the other hand, antioxidants are molecules that can
neutralize free radicals by accepting or donating an electron to
eliminate the unpaired condition. Typically, this means that
the antioxidant molecule becomes a free radical in the process
of neutralizing another free radical molecule. However, the
antioxidant molecule will be a much less reactive free radical
than the free radical neutralized. The antioxidant molecule
may be very large, thereby allowing it to dilute the unpaired
electron; it may be readily neutralized by another antioxidant
molecule; or it may have another mechanism for terminating
its free radical condition.

Recent studies have shown that high dietary intake of caro-
tenoids tremendously lowers the risk of various diseases.1

Carotenoid molecules such as beta carotene and lycopene are
powerful antioxidants that usually accumulated in the human
body through consumption of fruits and vegetables. These
molecules play the role of scavengers for free radicals,7 sin-
glet oxygen,8,9 and other harmful ROSs10 that are formed dur-
ing the biological and chemical processes in the cell. Caro-
tenoids also have great promise for use as inhibitors of
1083-3668/2006/11�6�/064025/6/$22.00 © 2006 SPIE
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various cancers and precancers.11,12 An inverse relationship
between beta carotene intake and the incidence of certain type
of cancers, such as lung and gastrointestinal tract cancers, has
been observed.13

Despite evidence of the effects of carotenoids on the health
of human beings, no knowledge about their neutralization
processes has been available. It becomes, therefore, very es-
sential to unfold the neutralization processes of carotenoids on
free radicals. In this paper, we report our spectroscopic find-
ings of the energy transfer process during the neutralization of
singlet oxygen by beta carotene and lycopene. Our experi-
mental results demonstrate that during the neutralization of
singlet oxygen by beta carotene, the excitation energy of sin-
glet oxygen is transferred directly to the first excited elec-
tronic state S1 of beta carotene; whereas, the excitation energy
of singlet oxygen is transferred to the ground excited vibronic
state S0 of lycopene, implying that lycopene is capable of
more efficiently neutralizing singlet oxygen than beta caro-
tene. Therefore, our findings not only provide the first direct
experimental elucidation of energy transfer processes in such
important biological systems but also help explain why lyco-
pene is a more potent antioxidant than beta carotene in the
neutralization of singlet oxygen.

2 Methods and Materials
The experimental technique—ultrafast Raman spectroscopy
employed in this work has been described in detail
elsewhere.14–17 As shown in Fig. 1, the output of the second
harmonic generation of a mode-locked Ti-sapphire laser is
used as both the excitation and probing sources in the case of
pump-probe experiments. In the single beam �pump only� ex-
periments, our experimental results represent an average over
the duration of the pulse width of the laser. The laser can
provide a continuous pulse train of 80 MHz in repetition rate,
at photon wavelengths ranging from 350 to 450 nm, having a
pulse width of about 100 fs and with average power of about
100 mW. One advantage of probing with Raman spectros-
copy is that the Raman scattering signal is present only when

Fig. 1 The experimental setup used to study energy transfer process
lycopene. M: mirror; P: prism; B.S.: beamsplitter; P.R.: polarization ro
the probing photons are present; as a result, the time resolu-
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tion in ultrafast Raman spectroscopy is limited only by the
pulse duration of the laser and not by the response time of the
detection system. In addition, Stokes processes can provide
information on both the ground and excited states; whereas,
anti-Stokes processes reflect the very existence of the excited
states. The Raman signal is collected and analyzed by a stan-
dard computer-controlled Raman system that includes a
double spectrometer, a photomultiplier tube, and associated
photon counting electronics. All the experimental data were
taken at T=300 K and with a laser operating at a 390-nm
wavelength.

Beta carotene, lycopene, and porphyrin samples used in
this study were purchased from Aldrich Co.

3 Results and Discussions
The dynamics of beta carotene have been studied extensively
in the literature.18–21 As depicted in Fig. 2, absorption of a
photon having a wavelength around 450 nm brings the beta

he neutralization of singlet oxygen molecules by beta carotene and
: lens; PMT: photomultiplier tube.

Fig. 2 Schematic energy diagram of a beta carotene molecule excited
by a near uv photon. S2 state relaxes toward S1 state in about 200 fs;
S1 thermalizes to S0 state in a few picoseconds. Also shown are the
Stokes and anti-Stokes Raman processes associated with S0, S1 states,
es in t
respectively.
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carotene from the ground electronic state S0 to the second
excited electronic state S2 �excitation to the first excited elec-
tronic state S1 from the ground electronic state S0 by photons
is forbidden because of the selection rule�. The excited S2
state relaxes to S1 state on a timescale of about 200 fs.22–26

The excited vibronic state associated with S1 thermalizes to its
ground vibronic state within 1 ps.21 The transition then occurs
within a few picoseconds with the CvC stretching motion as
the major accepting mode.22,27,28 The excited beta carotene
relaxed to its ground state within about 20 ps.

A typical Raman spectrum for beta carotene taken by the
ultrafast laser when only the pump pulse is present is shown
in Fig. 3�a� �after a suitable subtraction of the luminescence
background on the Stokes side�. There are no observable
structures found on the anti-Stokes side of the spectrum. This
is because the first excited electronic state S1 is populated by
the pump pulse about 200 fs after the pump excitation, but the
pulse duration of the excitation laser is about 100 fs. On the
other hand, the three profound Raman lines on the Stokes side
come from scattering of light by the rocking motion of
C–CH3 ��1005 cm−1�, the stretching motion of C–C
�1157 cm−1�, and the stretching motion of CvC
�1524 cm−1�, respectively, all of which are associated with

20

Fig. 3 Typical Raman spectra for beta carotene in toluene solution
excited by an ultrashort laser with pulse width about 100 fs in �a�
pump pulse only, and �b� pump/probe configuration with time delay
about 0.5 ps. See text for discussions.
the ground electronic state S0 of beta carotene.
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Figure 3�b� shows a typical Raman spectrum for beta caro-
tene taken by the ultrafast laser in the pump-probe configura-
tion in which the time delay between the pump and probe is
about 0.5 ps. We have found that on the Stokes side of the
spectrum, in addition to those appearing in the single beam
excitation of Fig. 3�a�, there is an additional feature at around
1800 cm−1 that is attributed to the scattering of light by the
stretching motion of CvC associated with the first excited
electronic state S1 of beta carotene.21,29 This unique feature
will be used later to justify unambiguously the direct involve-
ment of S1 electronic state in the neutralization of singlet
oxygen molecules by beta carotene. The small structures ob-
served on the anti-Stokes side indicate that there are sizable
excited vibronic states associated with both the S1 and S0
present during the probing.

Figure 4 shows a schematic diagram of how the free
radicals—singlet oxygen molecules—are produced in our ex-
periment. Absorption of a near uv photon brings the photo-
sensitizer molecule—porphyrin—into the excited state S1.30–32

The excited porphyrin then undergoes an intersystem crossing
to a triplet state T1 with energy of 110 to 130 kJ/mol on the
timescale of nanoseconds. From the triplet state, the energy is
transferred to the nearby oxygen molecules by turning them
from a triplet ground state 3�g into an excited singlet state
1�g with excitation energy of 94 kJ/mol, which happens on
the timescale of a few milliseconds. The presence of excited
singlet oxygen molecules in solution is usually detected by
their 1�g→ 3�g luminescence at around 1270 nm. Figure 5
shows a typical luminescence spectrum detected when the
porphyrin in air-saturated toluene solution is excited by our
laser pulses.

Figure 6�a� shows a Raman spectrum for a mixture of beta
carotene with porphyrin in toluene and under about 10−4 Torr
air pressure, that is, without the presence of oxygen mol-
ecules, taken with the pump pulse present only. We notice that
the spectrum is strikingly similar to Fig. 3�a� in which only
beta carotene is present. However, as the solution in Fig. 6�a�
is air-saturated, the Raman spectrum, which is shown in Fig.
6�b�, mimics that of Fig. 3�b� in which a delayed probe pulse
is also present. Apparently, the addition of oxygen molecules
in the mixture causes the presence of Stokes as well as anti-
Stokes signal at around 1800 cm−1 in Fig. 6�b�, which
provides21,29 unambiguous evidence that the first excited vi-
bronic state S1 of beta carotene is populated during the energy

Fig. 4 Energy diagram demonstrating the production of singlet oxygen
molecules from porphyrin in air-saturated toluene solution. OPE: one
photon excitation; ISC: intersystem crossing; ET: energy transfer. See
text for discussions.
transfer processes.
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Comparison of the relative intensities of CvC �S0� versus
C–C �S0� on the anti-Stokes side between Figs. 3�b� and 6�b�
indicates that intramolecular vibrational redistributions do de-
pend on the mechanism of 2Ag

− generation.

Fig. 5 A typical luminescence spectrum detected in the mixture of
porphyrin in air-saturated toluene after excitation of an ultrafast laser
having a 390-nm wavelength. The luminescence comes from the ra-
diative relaxation of the singlet oxygen toward its triplet ground state.

Fig. 6 Typical Raman spectra for beta carotene with porphyrin in tolu-
ene solution �a� without oxygen molecules, �b� with oxygen mol-
ecules, excited by a 390-nm pump laser only. The presence of an
additional Raman line at around 1800 cm−1 on the Stokes side in �b�
as compared with �a� is indicative of the direct involvement of the
excited vibronic state S1 of beta carotene in the neutralization of sin-

glet oxygen molecules.
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We note that because the energy transfer between the trip-
let state T1 of porphyrin and the nearby oxygen molecule
occurs on the timescale of milliseconds,32 while the repetition
rate of our excitation or probing laser is 80 MHz, we are
exciting or probing under a quasi-steady-state condition in our
current experimental configuration. It is this quasi-steady-
state condition that enables us to detect the transient and
therefore the intermediate states of energy transfer processes
with a single–laser beam experiment.

We notice that the first excited vibronic state S1 of beta
carotene can be populated through the relaxation of higher
excited states in beta carotene. However, this possible sce-
nario is unlikely, because it involves simultaneous relaxation
of three or more singlet oxygen molecules. Another possible
energy transfer pathway is that the excitation energy of singlet
oxygen transfers partly to the vibronic states associated with
the ground electronic state S0 of beta carotene and partly to
that associated with the first excited state S1. This is not pos-
sible considering the fact that in Fig. 6�b� nonequilibrium
CvC �S1� stretching mode is observed and its occupation
number ��n�0.0054� has been found to be about the same
as that of CvC �S0� ��n�0.0058� and much larger than
that of C–C �S0� ��n�0.0012� stretching modes. On the
other hand, these experimental observations are consistent
with what one would expect under the quasi-steady-state con-
ditions when the excitation energy of singlet oxygen is trans-
ferred directly to the S1 state. Therefore, the presence of
Stokes as well as anti-Stokes Raman lines coming from the
scattering of light by the stretching motion of CvC at
around 1800 and −1800 cm−1 seen in Fig. 6�b�, provides con-
crete evidence that during the neutralization of singlet oxygen
by beta carotene, the excitation energy of singlet oxygen mol-
ecules transfers primarily to the excited vibronic states asso-
ciated with the first excited electronic state S1 of beta caro-
tene. As shown in Fig. 7, because the energy difference
between the S1 and S0 states of beta carotene is about

−1 33

Fig. 7 A proposed energy transfer process suggested by our experi-
mental results in the neutralization of singlet oxygen molecules by
beta carotene. In the process, two singlet oxygen molecules simulta-
neously lose their excitation energy to beta carotene, which is excited
to the first excited vibronic state S1.
14 500 cm , in order for such an energy transfer to occur
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while conserving the energy, two singlet oxygen molecules
�each of them has excess energy of about 7875 cm−1� must be
simultaneously losing their energy by relaxing to their ground
triplet states with the excitation of a beta carotene molecule to
its first excited vibronic state associated with S1.

Figure 8 shows a Raman spectrum for a mixture of lyco-
pene with porphyrin in air-saturated toluene solution, taken
with the pump pulse present only. All the experimental param-
eters are kept the same except that beta carotene has been
replaced by lycopene. The intriguing feature of this spectrum,
when compared with Fig. 6�b� in which beta carotene is used,
is the disappearance of 1800 cm−1 structures on both Stokes
and anti-Stokes sides. This observation provides direct evi-
dence that the first excited state S1 in lycopene is not involved
in the energy transfer processes. On the other hand, a rela-
tively large occupation number ��n�0.017� is detected for
the CvC stretching mode associated with the ground elec-
tronic state S0, suggesting that the excitation energy of singlet
oxygen is transferred primarily to the ground excited vibronic
state S0 of lycopene. We notice that the full width at half
maximum �FWHM� for Raman signals associated with CvC
�S0� is significantly wider for lycopene �Fig. 8� than for beta
carotene �Fig. 6�b��. This is because under the quasi-steady-
state condition, significantly more higher vibronic modes are
populated in lycopene �up to ��5� than in beta carotene ��
�1�. In addition, the peak has been found to be redshifted, as
a result of the effect of anharmonicity of the CvC vibra-
tional mode. A proposed energy transfer process for a
lycopene–single oxygen system based on our experimental
results is depicted in Fig. 9. Because an energy transfer pro-
cess involving simultaneous deexcitation of two singlet oxy-
gen molecules is much less likely than a process involving a
single one, our findings provide a possible answer to the fol-
lowing question: Why is lycopene a more potent antioxidant
than beta carotene in the neutralization of singlet oxygen?34,35

We now address why beta carotene can be excited by a
pair of singlet oxygen molecules, whereas lycopene can be

Fig. 8 A typical Raman spectrum for lycopene with porphyrin in air-
saturated toluene solution, excited by 390-nm pump laser only. The
absence of Raman lines at around 1800 cm−1 on the Stokes side and
anti-Stokes side as compared with Fig. 6�b� suggests that the excitation
energy of singlet oxygen is transferred primarily to the excited vi-
bronic state S0 of lycopene in the neutralization of singlet oxygen
molecules.
excited by a singlet oxygen molecule. One likely explanation
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is that the pair of beta-ionone rings attached to both ends of
beta carotene may be relevant, because it is known that their
double bonds can be oxidized to form epoxides, see for ex-
ample the case of the violaxanthin cycle. Another possible
explanation is that when a pair of 1 3Bu�T1� fragments is
formed in a beta carotene molecule by energy transfer from
two 1O2, the 2 1Ag

− �S1� state of the beta carotene can be
formed by fusion, because 1 3Bu�1 3Bu=2 1Ag in
symmetry.36

4 Conclusion
We have studied energy transfer processes in the beta
carotene–singlet oxygen and lycopene–singlet oxygen sys-
tems by using ultrafast Raman spectroscopy. Our experimen-
tal results provide concrete evidence that excitation energy of
singlet oxygen is transferred primarily to the first excited elec-
tronic vibronic state S1 of beta carotene, suggesting that the
neutralization process involves simultaneous relaxation of two
singlet oxygen molecules. On the other hand, the excitation
energy of singlet oxygen is transferred primarily to the ground
excited vibronic state S0 of lycopene. These experimental re-
sults indicate that lycopene is capable of more efficiently neu-
tralizing singlet oxygen than that of beta carotene. Therefore,
our findings not only provide the first direct experimental elu-
cidation of energy transfer processes in such important bio-
logical systems but also help explain why lycopene is a more
potent antioxidant than beta carotene in the neutralization of
singlet oxygen.
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