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Multiple mode coupling in Cy3 molecules by impulsive coherent

vibrational spectroscopy using a few-cycle laser pulsew
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Multiple vibrational mode coupling that induces the missing

mode effect and Duschinsky rotation on the potential energy

surface of the S1 state in the Cy3 molecule was clarified by

real-time ultrafast spectroscopy with a few-cycle laser pulse. The

contributions of homogeneous and inhomogeneous dephasing to

the total dephasing time were found to be 55% and 45%,

respectively.

As a result of recent progress in microscopy, dye molecules are

frequently used to label the functions of cultured cells in vivo

and in vitro because a high spatial resolution that exceeds the

diffraction limit (i.e., under 100 nm) can be achieved using

fluorescence from dye molecules.1–4 In these applications,

photochromic molecules or optical switching using the Förster

resonance energy transfer (FRET) mechanism are frequently

used. Cyanine Cy3 molecules are famous for their high

fluorescence efficiency and highly efficient FRET activity when

combined with the Cy5 molecule.4 Despite being extensively

used in biological applications, there have been surprisingly

few spectroscopic investigations of the Cy3 molecules.5,6

Especially, there is no report about the ultrafast dynamics

on the potential energy surface in the excited state.

Linear spectroscopy techniques that employ stationary

absorption and spontaneous fluorescence are conventional

techniques that provide information on homogeneous and

inhomogeneous broadening. However, nonlinear spectro-

scopic techniques, such as photon echo spectroscopy, must

be used to investigate homogeneous dephasing dynamics.7 In a

previous paper, we demonstrated that the electronic dephasing

time and the excited-state vibrational dynamics can be

obtained from real-time traces in a ‘‘negative-time’’ range in

a pump–probe experiment using a pulse that is much shorter

than the electronic dephasing time and the excited-state

molecular vibration period.8 This technique has the advantage

that it simultaneously obtains information about the electronic

and vibrational dephasing dynamics from a single experimental

data set.

In this communication, we demonstrate how to extract

molecular vibrational modes that are coupled with each other

but buried by combining both linear and nonlinear spectroscopic

data according to the idea of both Duschinsky rotation9,10 and

missing mode effect11,12 for the first time. This technique

reveals multiple-mode coupling on the potential surface of

the excited state of Cy3 molecules. Additionally, from the

absorbance change data in the ‘‘negative time’’ range we

determine the relative contributions of homogeneous and

inhomogeneous dephasing to the total dephasing time.

The Cy3 sample was purchased from GE Healthcare

Bio-Sciences KK. The molecular structure of Cy3 molecule

studied in this communication is depicted in Scheme 1.

Cy3 was dissolved in pure water. Stationary absorption and

fluorescence spectra were recorded with an absorption spectro-

meter (Shimadzu, UV-3101PC) and a fluorophotometer

(Hitachi, F-4500), respectively. Resonance Raman spectra

were measured using the 488 nm line from an Ar+-ion laser.

The ultrafast spectroscopy procedure has been described in

ESIw in detail, and a brief description is given here. Both pump

and probe pulses were generated by using a noncollinear

optical parametric amplifier (NOPA) system developed in

our group.13 The pump source of this system is a commercially

available regenerative amplifier (Spectra-Physics, Spitfire) that

has a pulse duration of 50 fs, a center wavelength of 790 nm, a

pulse repetition rate of 5 kHz, and an average output power of

800 mW. The visible NOPA pulse with a duration of 6.2 fs

covered the photon energy range 1.69–2.37 eV, with a constant

spectral phase over the whole laser spectrum. Pump–probe

signals were detected with a 128-channel lock-in amplifier.

Real-time vibrational spectra were measured for delay times

between the pump (40 nJ) and probe pulses (2 nJ) in the range

�100 to 1100 fs in 1 fs intervals.

Fig. 1(A) shows the stationary absorption and fluorescence

spectra of Cy3. Their spectra exhibit quasi-mirror symmetry

with respect to the mirror plane at 2.21 eV with the Stokes

shift of 0.1 eV. One shoulder in both the absorption and

fluorescence spectra reveals vibrational progression. The

vibrational progression from the band origin (2.26 eV) is

144 meV (1160 cm�1) in the absorption spectrum, whereas

the energy separation from the band origin (2.16 eV) is 100 meV

Scheme 1 Molecular structure of Cy3 molecule.
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(807 cm�1) in the fluorescence spectrum. The uncertainty

of the vibrational progression inherent due to the overlap of

multiple peaks exists. Based on the results of several studies of

cyanine molecules,14–16 they can be assigned as collective

symmetric modes, which mainly involve motions of the

bridging C atoms between two aromatic rings in the Cy3

molecule.

Fig. 1(B) shows a resonant Raman spectrum of the Cy3

dye excited at 488 nm. Because of intense spontaneous

fluorescence and the weak signal due probably to small

Raman cross sections of the molecular vibrational modes,

the S/N of Raman spectrum is small. To determine the

frequencies of Raman peaks, the second derivative of the

Raman signal with respect to wave number was used (red

curve in Fig. 1(B)). However, no clear molecular vibration

signature could be identified. We interpret these results as

follows. The contribution of molecular vibrational modes to

the stationary absorption spectrum depends on the vibronic

coupling strength of each mode. In the case of Cy3, the

1160 cm�1 mode has the highest vibronic coupling strength of

all the modes in the stationary absorption spectrum. The

differences between the absorption and fluorescence spectra

of this vibrational mode can be explained by Duschinsky

rotation on the S1 excited-state potential hypersurface with

geometrical relaxation after photoexcitation.9,10

Fig. 2(A) shows a two-dimensional plot of the absorbance

change (DA) of the Cy3 dye for pump–probe delay times in the

range �100 to 1100 fs over the whole probe spectral range.

Coherent artifacts are visible in the DA spectra in the range

0 to 100 fs. As seen in Fig. 2(B) and (C), both the signal

intensity and the spectral profile remain constant in the range

100 to 1100 fs because of the much longer lifetime of the S1
state. As discussed in previous papers by our group,8 when the

probe pulse precedes the pump pulse, the probe delay time

dependence of the signal reveals information about the

electronic polarization induced by the probe pulse. (In the

present paper, this time range is referred to as the ‘‘negative-time’’

range.) In this range, the probe pulse generates electronic

coherence in the sample within electronic dephasing

time. Then, the intense pump field forms a grating which

interacts with another pump-field to be diffracted into the

probe direction, satisfying the causality. The phase relaxation

time of the relevant electronic states can be obtained from the

DA data with the delay time dependence in the negative-time

region.

The dephasing rate (1/Tele
2 ) obtained from the plot consists

of the following three components:

1

T ele
2

¼ 1

2T ele
1

þ 1

T 02
ele
þ 1

T�ele2

: ð1Þ

Fig. 1 (A) Stationary absorption spectrum and fluorescence spectrum of Cy3 molecules and laser spectrum. (B) Resonance Raman spectrum

excited at 488 nm. Second derivative of the Raman data with respect to wave number .

Fig. 2 Two-dimensional real-time absorbance difference spectrum of

Cy3. (A) Two-dimensional plot of DA(o, t) of Cy3. (B) Real-time

traces of DA at photon energies of 1.86, 2.05, and 2.21 eV.

(C) Photon energy dependencies of DA at delay times of 200, 400,

and 600 fs.
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Here, T ele
1 is the population decay time, and T 02

ele and T�ele2 are,

respectively, the pure electronic dephasing time and

the electronic phase relaxation time due to inhomogeneous

broadening. For simplicity, we assume that T 02
ele ¼ 1.

By analyzing the plot in Fig. 3, the electronic dephasing

time was found to be Tele
2 = 27 � 1 fs. From the population

decay time T ele
1 4 1 ps in the previous section, 1/Tele

1

can be approximated as 0. As a result, the pure electronic

dephasing time is determined to be T 02
ele ¼ 27� 1 fs.

The negative time data correspond to the dynamic response

of the macroscopic polarization induced by the resonant

overlap of the laser spectrum and the absorption spectrum

of Cy3 molecule. This overlap is limited mainly in the region of

the lowest absorption peak. Consequently, the effect of

inhomogeneity is limited and it is mainly caused by electronic

inhomogeneity rather than vibrational inhomogeneity. There-

fore, we assume that the inhomogeneity in the overlapping

range is negligibly small. Based on these considerations, the

pure electronic dephasing time found is considered to be

accurate.

To determine the fractional contributions of homogeneous

and inhomogeneous dephasing to the total dephasing, we took

the Fourier transform of the stationary absorption spectra.

The resultant data indicate a damped oscillator with a

total dephasing time of 15 � 2 fs (Fig. 3(C)). From this

electronic dephasing time, we found that homogeneous and

inhomogeneous dephasing, respectively, contribute 55% and

45% to the total dephasing time.

The probe delay time (t) dependent change (dDA(o, t)) in
DA(o, t) is due to the molecular vibration. Fig. 4 shows a

two-dimensional (o, t) plot of the fast Fourier transform

(FFT) power spectra of real-time traces of DA (o, t) probed
at the 128 photon energies shown in Fig. 2. Molecular vibra-

tional modes are expected to be observed because the pulse

duration of the pump laser is much shorter than the molecular

vibration period and the DA signal is generated by a w(3)

process, which obeys the same selection rule in the Raman

spectrum. Fig. 4(B) shows the integrated FFT power spectrum

of Cy3 in the region 1.85 to 2.2 eV. The peak corresponding to

the 1160 cm�1 mode appears at 1139 cm�1. The uncertainty in

the FFT spectra is about 30 cm�1. However, it is difficult to

assign the 807 cm�1 mode in the FFT spectra. The other peaks

can be assigned to molecular vibrations.

We consider why absorption and fluorescence spectra

exhibit only a single vibrational progression despite the fact

that the molecular vibration signals appear in FFT power

spectra obtained by real-time spectroscopy. To determine the

cause for this, we invoked the missing mode effect

(MIME)11,12 when analyzing vibrational modes in the real-

time spectra. In the MIME model, fluorescence spectra can be

modeled by a damped harmonic oscillator. The correlation

function that describes the wave packet motion on the

Fig. 3 (A) DA(t) in the negative-time region of Cy3 at 2.21 eV and fitting result. (B) The probe photon energy dependence of the electronic

dephasing time of Cy3. Solid lines connect adjacent channels of 128-ch lock-in amplifier, while dashed lines connect non-adjacent channels.

(C) Inverse Fourier transform spectra of the stationary absorption spectra of Cy3 and fitting result (see ESIw).

Fig. 4 Two-dimensional plot of FFT power spectra of Cy3 (A). Two-dimensional plot of FFT power spectra of Cy3 (B). (Top) Integrated FFT

power spectra of Cy3 in the region 1.85 to 2.2 eV. (Bottom) FFT power spectra extracted from the MIME model.
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potential energy surface in the excited state can be formulated

as follows:

hf0|f(t)i =
Q

k(hf0k|fk(t)i)exp(�iE0t/�h � G2t2)

(hf0k|fk(t)i) = exp(�(D2
k/2)(1 � e�iokt) + iokt/2) (2)

Here, f0k and fk(t) represent the wave packets with energy

difference E0 and displacement Dk of the minimum position of

the potential energy surface between the ground and excited

states of the kth mode. The correlation function between f0

and f(t) represents a damped oscillator that consists of several

damped oscillators with a frequency ok.

Because the 807 cm�1 mode appears in the fluorescence

spectrum, we treated this mode as a damped oscillator with the

above-derived total dephasing time of 15 fs. Because this

damped oscillator is due to the interference between molecular

vibrational modes, we can extract contributed molecular

vibrational modes if we can get the information of mode

coupling. From the discussion about stationary absorption

and fluorescence spectra, the 1160 cm�1 mode is assumed to

couple most strongly with the 807 cm�1 mode according to the

Duschinsky rotation. To extract other coupling modes,

Fourier transforms were taken of the spectrum of the damped

oscillator with 807 cm�1 divided by that of the damped

oscillator with 1160 cm�1. The resultant spectrum is shown

at the bottom of Fig. 4(B). By comparing with the experi-

mental results, we find that the modes at 350, 480, 1139, 1480,

1600, and 2000 cm�1 couple with each other and produce

the 807 cm�1 mode in the fluorescence spectra. This result

demonstrates that multiple vibrational mode coupling occurs

on the potential energy surface of the S1 state of Cy3.

In summary, the electronic dephasing time of Cy3 is

determined to be 27 � 1 fs from real-time absorbance

difference spectra in the time range in which the probe pulse

proceeds the pump pulse. The electronic phase-relaxation

dynamics was obtained by taking the Fourier transform of

the stationary absorption spectra. The contributions of

homogeneous and inhomogeneous dephasing to the total

dephasing time were found to be 55% and 45%, respectively.

Additionally, we found that Cy3 molecules exhibit very weak

molecular vibrational coherence in real-time ultrafast spectro-

scopy although vibrational modes appear in both stationary

absorption and fluorescence spectra. By applying MIME

analysis, we have found the multiple mode coupling dynamics

on the potential surface of the S1 state in Cy3 molecules. These

analytical techniques, which permit the determination of

the dephasing time and the ratio of the homogeneous and

inhomogeneous dephasing times and the extraction of multi-

mode coupling based on the MIME model, are powerful tools

for investigating the molecular dynamics in condensed phases.
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