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The concurrent dynamics of the electronic excitation and vibronic oscillations of spheroidene have been
investigated by means of the transient grating �TG� spectroscopy. The third-order optical responses of sphe-
roidene in an organic solvent, in the LH2 light-harvesting antenna complexes, and in chromatophores have
been compared in order to investigate the influence of the environment surrounding this photosynthetic pig-
ment. Vibronic coherent oscillations with a period of several tens of femtosecond have been clearly observed
superimposed on a slowly varying background, which reflects the electronic dynamics. The dynamics of the
coherent oscillations have been analyzed by means of the wavelet analysis. Within our experimental accuracy,
the decay times of the CvC and CuC stretching modes and CuCH3 rocking mode of each specimen are
very close. The experimental results have also been analyzed using a Brownian oscillator model. For these
numerical calculations, the spectral density for the underdamped modes has been determined from the Raman
spectrum of spheroidene. It was found that the low-frequency modes that reflect the influence of the protein
environment can be approximated by the overdamped Brownian oscillator. The experimentally observed linear
absorption spectra as well as the third-order optical responses, i.e., TG curves, are reproduced very well by
these calculations. The close agreement between the experiments and calculations indicates that the Feynman-
diagrammatic approach can be applied to express not only the internal conversion but also the intermolecular
excitation energy-transfer processes. The vibronic decay rates of spheroidene in LH2 complexes and chromato-
phores are evaluated to be about 20% larger than in the organic solvent.
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I. INTRODUCTION

Carotenoids �Car� are one of the most abundant pigments
found in nature and are known to play an important role of
light harvesting in bacterial antenna complexes.1,2 The pri-
mary processes of photosynthesis involve the capture of sun-
light and efficient transfer of the resulting excitation energy
to the reaction centers.3 Carotenoids absorb photons in the
blue green region of the spectrum. Since this spectral region
corresponds to a gap between the absorption bands of �bac-
terio�chlorophylls, carotenoids act as accessory light-
harvesting pigments.1 This light-harvesting process involves
singlet-singlet energy transfer from the donor carotenoids to
the acceptor �bacterio�chlorophylls. The fluorescence-
excitation measurements, together with time-resolved ab-
sorption spectroscopy, have revealed the highly efficient
energy-transfer pathways from carotenoid to bacteriochloro-
phylls �BChl� in photosynthetic purple bacteria.4–7 For ex-
ample, almost 90% of the photons absorbed by the caro-
tenoids are transferred to the BChl in the LH2 antenna
complexes of Rhodobacter �Rba.� sphaeroides 2.4.1. Inter-
estingly there is still considerable uncertainty as to the de-
tailed mechanisms involved in these energy-transfer reac-
tions.

When considering these excitation energy-transfer pro-
cesses, it is necessary to determine the decay rates of the
electronic excitations and the rates of the energy transfers
taking place between the photosynthetic pigments.2 It is also
important to take the molecular vibrations into consideration

since it is well known that the dynamics of electronic states
is strongly influenced by those of the nuclei, as has been
widely recognized in solid-state physics and physical chem-
istry in both exciton-phonon interactions and vibronic
coupling.8,9 For a unified understanding of the electronic and
vibronic structures of photosynthetic pigments simultaneous
observation of both their electronic and nuclear dynamics is
necessary. According to the fluctuation-dissipation theorem
since the spectral linewidth � of a Raman peak is related to
the decay time T2

� of the vibronic mode by �= ��cT2
��−1, a

Raman-scattering measurement should provide direct infor-
mation on the dynamics of vibronic oscillations. Although
Raman-scattering measurements of spheroidene have been
reported,10 most of them have mainly focused attention on
the peak energies; this information is not enough to discuss
the dynamics of the carotenoid’s molecular vibrations. Fur-
thermore, as reported by several authors, there are discrep-
ancies between the decay rates evaluated by Raman measure-
ments and those obtained by time domain measurements
because of, for example, anharmonic interactions.11,12 The
results of x-ray crystallography on the antenna complexes
from purple bacteria show that carotenoids bound to these
light-harvesting proteins are rather twisted,3,13 which may
result in significant anharmonicity of their potential curves.
Therefore, direct observation of the dynamics of their vi-
bronic oscillations is required.

The ultrafast nonlinear responses of photosynthetic pig-
ments have been described previously.12,14–17 In these studies
pump-probe and transient grating �TG� spectroscopies have
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been widely used.18 The most important advantage of the TG
spectroscopy in comparison with the pump-probe technique
is that the TG signal is background free since it is detected
along the phase-matched direction of three pump pulses. Re-
cently, the TG spectroscopy of carotenoids has been
described.12,14–16,19 In addition, Christensson et al.20 have
also reported the electronic structures of astaxanthin and ly-
copene using other third-order nonlinear spectroscopic tech-
niques, i.e., three-pulse photon-echo and peak shifts. How-
ever, detailed TG signals from carotenoids bound in light-
harvesting complexes have not been investigated previously.

In the present work, the vibronic coherent oscillations and
the relaxation processes of electronic excitation of caro-
tenoids in solvent and the peripheral light-harvesting antenna
complexes LH2 from Rba. sphaeroides 2.4.1 have been com-
pared by means of the TG spectroscopy. The advantage of
using LH2 is that there is extensive information on its struc-
ture obtained by a combination of electron and atomic force
microscopy.21 Another important advantage of this system is
that the electronic levels of pigments are spectrally well re-
solved, resulting in a clearly understandable absorption spec-
trum. The ultrafast spectroscopy on LH2 from Rba.
sphaeroides has been performed by several groups, espe-
cially by means of the fluorescence up-conversion, two-
photon excitation, and pump-probe techniques �see, for ex-
ample, Refs. 2, 4–7, and 22–28�. In this paper, ultrashort
pulses of sub-20 fs duration have been used to examine the
electronic and vibronic decay processes simultaneously.29

The dynamics of the elementary excitations in spheroidene
in and out of antenna proteins have been compared.

II. EXPERIMENTAL DETAILS

Chromatophores and LH2 complexes from Rba. sphaeroi-
des 2.4.1 were prepared as previously described in Ref. 30.
Spheroidene was isolated from the cells of Rba. sphaeroides
2.4.1 and then purified by twice recrystallizing from
n-hexane.31 For the optical measurements, the LH2
complexes and chromatophores were suspended in 20 mM
Tris-HCl �pH 8.0� buffer and in the case of LH2 in the
presence of 0.1% of LDAO �N ,N-dimethyldodecylamine
N-oxide�. Spheroidene was dissolved in tetrahydrofuran
�THF�. Optical absorption spectra were recorded using a
commercial spectrophotometer �JASCO, V-670�.

A home-build noncollinear optical parametric amplifier
�NOPA� pumped by a femtosecond Ti:sapphire regenerative
amplifier �Spectra Physics, Hurricane� was used as the exci-
tation light source for the TG measurements. Details of the
NOPA together with the optical setup have been reported
elsewhere.14 For the TG spectroscopy, the compressed output
beam from the NOPA was divided into three, using pellicle
membranes with a thickness of 2 �m to avoid the additional
frequency chirp. The temporal separation of each pulse was
controlled using a translation stage that has an accuracy of
better than 20 nm �which corresponds to a temporal step of
0.13 fs�. The sample concentration was adjusted so that the
optical density was between 0.2 and 1 at its absorption maxi-
mum. The pump pulses, in the triangular configuration, were
focused onto the surface of a sample flow cell that has a

thickness of 0.1 mm. After passing through the sample, the
nonlinear signals were spatially selected using an iris of 1
mm diameter and then spectrally resolved using a 10 cm
single monochromator �JASCO, HR10� equipped with a
photomultiplier tube �Hamamatsu, R636-10�. The signal was
filtered and amplified by means of the lock-in technique. For
the measurement of the Raman spectra, a cw diode-pumped
solid-state laser at 532 nm was used for the excitation. The
excitation power at the sample cell is set at 5 mW using a
variable neutral density filter. The signal was resolved using
a 30 cm single monochromator �Acton Research, SpectraPro
306i� and then detected by a liquid-nitrogen-cooled charge-
coupled device camera �Roper Scientific, LN/CCD-1340/
400-EB1�. All the optical measurements were performed at
room temperature.

III. RESULTS AND DISCUSSION

A. Stationary linear absorption spectra

The thick solid curves in Fig. 1 show the linear optical-

1000 500 300

0.4

0.6

Car
Soret

Q
y

Rba. sphaeroides 2.4.1
LH2

(b)

nc
e

(1
/1

00
µm

-1
) 0

0.5

1.0
spheroidene(a)

Wavelength (nm)

10000 20000 30000
0

0.5

1.0

1.5

Car

Base

Soret

Q
y

Q
x

Rba. sphaeroides 2.4.1
chromatophores

(c)

Wavenumber (cm-1)

0

0.2

Base

Q
x

A
bs

or
ba

n

FIG. 1. �Color online� Absorption spectra of �a� spheroidene in
THF, �b� LH2 complexes, and �c� chromatophores from Rba.
sphaeroides 2.4.1. Solid curves: experimental results. Dotted
curves: calculations. The absorption bands of carotenoids in Figs.
1�b� and 1�c� are denoted as “Car.” The base levels shown by the
dashed curves due to the Soret band of BChl were assumed.
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absorption spectra of �a� spheroidene, �b� LH2 complexes,
and �c� chromatophores from Rba. sphaeroides 2.4.1. The
pronounced structure with an absorption edge around
20 000 cm−1 is attributed to the optical transition from the
11Ag

− state �ground state, S0� to the 11Bu
+ state �excited state,

S2� of spheroidene, which is the main carotenoid found in
Rba. sphaeroides. The absorption band is composed of sev-
eral peaks with the energy spacing of �1300 cm−1, which
indicates a strong coupling of the electronic state with the
vibrational modes. In addition to the absorption band of Car,
several other peaks are observed in Figs. 1�b� and 1�c�. The
absorption maxima observed at 27 000 and 17 000 cm−1

come from the Soret and Qx bands of BChl, respectively. The
Qy band of BChl, with a doublet peak, is observed at 12 500
and 11 800 cm−1. It is important to note that the absorption
band of spheroidene is well resolved from that of BChl, i.e.,
the Qx and Soret bands. This fact minimizes any ambiguities
when determining the parameters of vibronic and electronic
structures as discussed below.

B. Transient grating spectroscopy

From top to bottom, the solid curves in Fig. 2 show the
TG signals from spheroidene in organic solvent and in LH2
complexes and chromatophores, where the temporal separa-
tion between pulses 1 and 2 �coherent period �� was set to
zero. The abscissa shows the temporal separation between
pulses 2 and 3 �the population period T�. The temporal
widths of the pump pulses were optimized at 19 600 cm−1

for spheroidene in the organic solvent and 19 200 cm−1 for
spheroidene in the LH2 complexes and chromatophores.
Note that the spectral width of the excitation pulse was ad-
justed by placing a slit in the optical path of the pulse com-
pressor of the NOPA so as not to excite the BChl Qx band
and spheroidene simultaneously.16 Nonetheless the pulse
width, determined by the cross correlation measurement, was
better than 18 fs in all cases. In Fig. 2, an intense signal
�coherent spike� was observed at T=0 of each TG curve.
Coherent oscillations can be clearly seen with a period of
about 20–30 fs that are superimposed on slowly varying
components �dotted curves�.

Each TG signal was analyzed by means of the fast
Fourier-transform �FFT� technique as shown in Fig. 3�a�.
The coherent spike and slowly varying background are sub-
tracted prior to the FFT to extract only the fast oscillating
components. The Raman spectra of spheroidene �solid curve�
and solvent THF �dotted curve� are also shown in Fig. 3�b�
for comparison. The peak energies between the curves in
Figs. 3�a� and 3�b� agree quite well to each other. It can,
therefore, be concluded that the coherent oscillations ob-
served in the TG curves come from the molecular vibronic
oscillations of the ground state of spheroidene. The Raman
peaks at �1=1522 cm−1, �2=1157 cm−1, and �3
=1007 cm−1 are assigned to be CvC symmetric stretching,
CuC symmetric stretching, and the methyl-in-plane rock-
ing mode, respectively.32 These three dominant modes have
been included in the following numerical calculations to
evaluate the dynamics of the electrons and molecular vibra-
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FIG. 2. �Color online� From top to bottom, TG signals from
spheroidene in THF, LH2 complexes, and chromatophores. The ab-
scissa shows the population period T. The temporal separation be-
tween pulses 1 and 2 �coherent period �� was set to zero. The slowly
varying background is shown by the dotted curve.
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FIG. 3. �Color online� �a� FFT spectra of spheroidene in THF,
LH2 complexes, and chromatophores obtained after the subtraction
of the coherent spike and slowly varying background shown in
Fig. 2. �b� Raman spectra of spheroidene �solid curve� and solvent
THF �dotted curve�. The coupled mode �1–�2 is observed at
364 cm−1. The peak marked by the asterisk is an instrumental ghost
line.
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tions simultaneously. In addition to these modes a coupled
mode �1–�2 is also observed in the FFT spectra and is much
clearer than that observed in the Raman spectrum. This result
suggests a non-negligible effect of the anharmonicity of the
potential curve especially in time-resolved measurements. A
future theoretical study to determine more precise potential
shapes compared to those calculated using the harmonic-
oscillator model will be necessary.

The temporal profiles of the vibronic oscillations ob-
served in the TG curves have been analyzed by means of a
wavelet transformation technique. Since wavelets afford
minimum Heisenberg uncertainty, they are especially useful
for simultaneous time and frequency analysis of transient
signals. The continuous wavelet transform of an analyzing
signal f�t� is defined as

F�a,b� =
1
�a
�

−�

�

f�t���� t − b

a
�dt . �1�

The wavelet function ��t� is characterized by a scale param-
eter a and a translation parameter b. In the present study, a
complex Morlet �Gabor� wavelet has been used that is de-
fined by

��t� = �−1/4 exp�i	0t −
t2

2
	 . �2�

The advantage of the use of the Morlet wavelet is that its
physical meanings are straightforward since it has a Gaussian
window with the central frequency 	0. In the present case,
the wavenumber of the vibronic oscillations is characterized
by the scale parameter a. The translation parameter b corre-
sponds to the population period. Since both the temporal and
spectral resolutions depend on the parameter 	0, it is neces-
sary to find the optimum value of 	0 for the analysis. Here it
was found that the decay times of the coherent oscillations
are not influenced by the parameter 	0 when 	0 is higher
than 8, which corresponds to the Gaussian width 350 fs at
1000 cm−1. Therefore, in the following analysis, 	0 was set
to be 8 in order to obtain both the highest spectral and tem-
poral resolutions.12 All the peaks of the vibronic oscillations
are clearly spectrally resolved under this condition, as shown
below.

The contour plots in Fig. 4 show the temporal change in
the amplitude of the coherent oscillations from spheroidene
�a� in organic solvent, �b� in LH2 complexes, and �c� in
chromatophores. Each spectrogram has been normalized at
the maximum of the CuC bond vibration. One can clearly
see the decay profiles of the vibronic oscillations. Further it
was found that the peak energies of these vibrations shift
with the change in the population period. This change is very
slow �several 100 fs to 1 ps� compared to the period of the
vibronic oscillations �a few tens of femtosecond�. A time
scale of 1 ps peak shift corresponds to a wavenumber of
30 cm−1. We therefore consider that these shifts reflect the
influence of low-frequency modes of the solvent and proteins
surrounding spheroidene and the coupling is due to the an-
harmonicity of the potential curves.33 A more detailed analy-
sis of these shifts will be the subject of a future study but
these data clearly illustrate that TG spectroscopy is a power-
ful technique and provides much more information than con-
ventional Raman spectroscopy.

In order to evaluate the decay times of these oscillations,
a single exponential decay function was used and fitted to the
temporal profile of each vibrational mode to extract the most
dominant decay constant. These calculated decay times of
the coherent oscillations in the different samples are summa-
rized in Fig. 5. The range of the error bars has been deter-
mined by careful repetition of the experiments �typically ten
TG curves have been measured in each sample on different
days�. In each sample the decay times of the �1, �2, and �3
modes are very close.
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In general, a proper evaluation of the decay times of both
the vibronic oscillations and electronic excitation is in itself a
difficult problem because the experimentally observed signal
is a convolution of the electronic and vibronic decays.
Namely, in a two-level system, the pure dephasing rate 1 /T2

�

is evaluated from the relationship 1 /T2=1 /2T1+1 /T2
�, where

T2 and T1 are the total decay time of polarization and the
lifetime of the excited state, respectively,9,34 although the ap-
plicability of this phenomenological approach is still an open
question.35 Further, in the present case, since the electronic
structures that we have to consider are different between the
carotenoid in organic solvent and in the protein environment
and have multiple levels �see Fig. 7�, more detailed calcula-
tions are necessary to evaluate the dephasing time of the
vibronic oscillations. Therefore the vibronic decay times
have been evaluated using such a more rigorous model in the
following sections.

C. Calculation of the steady-state absorption spectra

In order to analyze the experimental results, the Liouville
space formalism was used to express the nonlinear response
functions in terms of multitime correlation functions.36 The
numerical calculations were performed using the following
procedures: �1� the spectral density 
�	� was modeled from
the Raman spectrum that reflects the vibronic dynamics and
the influence of the surrounding environment, followed by
the conversion into a line broadening function g�t�,37 �2� a
set of the response functions representing all Liouville path-
ways was calculated by means of a second-order cumulant
expansion, and then �3� the third-order nonlinear polarization
was obtained by summing up the response functions. Based
on the experimental data from the Raman spectrum, three
Raman modes �1, �2, and �3 are introduced �see Fig. 3�. The
line shape of these modes was assumed, for simplicity, to be
Lorentzian.38 In order to take the influence of the surround-
ing proteins and solvent into account, an overdamped
Brownian oscillator was introduced.36 This model has been
successfully used before to explain the TG signals from
�-carotene and its homologs.12,14–16 In this study, this model
has been extended to spheroidene molecules bound to LH2
complexes and in chromatophores. The spectral density used
for the calculation is shown in Fig. 6. It should be noted that
several authors have reported low-frequency nuclear vibra-
tions in the protein environments.39 Since the reported spec-
tra in the low-frequency region have complicated shapes, it
is not clear what is the simplest and most appropriate func-
tion to statistically take account of the influence of the pro-
tein environment in the model. However, as shown below, it
was found that an overdamped Brownian function that is
represented by a single broad peak can reproduce well the
linear and nonlinear optical responses.

The steady-state absorption spectra �a�	� can be readily
calculated using the line broadening function g�t�,36

�a�	� 
 Re�
0

�

dt exp
i�	 − 	eg�t − g�t�� , �3�

where 	eg indicates the energy separation between the S0 and
S2 states. In the following numerical calculations, the cutoff
frequency for the integration was set to 1700 cm−1 because
the amplitude of g�t� becomes very small above this fre-
quency. The calculated spectra are shown by the thick dotted
curves in Fig. 1. The parameters used in the calculation are
summarized in Tables I and II. Since the absorption spectra
of the carotenoid region of LH2 complexes and chromato-
phores are superimposed on the shoulder of the Soret band of
BChl, we assumed, for the calculation, the baseline levels
shown by the thin dashed curves in Figs. 1�b� and 1�c�. It
was found that good agreement between the experimental
results and numerical calculations could be obtained in all
cases.

D. Calculation of the TG signals

As the first step of the calculation of the TG curves, we
must determine the electronic and vibronic parameters of
spheroidene in the solvent. The TG signals were calculated
under conditions of the impulsive limit. The energy diagram
shown in Fig. 7�a� was assumed: the ground state S0, the first
low-lying excited singlet state S1 that is one photon forbid-
den, and the lowest, one photon allowed singlet state S2.
Furthermore, an intermediate state, Sx, between S1 and S2
has been introduced in our calculations. As reported in Ref.
16, the intermediate state Sx is necessary to reproduce the

TABLE I. Common parameters used for the numerical calcula-
tions. �in: inhomogeneous broadening, 	B: frequency of Brownian
oscillator, �B: damping constant, and �ij: transition dipole interac-
tion between Si and S j.
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FIG. 6. �Color online� Solid curve: model spectral density of
spheroidene in an organic solvent used for numerical calculations.
Magnification of the overdamped mode that refracts the influence
from environment is shown in inset. Dotted curve: the instrumental
response of the pulse width of 18 fs.
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spectral dependence of the TG curves of carotenoids �espe-
cially the rise of the signal observed around T�200 fs�.40 In
addition to these states, it is very important to include the
higher excited states ST and S� that are accessible through
the two-step absorption processes �the so-called excited-state
absorption�.12,14–16 In the present case, the first step absorp-
tion process is S0 to S2, where the population in S2 is formed
by the first and second pulses in the TG pulse sequence. The
ST state is accessible from the S2 state. However, as has
already been discussed in Ref. 16 since the internal conver-
sion from S2 to Sx is very fast most of the population relaxes
into the Sx state before it is excited into the ST state. The
second step absorption process from Sx to S� takes place as a
result of irradiation by the third pulse.

As shown in Fig. 7�a�, the successive cascade process
from S2 to S0 via Sx and S1 is considered for simplicity.
Since the direct population decay rate from S2 to S0 is much
smaller than that from S2 to Sx, this assumption is appropri-
ate and significantly simplifies the calculation, resulting in a
reduction in the required total numerical computation time.
The rate equations of the population kinetics can be repre-
sented as

dn2

dt
= − �2xn2,

dnx

dt
= �2xn2 − �x1nx,

dn1

dt
= �x1nx − �10n1,

dn0

dt
= �10n1, �4�

where ni and �ij indicate the population of the Si, state and
the internal-conversion rate between the Si, and S j, states,
respectively. According to this population kinetics, each re-
sponse function is separated into the nuclear and electronic
population dynamic terms.42 In other words, the experimen-
tally observed decay profile with vibronic oscillations is a
convolution of the pure dephasing and electronic decay.

In the present calculation with spheroidene in THF, the
diagrams shown in Fig. 5 in Ref. 16 have been used. In the
following calculations the same line broadening functions for
the excited states as with the ground state were employed for
simplicity. The process R3 has not been included in the cal-

culation because the direct relaxation from S2 to S0 can be
assumed to be negligibly small as mentioned above. In addi-
tion, since the contribution of the excited-state absorption
process from the S1 state is small in the spectral region used
in the present study, the process R6x has also been omitted.

The thin curve in Fig. 8�a� shows the TG signal calculated
using the same set of parameters as those used for the calcu-
lation of the absorption spectrum �Tables I and II�. The
internal-conversion rates are shown in Fig. 7�a�. Since the
decay time of each vibronic mode of spheroidene in THF are
very close, within the experimental error as shown in Fig. 5,
a single value has been employed for the linewidth of the
vibronic mode, i.e., 12 cm−1,43 which corresponds to a
dephasing time of 0.88 ps. Both the fast coherent oscillations
and slowly varying background observed in the experiment
are well reproduced. This result indicates that both the
internal-conversion rates and the spectral density, including
the vibronic decay rate employed in the present study, are
appropriate for calculating both the linear and nonlinear op-
tical responses. The signals near the origin of the time axis
have not been shown because the calculation was performed
in the impulsive limit and it is difficult in principle to repro-
duce the coherent artifact. The internal-conversion processes
of spheroidene have been investigated by several groups.
Within experimental error, the lifetime of S1 obtained here
agrees with that obtained by other spectroscopies, such as
transient absorption5–7,26–28,44 and two-photon excitation
techniques.24 The transient absorption and fluorescence up-
conversion techniques may, in principle, access the S2 and Sx
states but most of the previous studies have only included the
S2 state in their analyses. Therefore, it is hard to discuss the
consistency between the present and previous studies. None-
theless if we set the time constant of the Sx to S1 process,
i.e., 150�30 fs, this actually corresponds well with the val-
ues reported as the S2 lifetime in the previous papers.6,22

Now the TG signal from the LH2 complexes and chro-
matophores are analyzed. In these cases, the excitation
energy-transfer pathways from spheroidene to BChl have to
be taken into consideration. The rate equations based on the
model schematically shown in Fig. 7�b� can be represented
as

TABLE II. Intrinsic parameters of spheroidene in solvent, LH2
complexes, and chromatophores. 	eg: thermally averaged electronic
energy gap, �: homogeneous linewidth, and �B: reorganization
energy.

Spheroidene LH2 Chromatophores

	eg �cm−1� 22100 21350 21400

� �cm−1� 12 15 15

�B �cm−1� 380 300 380

ST

S2 (11Bu
+)

S

spheroidene LH2 and chromatophores

50����20 fs
150����50 fs

50����20 fs

Sξξξξ

(a) (b)

S0 (11Ag
–)

S1 (21Ag
–)

Sx Qx

Qy

G

Car BChl

150����30 fs

9.0����0.5 ps

550����150 fs

2.5����0.5 ps

150����30 fs

9.0����0.5 ps

FIG. 7. �Color online� Energy diagrams of Car and BChl. The
vertical arrows represent the optical pumping and dumping while
the wavy lines show the internal conversion. The arrows pointing
from Car to BChl levels indicate the excitation energy-transfer
pathways.
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dn2

dt
= − ��2x + �2Qx

�n2,

dnx

dt
= �2xn2 − ��x1 + �xQx

�nx,

dn1

dt
= �x1nx − ��10 + �1Qy

�n1,

dn0

dt
= �2Qx

n2 + �xQx
nx + ��1Qy

+ �10�n1, �5�

where the transfer rates of the electronic excitations from the
S2 and Sx states of carotenoid to the Qx state of BChl are
given by �2Qx

and �xQx
, respectively. The electronic structure

and the internal-conversion rate of carotenoid in the protein
are assumed to be the same as the free carotenoid; the pa-
rameters for the excitation energy transfer are simply then
included. The transfer rate from S1 to Qy is represented by
�1Qy

. In the present model, it was assumed that spheroidene
returns to the ground state after the electronic excitation
�population� is transferred to BChl. By considering all these
states appropriately, it is possible to reproduce the TG signals
measured in our experiments.

Based on this model, the Feynman diagrams used for the
calculation of the TG signals of spheroidene in the LH2 com-
plexes and chromatophores are described as shown in Fig. 9.
The symbols i �i=0, 1, 2, x, T, and �� in the diagrams indi-
cate the Si state of carotenoid. The diagrams for the response
functions R1 and R2 are the same as those used for a two-

level system. The process R4 includes the excited-state ab-
sorption into the ST state from S2. The other processes in-
clude the internal conversions that are represented by the
vertically aligned dots. For example, in process R5x, the
population is formed by the first and second pump pulses in
S2 and then the population decays into S0 via Sx and S1,
before the third pump pulse arrives. The symbols in the dot-
ted boxes represent the excitation energy-transfer processes
from carotenoid to BChl. For example, in process R4Q the
population formed in S2 decays into Sx and is followed by
energy transfer into the Qx band of BChl. In this case the
carotenoid returns to the ground state S0. It should be em-
phasized that not only the internal-conversion processes but
also the excitation energy transfer between molecules can be
expressed by the Feynman diagrams, which enable us to
compute the response functions in Liouville space.36,45

The thin solid curves in Figs. 8�b� and 8�c� show the
calculated TG signals from spheroidene in the LH2 com-
plexes and chromatophores. Again the experimental results

1

2
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LH2

al
iz

ed
In

te
ns

ity

Exp.
Cal.

0

1
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(a)

spheroidene
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Cal.

0.2 0.4 0.6 0.8
0

1

2
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Cal.

(c)
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N
or

m
a

FIG. 8. �Color online� Comparison of the TG signals. Thin
curve: experimental result. Thick curve: calculation.

FIG. 9. �Color online� Double-sided Feynman diagrams based
on the energy diagram shown in Fig. 7�b�. The symbols in the
dotted boxes represent the excitation energy-transfer processes from
carotenoid to BChl.
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are reproduced quite well. It should be noted that the
internal-conversion rates of spheroidene bound to the pro-
teins are assumed to be the same as for the free carotenoid
�see Fig. 7�. Within our experimental accuracy a difference
in the internal-conversion rates of carotenoids between the
organic solvent and proteins was not detected.46 The line-
widths used for the calculation 15 cm−1, which corresponds
to the vibronic decay of 0.71 ps and is faster by about 20%
than that of spheroidene in the organic solvent.47 As men-
tioned above, since most of the previous studies do not in-
clude the Sx state, it is hard to discuss the exact rates of the
excitation energy transfer. However if we focus on the fastest
pathway in the present study, i.e., 150�50 fs of S2 to Qx,
this agrees well with the results obtained in the previous
studies.5,6,22 The rate of S1 to Qy also agrees with those mea-
sured by some workers using other spectroscopic techniques
within the limits of our experimental error7,24,27 but is
slightly slower in comparison with several other reports.5,6,26

Nonetheless the rather good agreement between all the ex-
perimental data and calculation supports the validity of our
model and the appropriateness of the values of the param-
eters used in these calculations. We consider the possible
slow rate of S1 to Qy evaluated here may probably be be-
cause of our limited temporal range of T where the experi-
ential accuracy of the slow decay times is about �0.5 ps
�see Fig. 7�.

Finally we briefly discuss the efficiency of the excitation
energy transfer from carotenoid to BChl in LH2 complexes.
The efficiency differs among species, for example, that of
Rba. sphaeroides G1C or Rba. sphaeroides 2.4.1 is about
90% while those of Rsp. molischianum and Rps. acidophila
10 050 are about 50%.4–6,25,48 This difference is explained by
the number of the energy-transfer channels in operation in
the different cases. Namely, when the number of conjugation
double bonds of the carotenoid is n�11, only excitation en-
ergy transfer from S2 to Qx takes place and the transfer rate
from S1 to Qy becomes very low, resulting in an overall low
efficiency. When n�10, however, the S1→Qy channel
opens and the overall energy-transfer efficiency is increased
by about 40%. The total efficiency obtained from our experi-
mental results is 87%, which is in good agreement with pre-
vious studies using by the absorption and fluorescence-
excitation measurements.4–6,25 However the efficiency from
S1 to Qy in our present study is 46%, which is higher than the
previous reports,5 namely, 21%. At this time it is difficult to
discuss the significance of this difference because the
branching ratios among the pathways are simply obtained
from the time constants and depend strongly on the model
employed.4–6 Namely, if one of the electronic levels is miss-
ing or the time constants contain an error, the efficiency may
change a little.49 Therefore, for more precise evaluation, the
measurements over wider spectral and temporal ranges are
necessary to minimize the error bars.

IV. SUMMARY

We have investigated the dynamics of the electronic exci-
tation and vibronic oscillations of spheroidene of three envi-
ronmental conditions, an organic solvent THF, the LH2 an-
tenna complexes, and chromatophores from Rba.
sphaeroides 2.4.1. Coherent vibronic oscillations having a
period of a few tens of femtosecond were clearly observed
by means of the TG spectroscopy. By comparing the FFT
spectra of the TG signals and Raman spectrum of spheroi-
dene, it can be concluded that the vibronic oscillations
mainly come from the CuC and CvC stretching modes
and CuCH3 in-plane rocking mode in the ground state. The
wavelet analysis of the TG curves shows that the difference
of the decay times of these vibronic modes is small in each
sample. In addition to the dynamics of the vibronic oscilla-
tions, the pathways of the electronic excitation have been
also investigated that is observed as the slowly varying back-
ground in the TG signals. The experimental results have been
compared with the numerical calculations that are based on
the Brownian oscillator model. The electronic structure of
carotenoid and the internal-conversion rates used for the cal-
culations are the same both in solvent and in the proteins. It
was found that an overdamped Brownian function can ap-
proximate quite well the influence of the protein environ-
ment surrounding pigments on their liner and nonlinear op-
tical responses. The excitation energy-transfer processes as
well as the internal conversion are modeled within the frame-
work of Lioville space pathways. The experimentally ob-
served linear absorption spectra and nonlinear TG signals
were reproduced well by our calculations, suggesting that the
present model is valid. It is found that the decoherence of the
vibronic oscillations in free solvent is about 20% slower than
those in spheroidene in the LH2 complexes and chromato-
phores.

In addition to the TG experiment, the present paper re-
ports a general framework to use the Feynman-diagrammatic
approach that can be readily extended for including some
additional electronic states. Since the branching ratio of the
excitation energy transfer is simply evaluated by the rise and
decay constants of each electronic state, the TG spectroscopy
over a wide spectral range is necessary to take other elec-
tronic states precisely into consideration while further instru-
mental development is required. This is left for a subject for
the future study.
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