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A modified model, a set of rate equations based on time-dependent correlation function, is used to study vibrational

relaxation dynamics in transient grating spectroscopy. The dephasing, the population dynamics, and the vibrational

coherence concerning two vibrational states are observed respectively in organic dye IR780 perchlorate molecules doped

polyvinyl alcohol matrix. The result shows that in addition to the information concerning system-environment interac-

tion and vibrational coherence, the vibrational energy transfer can be described by this modified model.
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1. Introduction

The vibrational relaxation dynamics is a

common way to investigate energy redistribu-

tions in some processes such as isomerization,[1,2]

photoluminescence,[3,4] and photoinduced charge-

transfer.[5,6] Therefore, the investigations concerning

vibrational relaxation dynamics are helpful for under-

standing the mechanisms of these processes. A great

amount of research has studied vibrational relaxation

dynamics in gas phase and solution regimes.[7−16]

Experimental results show that the time scale of vi-

brational relaxation is dependent on the interaction

between the molecular system and the local environ-

ment. So it can be predicted that the vibrational

relaxation of molecules doped in solid film is much

faster than that in gas phase and solution regimes

because the system-environment interaction is much

stronger in film.

With the development of ultrafast laser, a third-

order nonlinear spectroscopy, the TG spectroscopy,

proves to be a powerful method to detect vibra-

tional relaxation.[17−20] The time-dependent correla-

tion function is usually used to characterize third-

order nonlinear signal response. And the informa-

tion concerning system-environment interactions and

vibrational coherence is obtained by this correlation

function.[19,21−23] However, population dynamics of

each vibrational state is considered to be isolated in

this model. To our knowledge, population transi-

tion among vibrational states has not been introduced

in this model. Therefore, the information concern-

ing vibrational energy transfer (VET) is unable to be

obtained by the time-dependent correlation function

mentioned above.

To solve this problem, we introduce a set of rate

equations based on the time-dependent correlation

function. In this modified model, population tran-

sition among vibrational states is considered. To

start with, the dephasing, the population dynamics,

and the vibrational coherence are separated by time-

dependent correlation function, and then the kinetic

curves concerning population dynamics are fitted with

the numerical solutions of rate equations to obtain the

information about the population transition among

vibrational states. In this paper, the transient grat-

∗Project supported by the Defense Industrial Technology Development Program of China (Grant No. B1520110002), the Pre-

Research Foundation of PLA General Armament Department, China (Grant No. 9104C6709101106), and the National Natural

Science Foundation of China (Grant Nos. 20973050 and 20573028).
†Corresponding author. E-mail: yqyang@hit.edu.cn

© 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

043402-1



Chin. Phys. B Vol. 21, No. 4 (2012) 043402

ing (TG) spectroscopy is used to study vibrational

relaxation dynamics in organic dye IR780 perchlorate

doped polyvinyl alcohol (PVA) film. With this mod-

ified model, we confirm the route and time constant

concerning VET between two vibrational modes.

2. Method and material

The experimental setup for femtosecond TG is

displayed in Fig. 1. The ultrashort pulses (∼ 100 fs,

800 nm, 1 kHz) generated by a Ti:sapphire regenera-

tion amplified laser system (Spectra-Physics, Spitfire)

are split into three beams which have the same po-

larizations. Two of them (k1 and k2) act as the ex-

citation pulses while the third one (k3) acts as the

probe pulse. The intensity of the excitation pulse is

about 1×109 W/cm2 and that of the probe pulse is

7×108 W/cm2. The three pulses spatially cross at

one point on the sample forming folded box geome-

try. The interval between two excitation pulses (t12)

is set to be zero and the interval between excitation

and probe pulses (t23) is scanned by an optical delay

line. The TG signal along the phase-matched direc-

tion k4 = −k1+k2+k3 is captured by a spectrometer

(Bruker, Optics 250IS/SM) equipped with an intensi-

fied charge-coupled device (Andor iStar, DH720).
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Fig. 1. Schematic diagram of experimental setup. BS:

beam splitter, PS: periscope, S: sample.

In sample preparation, IR780 perchlorate

(Aldrich, Dye content 99%) ethanol solution and PVA

water solution were evenly mixed, and then the mix-

ture was spun on a glass substrate to produce the film

which has good optical properties and the thickness

of the film is about 5 µm.

3. Results and discussion

The excitation pulse wavelength lies in the ab-

sorption band of the IR780 perchlorate doped PVA

film as shown in Fig. 2, which indicates that the molec-

ular system is resonantly stimulated from electronic

ground state to excited state. Compared with the ex-

citation pulse, the TG signal has a blue shift caused

by the coupling of the vibrational modes. This re-

sult indicates that the TG signal contains the informa-

tion concerning vibrational states on the electronic ex-

cited state. However, frequencies of vibrational modes

which are related to these vibrational states cannot be

obtained in frequency domain because the TG spec-

troscopy is lacking in spectral resolution.
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Fig. 2. TG signal (solid line), excitation pulse (dash line),

and absorption (dot line) spectra.

The information about vibrational modes is usu-

ally confirmed from time-resolved spectrum in TG

spectroscopy by using the Fourier transform. The

time-resolved spectrum can be described by a time-

dependent correlation function M(t). This correla-

tion function is usually separated into three parts to

describe population relaxation, dephasing, and vibra-

tional coherence. The three processes are represented

with a sum of exponentials and a damped cosinusoid

respectively.[19] So the M(t) can be expressed as

M(t) = A1 exp(−t/T1) +A2 exp(−t/T2)

+B exp(−t/τ) cos(ωt+ p). (1)

In Eq. (1), the first term describes the population re-

laxation with an amplitude A1 and a time constant

T1; the second term expresses the dephasing with an

amplitude A2 and a time constant T2; the third term

represents vibrational coherence where B, τ , ω, and p

are the amplitude, the time constant, the frequency,

and the initial phase of oscillations in time-resolved

spectrum respectively.

As shown in Fig. 3(a), the time-resolved TG spec-

tra are fitted with Eq. (1). An oscillation with a fre-

quency of 150 cm−1 is observed on the kinetic curve

at 797 nm. This oscillation is the result of vibrational

coherence between two vibrational states denoted by

v1 and v2. And the vibrational modes related to the
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vibrational states v1 and v2 can be confirmed by Ra-

man calculation with Gaussian 03.[24] As shown in

Fig. 3(b), the vibrational state v1 belongs to vibra-

tional mode with 190 cm−1 which roots in N–CH3

bond rotation, and the vibrational state v2 belongs to

vibrational mode with 350 cm−1, which is assigned to

the out-of-plane distortion of molecules.
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Fig. 3. (a) Time-resolved spectra of TG signal. The ex-

perimental data (open and solid circles) can be fitted with

Eq. (1) (solid line). And each dynamic curve contains sev-

eral components: dephasing (dash line), population relax-

ation (dash–dot line), and intramolecular vibration (dot

line). (b) Molecular structures of IR780 perchlorate. The

balls denote nitrogen, carbon, and hydrogen atoms, re-

spectively.

The dephasing and the population relaxation are

different at 787 nm and 797 nm. The kinetic curve at

797 nm has a fast component with 285 fs and a slow

component with about 3527 fs. The kinetic curve at

787 nm has a fast component with 250 fs and a slow

component with 508 fs. Both of the fast components

(about 200 fs) are due to dephasing, and the slow com-

ponent (about 3500 fs) is attributed to population re-

laxation. Note that the slow component with 508 fs

at 787 nm is much faster than that at 797 nm. We

suggest that the component with 508 fs is caused by

population transition between the vibrational states

v1 and v2. However, the time constant of this process

cannot be obtained with the time-dependent correla-

tion function described by Eq. (1).

To solve this problem, a set of rate equations is

introduced based on the time-dependent correlation

function. As shown in Fig. 4(a), a vibrational state

v0 in the electronic ground state S0 and two vibra-

tional states v1 and v2 in the electronic excited state

S1 are involved in the population dynamics. So the

population dynamics can be described by a set of rate

equations concerning three-level system

dn0/dt = −(W01 +W02)n0 +A10n1 +A20n2, (2)

dn1/dt = W01n0 −A10n1 + S21n2, (3)

dn2/dt = W02n0 −A20n2 − S21n2, (4)

where ni (i = 0, 1, 2) represent the population of the

corresponding vibrational state; W0i, Ai0 (i = 1, 2),

and S21 refer to probabilities of pumping, population

relaxation, and population transition from vibrational

state v2 to v1. As shown in Fig. 4(b), the time con-

stants concerning population transition between vi-

brational states v1 and v2 can be obtained while the

kinetic curves about population dynamics are fitted

by the numerical solutions of Eqs. (2), (3), and (4).

Here, W0i (i = 0, 1, 2) are the Gaussian functions

which are related to the pulse width of the excita-

tion pulse and absorption cross section of molecular
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Fig. 4. (a) Sketch of potential energy surfaces involved

in vibrational dynamics. The solid vertical arrows repre-

sent pumping of excitation pulses. The Gaussian envelope

refers to the bandwidth of the excitation pulse. (b) Contri-

butions concerning population dynamics (open and filled

circles) in kinetic curves. The population kinetic curve of

each vibrational state is fitted with the numerical solutions

(solid line) of Eqs. (2), (3), and (4).

system itself; and 1/A10 is equal to 3527 fs according

to the result obtained from the fitting of time-resolved
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TG spectra with Eq. (1). As a result, 1/A20 = 5500 fs

and 1/S21 = 450 fs are obtained through the fitting of

population dynamics with the numerical solutions of

the rate equations. So the population transition from

vibrational state v2 to v1 holds on 450 fs and that from

vibrational state v2 to ground state relaxes holds on

5500 fs.

Therefore, the information concerning vibrational

relaxation dynamics in IR780 perchlorate-doped PVA

film system can be clearly described with a set of

rate equations based on the time-dependent correla-

tion function. The photons from excitation pulses

will excite the molecular system from an electronic

ground state to an excited state. And the populations

are formed in vibrational states v1 and v2 because the

bandwidth of the excitation pulse covers the two vi-

brational states which belong to N–CH3 bond rotation

and out-of-plane distortion of the molecule respec-

tively. Then the system-environment interaction will

cause the dephasing and the population relaxation in

the molecular system. The dephasing makes the pop-

ulations lose their coherences and this process holds

on about 200 fs. The population relaxation makes

the excess energy of each vibration state transfer to

the surrounding environment and this process holds

on several picoseconds. In addition, the VET from

N–CH3 bond to the whole molecule is also involved

in this molecular system and this process relaxation

holds on 450 fs.

4. Conclusion

Introducing a set of rate equations based on the

time-dependent correlation function, the information

concerning population transition among vibrational

states is obtained in analysing time-resolved TG sig-

nal. Two vibrational modes, N–CH3 bond rotation

and the out-of-plane distortions, are coupled in IR780

perchlorate-doped PVA film and the VET exists be-

tween the two vibrational modes. Therefore, we sug-

gest that when one of the two vibrational modes is

selectively stimulated, the energy of this vibrational

mode will preferentially transfer to the other mode.
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