
Biophysical Journal Volume 101 August 2011 995–1003 995
Real-Time Vibrational Dynamics in Chlorophyll a Studied
with a Few-Cycle Pulse Laser
Juan Du,†‡§ Takahiro Teramoto,† Kazuaki Nakata,{ Eiji Tokunaga,{ and Takayoshi Kobayashi†§k***
†Advanced Ultrafast Laser Research Center, and Department of Engineering Science, Faculty of Informatics and Engineering, University of
Electro-Communications, Tokyo, Japan; ‡State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai, China; §Core Research for Evolutional Science and Technology, Japan Science and Technology
Agency, Saitama, Japan; {Department of Physics, Faculty of Science, Tokyo University of Science, Tokyo, Japan; kInstitute of Laser
Engineering, Osaka University, Osaka, Japan; and **Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan
ABSTRACT We use a 6.8-fs laser as the light source for broad-band femtosecond pump-probe real-time vibrational spectros-
copy to investigate both electronic relaxation and vibrational dynamics of the Qy-band of Chl-a at 293 K. More than 25 vibrational
modes coupled to the Qy transition are observed. Eleven of them have been clarified predominantly due to the excited state,
and six of them are concluded to be nearly exclusively resulting from the ground-state wave-packet motion. Moreover, thanks
to the broad-band detection over 5000 cm�1, the modulated signals due to the excited state vibrational coherence are observed
onboth sidesof the 0-0 transitionwith equal separation. Thecorresponding nonlinear process hasbeenstudiedusinga three-level
model, fromwhich the probewavelength dependence of the phase of the periodic modulation can be calculated. The probewave-
length dependence of the vibrational amplitude is interpreted in termsof the interaction between the ‘‘pump’’ or ‘‘laser,’’ Stokes, and
anti-Stokes field intermediated by the molecular vibrations. In addition, an excited state absorption peak at ~709 nm has been
observed. To the best of our knowledge, this is the first study of broad-band real-time vibrational spectroscopy in Chl-a.
INTRODUCTION
Chlorophyll a (Chl-a) is the most abundant pigment among
the photosynthesis in nature, which plays an essential role in
light harvesting and conversion processes in green plants
and in various algae. Vibrational properties of the chloro-
phylls have been investigated extensively by optical spec-
troscopic techniques, such as resonance Raman (RR)
spectroscopy (1–8), spectral hole-burning (HB), and fluores-
cence line-narrowing (FLN) techniques (9–16). Specifically,
the data achieved using HB and FLN techniques are corre-
sponding to the vibrations in the excited and ground elec-
tronic state, respectively; however, these techniques can
only be operated at very low temperatures (usually ~4 K).
As for the RR spectroscopy, both the Soret-resonant and
Q-resonant Raman spectra have been successfully obtained
and have reported a wealth of detailed information on the
vibrational modes of the electronic ground state of Chl-a
molecules. However, nearly all of thus-far reported Raman
spectra observed at room temperature are only correspond-
ing to the Soret band in Chl-a. It is difficult to measure the
Q-resonant (especially the Qy-band) Raman spectra of Chl-a
at room temperature because of the disturbance by intense
fluorescence in Chl-a solution. In contrast, the fluorescence
is significantly quenched and red-shifted in the films. There-
fore, the Qy-excitation RR spectra of Chl-a can only be
acquired in a solid film environment by surface-enhanced
Raman scattering spectroscopy which also requires the use
of very low temperature (5–8).
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The above-mentioned methods are powerful for studying
vibrational structure of Chl-a, and plenty of results have
been reported; however, none of them can provide the
straightforward vibrational information related to the elec-
tronic transition of the lowest excited state of the Chl-a
Qy-band at room temperature. Information at room temper-
ature is especially physiologically important because it is
the usual temperature of the physiological condition in
native complexes.

The featureless Qy absorption band displays a limited
structure even on lowering the sample temperature. To
discover the presence of hidden characteristics of the absorp-
tion band at physiologically relevant temperatures, the
absorption band shape for the Q transition region of Chl-a
is usually calculated by using the vibrational frequency
modes and Franck-Condon factors obtained from HB and
FLN spectroscopies as a function of temperature (13,17)
because of the scarcity of vibrational information at room
temperature. However, it was reported by Krawczyk (18)
using RR spectra of Chl-a at 77 K that the pentacoordinated
Chl-a at room temperature would convert into hexacoordi-
nated one at 77 K. Rather recently, Rätsep et al. (16) reported
that while cooling from 295 K to 4.5 K, the Chl-a in 1-prop-
anol and diethyl ether was converted into a hexacoordinated
state, but the one in 2-propanol mainly retained its penta-
coordinated status.

Due to the complexity of the temperature-dependent
characteristics of Chl-a, there is no current consensus
among researchers on how well the data achieved at low
temperatures will satisfy the situation at physiologically
relevant temperatures. Peterman et al. (13) simulated the
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temperature dependence of the low-energy part of the Qy

absorption spectrum of light-harvesting complex II very
well up to 220 K using the phonon wing from the 4 K emis-
sion spectra; however, the simulated and experimental
results started to deviate above 220 K. Zucchelli et al.
(17) calculated the spectral band shape of Chl-a in the
Q-absorption region as a function of temperature to study
the Chl-a in penta- and hexacoordinated states, respectively.
They concluded that vibrational modes in the range 540–
850 cm�1 were highly Mg-coordinate-dependent; however,
Rätsep et al. (16) denied this conclusion in their recent
study, and suggested that the vibrational degrees of freedom
were not sensitive to the temperature-dependent absorption
spectra change as the electronic one was.

To clarify the above-mentioned controversial issues, the
most straightforward first step seems to be to obtain the
vibrational information coupled to Q-transition of Chl-a at
room temperature directly. Shiu et al. (19) has studied the
vibrational frequencies within 98–791 cm�1 of the Qy ex-
cited state of Chl-a in ethanol solution. In their experiment,
however, they use an excitation pulse with the duration of
25 fs. Only when the duration of the pump pulse is shorter
than the vibration period can the coherent molecular vibra-
tion of the corresponding mode be excited; consequently,
the highest detectable vibrational frequency in their research
was limited to ~1300 cm�1. Moreover, the samples were
probed at only one wavelength in Shiu et al. (19), and
broad-band information was not obtained.

In this study, we used a 6.8 fs laser pulse in the broadband
femtosecond pump-probe real-time vibration spectroscopy,
which has been proved to be a powerful tool for the obser-
vation of dynamical processes in molecules (20–22), to
obtain both electronic and vibrational dynamics of Chl-a
Qy-band in solution at 293 K. After the excitation by the
ultrashort pump pulse, a wave-packet is prepared in the
form of linear superposition of several vibrational levels
of different quantum numbers. Then the wave-packet moves
on the potential energy surface, and the motion modifies the
transition spectra and intensities composed of contributions
from various vibronic transitions between the vibronic
levels in the initial and final electronic states. The contribu-
tions of the vibrational levels are proportional to the product
of the Franck-Condon factor, which determines the absorp-
tion spectrum in the case of Condon approximation is
satisfied (23) as well as the spectral intensity of the pump
pulse with the vibronic transition energy. Thus, the wave-
packet motion of some vibrational mode can be detected
by measuring the time-dependent difference absorbance
with the weaker probe pulse.

There is another technique to detect the electronic relaxa-
tion and vibrational wave-packet dynamics in real time—the
time- and frequency-gated spontaneous emission method.
However, it has much less sensitivity because of the low effi-
ciency in either upconversion sum-frequency gate (second-
order nonlinear process) or Kerr gate (third-order nonlinear
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process) in the detection scheme, and it is also difficult to
achieve the high temporal resolution which is limited by
geometrical path difference in the former and Kerr response
time in the latter. This method may also be affected by the
elongation of relaxation time due to self-absorption (24).
By using our method, we are not suffering from these effects.
In addition, compared with other conventional vibrational
spectroscopy, this method has the following advantages:

1. This technique is not limited by the measurement
temperatures, so that it can provide both the electronic
and vibrational characteristics of Chl-a at physiologi-
cally relevant temperatures.

2. RR signals are very frequently overwhelmed by the
fluorescence signal, especially in the case of highly fluo-
rescent molecules (e.g., Chl-a). In contrast, the contami-
nation effect of spontaneous fluorescence can be almost
totally avoided in real-time vibrational spectroscopy
because of much more intense, highly directional probe-
light probe beam than spontaneous fluorescence.

3. RR spectroscopy is not capable of reliably detecting the
presence of very low-frequency modes due to intense
Rayleigh scattering of the excitation beam (25). How-
ever, the low-frequency modes can easily be studied by
pump-probe experiment as long as a few quanta of the
modes can be covered by the broad laser spectrum with
nearly constant phase.

4. Very small instantaneous frequency change can be de-
tected in real-time spectroscopy; hence, molecular struc-
tural change information, for the transition state, can be
detected.

5. The dynamics of vibrational modes coupled to the elec-
tronic transition can be studied in relation to the decay
dynamics of the electronic excited states at the same
time, and under exactly the same experimental conditions.

6. The probe-dependent vibrational amplitude can be de-
tected as a function of pump-probe delay time. There-
fore, the corresponding vibrational phase information
can be obtained.

In this study, using the ultrafast excitation and broad-band
detection, the dynamics of vibrational modes coupled to the
electronic transition of Chl-a Q-band has been studied by
the real-time vibrational spectroscopy. Both pump and
probe pulses possess a broadband of 200 nm, which can
cover thewhole Qy absorption band of Chl-a simultaneously.
The vibrational modes due to both ground-state and excited-
state wave-packet motions have been observed and they are
assigned according to the vibrational phase. The data con-
taining both electronic relaxation and vibrational dynamics
have been analyzed to obtain a more reliable relaxation
mechanism of the excitations than a combination of indi-
vidual studies of electronic and vibrational relaxations.

To the best of our knowledge, this is the first direct broad-
band study of Chl-a vibrational signal coupled with the
Qy-band electronic transition at room temperature.
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MATERIALS AND METHODS

In this experiment, both pump and probe pulses are generated from a

noncollinear optical parametric amplifier (NOPA) laser system which is

seeded by a white-light continuum (26–28), as described in the Supporting

Material. The pulse duration of the NOPA output is 6.8 fs and covered the

spectral range extending from 539 nm to 738 nm, as shown in Fig. 1. After

sample, the pump-probe signal is detected by the combination detection

system of the polychromator and multichannel lock-in amplifier (see the

Supporting Material for further details). The spectral resolution of the total

system is ~1.5 nm. The wavelength-dependent difference absorbance of the

probe at 128 wavelengths is measured by changing the pump-probe delay

times from �200 to 1800 fs with a 0.8-fs step. All the experiments are

performed at a constant temperature (293 K).

Chl-a used in this study is extracted from spinach leaves and subse-

quently purified using chromatography, according to the method described

in Strain and Svec (29). The solvent used here is a mixture of petroleum

ether and 2-propanol with a ratio of 100:5. Optical density is measured to

be OD1mm ¼ 2.16 at the Qy(0,0) transition peak of 664-nm using a 1-mm

cell. The stationary absorption and the fluorescence spectra of Chl-a

solution were measured with an absorption spectrometer (UV-3101PC;

Shimadzu, Kyoto, Japan) and a fluorophotometer (F-4500; Hitachi, Tokyo,

Japan), respectively.
RESULTS AND DISCUSSION

Stationary absorption and fluorescence
spectra and time-resolved difference
absorption spectrum

The stationary absorption, fluorescence, and stimulated
emission spectra of Chl-a, together with the NOPA output
laser spectrum and the absorbed laser spectrum (0.5-mm
flow cell is used in real-time spectroscopy; see the Support-
ing Material for further details), are shown in Fig. 1. There
are three absorption peaks in the laser spectrum range,
located at 664, 618, and 580 nm, respectively. There is no
doubt that the peak at longest wavelength belongs to the
FIGURE 1 The absorption spectrum (1), fluorescence spectrum (2), and

stimulated emission spectrum (3) of Chl-a, the laser spectrum (4), and the

absorbed laser photon energy distribution spectrum by Chl-a with 0.5-mm

thickness (5). (Inset) Temporal intensity profile of the compressed laser

pulse.
Qy(0-0) band of the Chl-a, and the observed absorption
spectrum with a Qy(0,0) transition peak at 664 nm indicates
that the sample used in this work consists of the monomer
structure.

Fig. 2 a shows the two-dimensionally plotted difference
absorption DA against the probe delay time and probe
photon energy. On top of it, we plot the probe photon energy
dependence of time-resolved spectra DA probed from 100 to
1200 fs with an integration time width of 100 fs. Near the
two absorption bands at ~617 nm and 580 nm, a weak
bleaching signal modulates the positive signal due to excited
state absorption. These two bleaching signals are much
weaker because of the strong induced absorption in this
range. In addition, we note that the most intense negative
peak signal at ~664 nm has an asymmetric profile, and the
negative signal in the shorter wavelength side is much
steeper than the longer side. It can be explained in the
following way. The transient signal observed at a probe
wavelength longer than 664 nm is due to the mixed contri-
bution of both the ground state bleaching and the stimulated
emission, while the DA at a probe wavelength shorter than
664 nm is dominated by the bleaching and the induced
absorption.

Fig. 2 b shows the real-time DA traces at seven typical
wavelengths. The sharp and intense peaks around zero
probe-delay time are due to pump-probe coupling induced
by the nonlinear process of the pump-probe-pump time-
ordering interaction of the laser fields and the interference
between the scattered pump pulses and the probe pulses.
The DA signal observed in the detection time of �200 fs
to 1800 fs is nearly constant because of the nanosecond life-
time of the Qy excited state (30,31). It is obvious that the
time-dependent DA traces shown in Fig. 2 b consist of the
slow relaxation component due to electronic decay and
the highly oscillating component due to molecular vibra-
tions. The enlarged oscillating signals between 100 and
1000 fs are illustrated in the inset boxes of Fig. 2 b. It is
noteworthy that the oscillations are especially clearly
observed around the Qy band.
Ultrafast dynamics of vibrational modes

As shown in Fig. 2, predominant periodic modulation could
be observed in the time-dependent difference absorption,
which is caused by the transition probability change induced
by molecular vibrations. To gain a better understanding of
the vibronic coupling mechanisms, the vibrational mode
frequencies and its corresponding amplitudes have been
realized by the fast Fourier transform (FFT) analysis of
the time-resolved difference absorption spectra.

The FFT analysis is performed in the range from 50 fs to
1800 fs. (Note that, to avoid possible interference effects
between the scattered pump and probe pulses, the difference
absorption signals ranging from delay 0 to 50 fs are not
included.) The slow decay dynamics of relevant electronic
Biophysical Journal 101(4) 995–1003
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FIGURE 2 (a) Two-dimensional pseudo-color

display of the time dependence of the absorbance

changes (probe photon energy versus probe delay

time, bottom figure) together with the time-

resolved difference absorption spectrum probed

from 100 to 1200 fs with an integration time-width

of 100 fs (top figure). (b) Real-time traces at seven

typical wavelengths. (Inset boxes) Enlarged signals

between 100 and 1000 fs.

998 Du et al.
states is removed by subtraction of averaged data over
200-fs time window from the raw data. After that, the FFT
power spectra are calculated by using a Hanning window
after zero-padding procedure to increase the frequency reso-
lution. The two-dimensional plot of the Fourier amplitude
against the molecular vibration frequency and probe photon
energy is presented in Fig. 3 a. The FT amplitude spectra at
several typical wavelengths are shown in Fig. 3 b. Various
strong vibrational modes are highly concentrated at the
bleaching band at ~664 nm. Twenty-seven different
frequencies of 214, 259, 300, 346, 407, 519, 565, 621,
667, 744, 799, 915, 982, 1043, 1084, 1124, 1175, 1252,
1353, 1415, 1460, 1516, 1582, 1613, 1648, 1699, and
1770 cm�1 are obtained. Most of them are similar to those
observed by Raman and/or the HB spectroscopy by many
groups; however, the modes of 300, 621, 1582, 1648, and
1770 cm�1 are observed (to our knowledge) for the first
time in this study. Most of the intense frequency signals
a b
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below 1000 cm�1 are assigned to vibrations of the tetrapyr-
role skeleton and deformations of the peripheral substituent
groups (6,7), while those higher than 1000 cm�1 are mainly
assigned to the CH3 bending, CH bending, and CO, CC, and
CN stretching vibrations (5,8,32).

In Chl-a, there are only small differences in frequency of
the same vibrational modes between the ground and excited
states (11,13,14). Therefore, it is difficult to distinguish
whether they are due to the wave-packet motion in the
ground or excited state due to our limited frequency resolu-
tion. Thanks to the broad probe spectral band detection of
real-time traces, we can calculate the probe wavelength
dependence of the initial phases of the molecular vibrations.
It provides information for identifying the wave-packet
motion either in the ground state or in the excited state
(33–35). If the time dependence of the absorbance change
is due to the wave-packet prepared on the ground-state
potential energy surface, the initial vibrational phase will
FIGURE 3 (a) Two-dimensional contour plot of

FT amplitude spectra of the pump-probe signal.

(Solid line) Mass centers of FTamplitude spectra at

side bands. (Top) FT amplitude of the 982 cm�1

mode together with the stationary fluorescence

and absorption spectra. (b) FT amplitude spectra

of the corresponding traces in Fig. 2 b.
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be 5p/2. If the time-dependent amplitude modulation is
induced by the excited state wave-packet motion, the phase
will be 0 or 5p. Otherwise, it will be due to the mixed
contributions from wave-packet motions in the ground and
excited states. Using this simple criterion, we can easily
assign the vibrational modes of Qy band. Vibrational modes
with frequencies of 214, 259, 300, 346, 407, 565, 1084,
1175, 1460, 1613, and 1770 cm�1 result from the excited-
state wave-packet motion, while those at 519, 621, 799,
1415, 1582, and 1648 cm�1 are corresponding to the ground
state wave-packet motion; the other modes with 667, 1043,
and 1699 cm�1 are contributed from wave-packet motions
in both ground and excited states. As examples, Fig. 4 shows
the initial phases of three different values together with their
vibrational amplitudes.

The Fourier power line-width is inversely proportional
to the dephasing time including effects of temperature
in-sensitive inhomogeneity and temperature-sensitive ho-
mogeneous dephasing. With increasing temperature, the
homogeneous contribution increases because of increased
mode-mode coupling. In the Raman spectrum at 15 K (7),
the width can be considered to be dominated by inhomoge-
neous width, and it is calculated to be ~15 cm�1. It is found
that the line-widths in the real-time spectroscopy in our
experiment are ~3 times as broad as those measured in
Raman experiment at low temperature, which are due to
the homogeneous origin. Even though the excited-state life-
time of Chl-a is in the nanosecond time range, the electronic
relaxation will be affected by the fast vibrational relaxation
through vibronic coupling, which will dissipate some of
the electronic energy and hence compete with the Chl-a
involved energy transfer process. Special attention should
be paid to the low-frequency modes (<250 cm�1), which
have been classified as intermolecular vibrations (16,36).
FIGURE 4 Phases of the vibrational modes with frequencies of 565 (p),

799 (�p/2), and 1699 (neither p nor 5p/2) cm�1 together with their

normalized amplitudes.
Because the rate of the resonance energy transfer through
dipole-dipole interaction depends on the distance between
the energy donor and acceptor, the energy transfer between
Chl-a and its neighboring molecule is expected to be period-
ically modulated by the low-frequency intermolecular
vibrations in their dephasing times of <1 ps.

The high-frequency modes at 744, 915, 982, 1124, 1251,
1353, and 1516 cm�1 exhibit more complex spectral distri-
butions than those discussed above, and the simple criterion
cannot be performed any more. As shown in Fig. 3 a, side
bands are clearly observed at both sides of the most intense
vibrational band for these modes (only one side for 1353 and
1516 cm�1 mode because of probe range). The probe photon
energy dependence of FT amplitude for the 982 cm�1 mode
is shown at the top of Fig. 3 a as an example. In order to
investigate the spectral position and the profile of this side-
band in detail, the peak position of each vibrational mode
has been recorded as a function of the probe photon energy.
To minimize the possible error, the side-band mass centers
are defined by the first moment given by

6n ¼

Ru2

u1

FnðuÞ$u du

Ru2

u1

FnðuÞ du
; (1)

where Fv(u) is the probe photon frequency (u)-dependent

FT amplitude spectra of the vibrational modes with a vibra-
tional frequency of uv.

The calculation results are displayed in Fig. 3 a and
connected by black and blue lines in the higher and lower
probe energy ranges, respectively. These two fitted lines
have slopes of �0.96 5 0.03 and 0.97 5 0.01, which
arevery close to51. Itmeans that the sidebands of eachvibra-
tional mode are spectrally distributed according to a linear
function (slopeK¼51) of their ownvibrational frequencies.
Therefore, they are symmetric with respect to a center axis.
Because the Huang-Rhys factors in Chl-a are very small
(<0.05) (11), the displacement in the coordinate space from
the potential minimum of the ground to that of the excited
states is small. In the experiment, what we observed is the
modulation of the electronic transition probability induced
by a wave-packet motion through vibronic coupling.

Therefore, if the vibrational modes appearing at side
bands are due to the wave-packet motion in the ground state,
the vibrational amplitudes are related to the absorption spec-
trum from the ground to excited state transition. The peaks
of the vibrational amplitudes are expected to symmetrically
appear on both sides of transition energy from the ground to
excited state, displayed as Stokes and anti-Stokes bands. If
the wave-packet motion on the excited-state potential
surface modulates the stimulated emission intensity, the
observed vibrational amplitude at side bands will have
peaks symmetric with respect to the stimulated emission
peak, also displaying as Stokes and anti-Stokes shifted
Biophysical Journal 101(4) 995–1003



FIGURE 5 Three-level system describing the excitation processes of the

vibrational coherence generation in the excited state. The lowest vibrational

state in the ground and excited states is represented by g0 and e0; gv and ev
represent where the vibrational coherence exists, where v and v0 denote
vibrational mode with different frequency. The value u0 denotes the Qy

(0-0) emission (central band) or the one with emission energy equal to it.

The values uv and uv0 represent different vibrational frequencies.
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structures. As shown in Fig. 3 a, the measured vibrational
signals at side bands are spectrally symmetric with respect
to the axis of the stimulated emission peak, so they were
assigned to vibrational modes coupling to the stimulated
emission from the Qy electronic excited state. However,
the signals at the central band are surprisingly weak; in
fact, they nearly vanish in this spectral range.

Why do the vibrational signals disappear in the
symmetric center and those at sidebands have a linear spec-
tral distribution? Here, to analyze the complicated results,
we use a coupled three-level model to explain the experi-
mental result by the theory of nonlinear ultrafast spectros-
copy in the following discussion. In this study, all the
vibrational modes in the discussion of the following section
showing clear side bands are much larger than 200 cm�1.
Because of the experimental temperature of 293 K, the
initial population on the vibrational levels with vibrational
quantum numbers larger than zero can be neglected for all
these involved in the vibrational modes. That means only
the lowest vibrational level of the electronic ground state,
jg0i, could be regarded as the initial state in the discussion
of the following section.
THEORY AND DISCUSSION

It is well known that the wave-packet can be generated
either via the simultaneous coherent excitation of the vi-
bronic polarization of several vibrational levels in the
excited state or via impulsive stimulated Raman scattering
in the ground state. The former case is known as a split
excited state, which can be represented in terms of V-type.
Analogously, the latter case is referred to as a split ground
state, which is expressed in terms of L-type interaction. In
the previous article (37), the coherent excitation of the
vibrations on the excited state was prevented so that only
the ground-state vibrations were excited. Hence, the
L-type interaction could be used. In our experiment, due
to the good overlap of the broad-band laser and the absorp-
tion band, the vibrations in the excited states can be coher-
ently excited, as shown in Fig. 5, where u0 denotes the Qy

(0-0) emission (central band) or the one with emission
energy equal to it.

Because there are only small frequency differences of the
same vibrational mode between the ground state and that of
the excited state (11,13,14), we assume the vibrational
energy (uv) in the ground and excited states to be identical.
In addition, because the Huang-Rhys factors of Chl-a are
very significantly small (S< 0.05), most of the Franck-Con-
don intensity is concentrated in the 0-0 transition. Therefore,
we only considered the 0-0 and 0-1 transition in the
following. As mentioned above, only a stimulated emission
process should be considered in the following discussions.
In total, there are four related NL processes related to our
experimental results. As defined in the Supporting Material,
they are NL process A (Stokes band, located at the lower
Biophysical Journal 101(4) 995–1003
probe photon energy range); NL process B (located around
the symmetric center); NL process A0 (anti-Stokes band,
located at the higher probe photon energy range); and NL
process B0 (located around the symmetric center),
respectively.

The observed pump-probe signals, represented by the
difference absorption for NL process A and NL process B,
can be expressed by (37–44)

DAAðu; tÞ ¼
2Im

�
~E
�
prðuÞ~P

ð3ÞðuÞ
�

j~EprðuÞj
2

fexp

�
� t

T2v

�

��½u� ðu0 � uvÞ�sinðuvtÞ þ g2 cosðuvtÞ
½u� ðu0 � uvÞ�2þg2

2

;

(2)

�
t
� ðu� u0ÞsinðuvtÞ þ g2 cosðuvtÞ
DABðu; tÞfexp �
T2v ðu� u0Þ2þg2

2

;

(3)

respectively, and the dephasing rate g2 h 1/T2. ~E
�
prðuÞ and

(3)
~Pð3ÞðuÞ denote the Fourier transforms of Epr(t) and P (t),
respectively. The exact expression of the amplitude of the
probe field Epr(t) and the third-order NL polarization
P(3)(t) are listed in the Supporting Material. The spectral
widths in Eqs. 2 and 3 can be determined using the elec-
tronic dephasing time T2, whereas the vibrational dephasing
time is given by the bandwidth of the FT amplitude of each
mode. Therefore, the electronic dephasing time and the
vibrational dephasing time can be independently deter-
mined by this principle. Thanks to the measurement of
real-time resolved vibrational amplitude, the dependence
of vibrational initial phase upon impulsive excitation on
the probe photon energy can also be determined. The total
observed difference absorption signal can be expressed by

DAðu; tÞ ¼ DAeðuÞexp
��t

te

�
þ
X
i

dDAviðu; t;uviÞ: (4)



FIGURE 6 Phase spectra of the mode of 982 cm�1 (dashed line) and

1251 cm�1 (solid line) observed in the real-time vibration spectra probed

at lower energy region.
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Here, the first term characterizes the slow dynamic compo-
nent of the real-time DA traces, and te is the electronic
decay time depending on the sample. The second term re-
presents the molecular vibration, which is a sum of all the
contributions of vibrational modes, v, with frequency uvi

and corresponds to the oscillation component in the DA
traces. For a certain vibrational mode with a frequency of
uv, dDA is given by

dDAvðu; t;uvÞ ¼ dAvðu;uvÞexp
� �t

tvðuvÞ
�

� cos½uvt þ 4ðu;uvÞ�;
(5)

where tv is the vibrational dephasing time for the vibrational
mode v including both homogeneous and inhomogeneous
contributions. The corresponding phase for NL processes
A and B of this vibrational mode can be derived from
Eqs. 2, 3, and 5 by

fAðuv;uÞ ¼ arctan

�½u� ðu0 � uvÞ�
g2

�
; (6)

and

fBðuv;uÞ ¼ arctan

��ðu� u0Þ
g2

�
: (7)

Similarly, the corresponding phase for NL processes A0 and
B0 of vibrational mode uv can be derived as

fA
0 ðuv;uÞ ¼ arctan

��½u� ðu0 þ uvÞ�
g2

�
(8)

and

fB
0 ðuv;uÞ ¼ arctan

�ðu� u0Þ
g2

�
: (9)

Because it is easy to satisfy the conditions of ju�(u0�uv)j
and ju�u0j >> g2, the difference of the phases should be p
between the higher-energy region (u > u05uv for process
A and A0,u>u0 for process B and B0) and the lower-energy
region (u<u05uv for process A and A0,u<u0 for process
B and B0). Specifically, phase change from �p/2 to þp/2 is
expected at ~u ¼ u0�uv with the increasing of the laser
photon energy because of excited state wave-packet motion
in the case of NL process A; and change fromþp/2 to �p/2
is expected at ~u ¼ u0þuv for NL process A0 with the
increasing of the photon energy u from u < u0þuv to
u > u0þuv because the signs of the phases are opposite in
both cases. Similarly, the pump-probe signals due to NL
processes B and B0 also have antiphase relations.

The physical meaning of the phase relation is interpreted
as follows. After excitation, a pump could generate molec-
ular vibrational coherence in the Qy excited state between
v ¼ 0 and v ¼ >1 levels. Then a probe comes to the sample
and interacts with the vibrational coherent polarization
between v ¼ 0 and v ¼ >1, resulting in the possibility of
laser-Stokes energy exchange as well as laser-anti-Stokes
exchange energy. The energy exchange process between
the probe and the molecular vibration is then dependent
on the molecular vibrational phase, which determines
whether the spectra in the range of u¼ u0 (5uv) are ampli-
fied and/or deamplified. For the antiphase relation between
the oscillation signals around the spectral range u05uv, the
signal around u0�uv is amplified if the one around u0þuv

is deamplified at the same time. As for the signals resulting
from NL process B and B0, because both of them share the
same spectral range u¼u0 and are satisfied with antiphase
relation, their oscillations are expected to take place con-
comitantly and then cancel each other out. It is consistent
with the experimental result shown in Fig. 3 that, despite
the clear vibrational signals on both the lower and higher
energy sides due to NL processes A and A0, respectively,
the vibrations in the center position (straight dashed line)
have nearly disappeared.

The phase of the vibrational modes with the frequencies
of 982 cm�1 and 1251 cm�1 at u0�uv range are shown in
Fig. 6. We chose these two modes as examples because
they show the clearest sidebands around their corresponding
u05uv range. Both of the vibrational phases have shown
a clear phase jump from �p/2 to þp/2 (~13,800cm�1 for
the 1252 cm�1 mode and 14,020 cm�1 for 982 cm�1), as ex-
pected. The electronic dephasing time T2 is determined to
be 415 2 fs from the real-time traces of absorbance change
in the negative delay time range (45), which is comparable
with the one of 54 fs obtained for bacteriochlorophyll (46).
However, the dephasing time is calculated to be ~150 fs
from Eq. 6, which is rather longer than the experimental
Biophysical Journal 101(4) 995–1003
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value. This disagreement may be explained as due to the
deviation from the simple three-level model. In a real
system, there are other possible contributions to vibration
amplitude through modulation of electronic transitions
from the excited Qy to other states, which are not included
in the simple three-level model. For example, the induced
absorption from the lowest electronic excited state to a
higher one may couple with the same vibrational modes
and affect the calculation result.

As shown in Fig. 2 a, there is another highly oscillating
band centered at 14,100 cm�1 with a full bandwidth of
~300 cm�1, which gives rise to a concentrated vibrational
band in addition to those coupled with ground-state bleach-
ing and those symmetrically distributed due to the stimu-
lated emission in Fig. 3. Even though stimulated emission
provides the largest contribution in the signal in the
u0�uv range, induced absorption at ~14,100 cm�1 is still
intense enough to compete with it because the total negative
signal is close to zero. In addition, considering the very
small spectral overlap between these vibrations and the
stimulated emission peak, it is reasonable to assign these
vibrations coupled to the transition from the Qy excited state
to a higher electronic state by induced absorption, which is
peaked at ~14,100 cm�1 (~709 nm). Recently, the excited-
state absorption spectrum of Chl-a has been studied by
Z-scan technique using the white-light continuum, but the
excited-state absorption could only be observed in the wave-
length region below the ground-state absorption (47). In this
study, the excited-state absorption peak at ~709 nm can be
recognized through the evidence from both the electronic
and vibrational dynamics simultaneously. Because of the
coexistence of stimulated emission and the induced absorp-
tion, even though the phase jump from �p/2 to þp/2 still
maintains, the jump position and width predicted by the
two-electronic level theory has been affected.

The phase characteristic at u0þuv range has also been
studied, but it is too complicated (not shown here) to be
compared with the calculation. That might be due to the
much stronger influence of the induced absorption in this
spectral range. As shown in Fig. 2 a, the positive DA signal
due to induced absorption is most intense in the higher
spectral range (15,500–16,500 cm�1), and all the possible
electronic processes, the ground-state bleaching, stimulated
emission, and induced absorption, can take place in this
photon energy range. Even though the vibrational amplitude
position is not much affected, the vibrational phase is much
more sensitive, and the influence from other processes is too
intense to be neglected for the phase calculation and hence it
must be explored with a model far beyond the simple three-
level (two electronic levels and one vibrational level) system.
CONCLUSIONS

A femtosecond pump-probe experiment is performed on
Chl-a using a 6.8-fs visible pulse. Electronic relaxation
Biophysical Journal 101(4) 995–1003
and vibrational dynamics are simultaneously observed by
real-time vibrational spectroscopy with a 0.8-fs delay step
at room temperature. Wave-packet motions in the excited
state coupled to the stimulated emission are observed over
a broad detection from 539 nm to 738 nm. The modulation
signals are found to nearly vanish around the stimulated
emission peak; however, they are symmetrically distributed
with respect to the emission peak as a function of their own
vibrational frequencies at both sides. The corresponding
nonlinear process has been studied using a three-level
model, from which the probe wavelength dependence of
the phase of the periodic modulation and the spectral distri-
bution of vibrational amplitude has been explained in detail.
Because of the scarcity of Qy-band vibrational information
in Chl-a at a physiologically relevant temperature, low-tem-
perature data are generally used in the calculation of the
absorption profile at room temperature.

Due to the complexity of the temperature-dependent
characteristic of Chl-a, there is no current consensus as to
how well the low-temperature data will satisfy the physio-
logically relevant temperatures situation, and many contro-
versial issues have arisen in these calculations. The Qy-band
vibrational information obtained in this study seems the
most straightforward initial step for resolving these, and
holds promise to reveal hidden features in the absorption
band shape of Chl-a with limited structure at physiologi-
cally relevant temperature.
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