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Abstract: Broadband real-time dynamic vibronic coupling in Chl-a were 
experimentally studied using few cycle laser pulses of 6.8fs duration and a 
128-channnel lock-in amplifier. Thanks to the extreme temporal resolution 
benefitting from the ultrashort laser pulse, the real-time modulation of the 
electronic transition energy induced by the molecular vibrations were 
calculated by the time dependent first moments of the bleaching band. The 
transition energy was found to be modulated periodically with the same 
frequencies of molecular vibration found in the Fourier amplitude spectrum 
of the difference absorbance real-time traces. This was interpreted to be due 
to the difference in the effective transition energy associated with the 
wavepacket motion induced by the equilibrium positions of potential curves 
between the ground state and the excited state. Using the values, Huang–
Rhys factors for several vibrational modes involved in the spectral 
modulation at the room-temperature have been determined. 
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1. Introduction 

Chlorophyll a (Chl-a) plays an essential role in the energy transfer and charge separation in 
the photosynthetic unit, hence Chl-a and Chl-containing proteins have been extensively 
studied [1–3].Among these studies, applications of laser pulses with durations from several 
tens to 100fs have been reported. On the other hand, the vibrational structure of Chl-a has 
been obtained by resonance Raman spectroscopy, spectral hole-burning, and fluorescence 
line-narrowing techniques, respectively [3–7]. However, the vibrational information of its 
most interesting Qy-band is usually studied at very low temperature (~4K) due to the 
temperature requirement of these vibrational methods and disturbance by intense fluorescence 
in Chl-a solution. Vibrational result at physiologically relevant temperature has not been 
elucidated, and no study has yet been reported on the coherent molecular vibration induced by 
impulsive excitation with a sufficiently short pulse. 

With the development of the ultrashort pulse laser techniques, few-cycle pulses in the 
visible and near-infrared ranges have been generated [8,9]. Among these methods, the 
noncollinear phase-matched optical parametric amplification (NOPA) technique has attracted 
great interests. Using this method, sub-5-fs pulses in the visible spectral range have been 
generated by our group [8,9]. Recently, pulse with duration as short as 2.4fs with carrier 
envelope phase stabilization has been realized [10].These ultrashort pulse lasers make it 
possible to observe the real-time electronic, phonon, and vibrational dynamics in various 
molecular systems, which has provide microscopic insights into bulk materials, molecules, 
and chemical and biochemical reaction processes [11,12] 

In the present study, we used a 6.8 fs laser for broad-band pump-probe real-time 
vibrational spectroscopy to obtain both electronic relaxation and vibrational dynamics of Chl-
a at physiologically relevant temperature. Due to the broad probe wavelength extending from 
539 nm to 738 nm, the dynamics of the vibrational modes coupled to the electronic transition 
of the whole Qy-band in Chl-a has been detected. The modulations of the electronic transition 
energy have been observed and determined, and been explained in terms of Huang–Rhys 
factors. 

2. Experimental method and material 

The Chl-a sample was extracted from spinach leaves and subsequently purified using 
chromatographic method [13]. The solvent used here is a mixture of petroleum ether and 2-
propanol with a ratio of 100:5. The stationary absorption curve and the fluorescence spectra of 
Chl-a solution were shown in Fig. 1. In the real-time pump-probe experiment, the Chl-a 
sample is placed in a 0.5 mm fused silica flow cell with 1.25 thick mm window on both sides. 

The seed and pump of our NOPA system were generated from the same commercial CPA 
laser (Spectra Physics, Spitfire). The white light seed generated from a 1mm sapphire was 
amplified in a 1mm thick BBO crystal, and the amplified broadband pulse was compressed by 
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a pair of Brewster angle prisms and chirp mirrors. The pulse duration was measured to be 
6.8fs after the front sample cell window. The output spectral range extends from 539nm to 
738nm (Fig. 1). Both the pump and probe of our spectroscopy experiment were generated 
from the same NOPA pulse, and the pulse energies were 42 and 6 nJ, respectively. 
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Fig. 1. The absorption spectrum(1), fluorescence spectrum (2) of Chl a, and the NOPA laser 
spectrum (3). 

We applied the combination of a polychromator and a multi-channel lock-in amplifier 
(Signal Recovery, Model 7210) to detect the signal. After the sample, the probe pulses were 
dispersed by the polychromator (300 grooves/mm, 500 nm blazed) and guided to the 128 
avalanche photodiodes by a fiber bundle. The spectral resolution of the total system was 1.5 

nm. The wavelength dependent absorbance difference was measured at delay times from −200 
to 1800 fs with 0.8 fs step. All experiments were performed at a constant temperature (293K). 

3. Results and discussion 
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Fig. 2. (a) Birds-eye view of the time-resolved difference absorption spectra of Chl-a. (b) Real-
time traces at seven typical wavelengths. The dashed lines represent ∆A = 0. 

Figure 2 shows the three dimensional plot of the time-resolved difference absorption curves of 
Chl-a as functions of the probe wavelength and the delay time. The negative ∆A signal is due 
to the increase of the transmitted probe light intensity caused by the absorption bleaching 
owing to the ground state depletion and/or stimulated emission; whereas the positive one 
represents the contribution from the induced absorption. The most intense negative peak 
signal is located around the Qy(0,0) transition peak at 664 nm, and shows an asymmetric 
profile. This can be explained in the following way that the transient signal observed at probe 
wavelength longer than 664nm is due to the mixed contribution of both the ground state 
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bleaching (BL), the stimulated emission (SE) and possible induced absorption (IA) from Qy 
state to even higher excited states, while the ∆A at probe wavelength shorter than 664nm is 
dominated by the BL and the IA. 

It is noteworthy that the time dependent ∆A signal in Fig. 2(b) shows predominant 
periodic modulation due to molecular vibration. To gain a better understanding of the vibronic 
coupling mechanisms, the vibrational mode frequencies and its corresponding amplitudes 
have been evaluated by the fast Fourier transform (FFT) analysis, which was performed after 
subtractions of averaging data over 200 fs from raw data to remove the slow decay dynamics 
due to dynamics in the relevant electronic states. Figure 3 depicts the three-dimensional plot 
of the Fourier power against the molecular vibration frequency and probe photon energy 
(wavelength). There are two main vibrational bands. The weaker one is located around 

14100cm
−1

 (709nm) and has been assigned to the vibronic coupling to the IA from Qy state to 
an even higher state [14]. The stronger one is near the ground state absorption peak of Chl-a. 
More than 25 vibrational modes have been observed in this spectral range. It is noteworthy 

that the high-frequency modes (>700cm
−1

) in this vibrational band show clear side-band 
signals, which are distributed as the linear function (slope K = 1) of their own vibrational 
frequencies. The spectral distributions of the side-band amplitudes and phases could be 
discussed in terms of energy exchange intermediated by vibrational coherence [14]. In the 
following, we will concentrate on the discussion of the real-time spectral modulation effect 
induced by the observed molecular vibrations. 
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Fig. 3. Three-dimensional plot of FT amplitude spectra of the pump-probe signal. 

Figure 4(a) shows the integrated signal intensity in the whole range of the Gaussian-like 

strong Q-band from 14503 cm
−1

 (689.5 nm) to 15366 cm
−1

 (650.5nm), 

( ) ( , )I

Q
A t A t dω ω∆ = ∆∫  (zeroth moment) calculated with a step of 0.8 fs representing the 

total electronic transition probability of the Q-band. The electronic transition energy at each 
delay time can be monitored by the first-moment expressions of 

 ( ) ( , ) / ( , )
Q Q

t A t d A t dϖ ω ω ω ω ω= ∆ ∆∫ ∫i  (1) 

As shown in Fig. 4(c), starting from the initial value of 14980 cm
−1

, the center probe 
photon energy shows highly delay-time dependent modulation, suggesting that the time-
resolved ∆A spectra undergo non-negligible spectral shift at different delay times. Its 
corresponding FT power spectra are as shown in Fig. 4(d). There are five main modes clearly 

appearing with the frequency of 259, 346, 565, 743, and 982 cm
−1

. The contribution of each 
vibrational mode to the spectral shift can be determined by a simple simulation of a linear 
combination of five functions expressed by 
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 ( ) exp( / ) cos( ), ( 1,2,...,5)
simu vi vi vi i

i

t t t iδω δω τ ω ϕ= − + =∑  (2) 

Here, ωvi is the vibrational frequency of each mode; τvi is the vibrational dephasing time; φi is 

the initial phase, respectively. The corresponding spectral modulation 
vi

δω  are calculated to 

be 2.83, 8.72, 4.80, 10.81, and 3.44 cm
−1

 for 259, 346, 565, 743, and 982 cm
−1

 mode, 
respectively. 
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Fig. 4. Probe delay time dependence of the integrated ∆A signal intensity in the Q band (a), the 
electronic transition energy (c), and their corresponding FT power spectra (b) and (d), 
respectively. 

In the following discussion, we will concentrate on the explanation of this spectral 
modulation. As we noticed that all the vibrational modes appearing in Fig. 4(d) have 

frequencies lower than 1000cm
−1

, and these modes have been assigned to vibrations of the 
tetrapyrrole skeleton and deformations of the peripheral substituent groups [4,5], which are 
easily to be involved in the molecular structure change in the Chl-a much more effectively 
than those with higher frequency. So at first glance, this spectral modulation might be 
considered to be caused by molecular vibration phase modulation (MPM) mechanism, i.e. the 
propagation of the probe pulse is modified through the delay-time dependent variation of 
refractive index induced by the molecular vibrations excited by the pump pulse [15]. 

Especially, the modes of 346 and 743 cm
−1

 undergo much stronger vibronic coupling as 
shown in Fig. 3. Therefore the refractive index changes caused by their vibrational motions 
are expected to be much more intense than by other modes. However, as compared the 
spectral modulation contributed from single Chl-a molecule was calculated to be 10

3
 times 

larger than that one due to single SF6 molecule. This difference is too large to be explained by 
the difference in the molecular structure. Then we need go back to the original data of ∆A(ω) 
spectra to find the real reason. In pump-probe experiment, the modulation of the absorbance 
change (δ∆A(ω)) can be expressed as a function of the probe frequency ω [16] 

 2 2

2 2

( , ) ( , ) ( , )

( ( )) ( , ) ( , )
( ( , ) ( ) ( ) ) cos( )

( )

QG

v

QG

A t A t A t

t d A t d A t
A t t t t

dt d

δ ω ω ω

δ µ ω ω
ω δω δ ω ω φ

ωµ ω

∆ = ∆ −∆

∆ ∆
≅ ∆ + + ∆ +

(3) 

Here, µ is the transition dipole moment, δω is the change of the electronic transition 
energy, and δ∆ω is the change in the bandwidth ∆A spectrum. The first term in Eq. (3) 
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represents the modulation of m of the relevant electronic transition, which is zero when the 
Condon approximation is satisfied. If we apply the conventional Franck–Condon-type wave 
packet in the excited state to explain the origin of this molecular vibration, the integrated 
intensity of the absorbance change covering the relevant electronic state transition range will 
not change during the wave-packet motion [16]. In the case of Chl-a, it is not constant but 
highly modulated as shown in Fig. 4(a), which indicates that the vibrational modes shown in 
Fig. 4(b) can be classified as non-Condon type or the Raman type which can explain the 
intensity modulation through energy exchange between the laser, Stokes, and anti-Stokes field 
intermediated by the molecular vibrations. The second term corresponding to the case when 
the potential minimum is displaced between ground state and excited state. If the 
displacement is small, the probe wavelength dependence of vibrational amplitude resulted 
from this term will be related to the first derivative of the corresponding transition spectrum. 
As we know that the Huang-Rhys factors of Chl-a are significantly small, the first derivative 
type contribution to the δ∆A(ω) spectra should not be neglected here. The third term in Eq. 
(3) takes effect when there is no displacement between the ground and excited states. It is not 
the case of Chl-a molecule, so we did not calculate this term here. 

Based the description above, if the electronic transition energy change can be discussed in 
terms of the difference in the equilibrium positions of potential curves between the ground 
state and the excited state, the Huang–Rhys factor S for each vibrational mode can be 
calculated to be S259 = 0.011, S346 = 0.025, S565 = 0.008, S743 = 0.015, and S982 = 0.004 by 

/
vi vi

δω ω  based on the calculation result of Eq. (2). Except the value obtain for the weakest 

mode at 982cm
−1

, all the other factors are of the same order with those reported in [6]. The 
slight difference in the two series values may due to different experimental temperature and 
different environment of Chl-a, because the hole burning experiment in [6] was performed at 
1.6K in a light-harvesting complex of photosystem I (PSI-200). To verify this assumption, we 
calculated the Huang–Rhys factors for the vibrational modes in MEH-PPV [17]. And the 
result are S961 = 0.232, S1278 = 0.201, S1315 = 0.187, and S1587 = 0.175, respectively. Then the 
average Huang–Rhys factor can be determined to be 0.4, which is in good agreement with the 
reported value of 0.51 [18]. Even though the spectral modulation size in MEH-PPV are 

remarkable large (~250cm
−1

) [17] in contrast to ~10 cm
−1

 in the case of Chl-a, it is reasonable 
to attribute them to the same mechanism if their Huang–Rhys factors and involved vibrational 
frequencies are taken into consideration. 

4. Conclusion 

We used a 6.8fs laser as the light source of the broadband real-time vibrational spectroscopy 
to study the coherent molecular vibration in Chl-a. Due to advantages of ultrafast excitation 
and broadband detection, the probe wavelength dependence of the vibration amplitude in Chl-
a was detected with high sensitivity. The electronic transition energy change has been 
calculated and explained in terms of the difference in the equilibrium positions of potential 
curves between the ground state and the excited state. Due to the temperature limitation of 
conventional vibrational spectroscopic techniques in the study on Chl-a and the complexity of 
the temperature dependent characteristic of Chl-a, its Q-band vibrational information at 
physiologically relevant temperature is always scarce and desirable. The room-temperature 
information obtained here is promising to reveal the hidden features of Chl-a at 
physiologically relevant temperature directly. 
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