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frequency-resolved CARS spectrum
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and Yanqiang Yang*ab

A coupled oscillator model with special attention to the electron is employed to simulate the time- and

frequency-resolved coherent anti-Stokes Raman scattering (TFR-CARS) spectrum of benzene, where the

electronic contribution is introduced as an oscillator as well as molecular vibration, and both the

coupling between molecular vibrations and the coupling between electron and molecular vibration are

involved. Through the simulation, the intramolecular vibrational energy redistribution (IVR) process is

confirmed to occur more readily between the molecular vibrations with the same vibrational symmetry.

Moreover, it is found that the electron plays a mediator role in the IVR process, and the coupling

between electron and molecular vibration significantly increases the intramolecular vibrational energy

transfer efficiency.
1 Introduction

Intramolecular vibrational energy redistribution (IVR)
processes signicantly inuence the localization of vibrational
energy in molecules.1 The determination of the paths of vibra-
tional energy ow aer a chemical bond is selectively excited, is
very important for the control of chemical reactions. Several
vibrational spectroscopic methods, such as, IR-Raman2–4 and
coherent anti-Stokes Raman Scattering (CARS),5–7 have been
established to track the IVR dynamics. With femtosecond time-
and frequency-resolved CARS (TFR-CARS) technique, the
vibrational modes can be coherently excited.8 The detection
process consequently avoids the thermal population ow and
will reect the energy redistribution processes inside
molecules.

Recently, TFR-CARS experiments have been performed in
our laboratory to track the coherent intramolecular vibrational
energy transfer in liquid benzene9 and a series of structurally
relevant monosubstituted benzenes.10 Take the experimental
results of liquid benzene for instance, when the C–H stretching
vibrational modes of benzene at about 3000 cm�1 (parent
modes) were selectively excited, vibrational modes around
1000 cm�1 (daughter modes) far away from the direct excitation
region were observed. The experimental results manifest the
existence of IVR and the practicability of tracking IVR by CARS.
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However, only qualitative interpretation was given in the
previous work. In order to get an insight into the physical
mechanism of the observed IVR processes, further theoretical
analyses are necessary.

The theories of TFR-CARS have been proposed for a long
time involving both classical11,12 and quantum13,14 approaches.
No matter which approach was used, for simplication, the
vibrational modes were usually assumed to be independent,
whichmeans that the simulated CARS spectrum will not display
the energy transfer process between different vibrational
modes. When the IVR process is concerned, the coupling
between different modes should be involved into the theoretical
models. Besides, in CARS spectra, the electronic contribution
was always considered as the non-resonant (NR) background,15

which was usually treated as a Gaussian envelope in time
domain and simply added with the simulated vibrational
dynamics. However, the properties of a molecular system are
determined by the motion of the nuclei and electrons and the
interaction between them, hence the electronic contribution to
CARS spectrum was always underestimated in previous
theories.

In this work, the electronic contribution is paid special
attention to. Electron is considered as oscillator and introduced
to the oscillator model for simulating TFR-CARS. The electron-
vibration coupling and the vibration–vibration coupling are
simultaneously considered in our model. The theoretical
simulation based on this coupled oscillator model is carried
out, taking the CARS of benzene as the object, to acquire the
respective contribution from electron and molecular vibration
and the related coupling effects.
This journal is © The Royal Society of Chemistry 2019
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2 Theoretical basis

A molecule is composed of atomic cores and valence electrons,
and here, we assume that the molecular vibration is dominated
by the motion of atomic cores, and the electronic vibration is
dominated by the motion of valence electrons. Both the
molecular vibration and the electronic vibration are considered
as oscillators.16 The quadratic couplings are considered
between different vibrational modes, and the interaction
between electron and molecular vibrational mode is described
by the Coulomb interaction. Involving the interaction with the
electric eld component of light, the Hamiltonian can be
written as

H ¼
X
v

�
pv

2

2mv

þ 1

2
mvuv

2qv
2

�
þ

X
v0sv

Kvv0qvqv0

þ
X
v

vav

vqv
qvEpuðtÞE*

stðtÞ þ
pe

2

2me

þ 1

2
meue

2qv
2 þ

X
v

Kveqvqe

þ vae

vqe
qeEpuðtÞE*

stðtÞ:
(1)

Here, the subscript v and e represent vibrational modes and
electron, respectively. q and p are canonical variables which
represent the coordinate and momenta of oscillator. m, u and
a are respectively the normal coordinate, reduced mass,
frequency and polarizability of each oscillator. Kij represents the
coupling strength between the ith and jth oscillator. Epu and Est
are the electric eld strengths of pump light and Stokes light.
Together with Epr of the probe light, all the light pulses are
treated as transform limited Gaussian pulses and have the form
as

EiðtÞ ¼ E0
i exp

�
�2 ln 2

t2

Di
2

�
expð�iuitÞ; (2)

where each pulse has carrier frequency ui, and has the pulse
duration Di given as the full width at half maximum (FWHM) of
the laser pulse.

The ensemble averaged coherent vibrational excitation of the
molecule in the CARS experiment is described by coherence
amplitude q, the expectation value of displacement, which
contains the amplitude and phase. Using the Hamilton's
equations,17 the following coupled difference equations for the
Raman-active vibrational modes and electron are obtained0
BBBBB@mv

d2hqvi
dt2

þ 2
mv

T2v

dhqvi
dt

þmvuv
2hqvi þ

X
v0 ;v0sv
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stme
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dhqei
dt

þmeue
2hqei þ

X
v

Kvehqvi

¼ vae

vqe
EpuE

*
st (3)
This journal is © The Royal Society of Chemistry 2019
The damping of the molecular vibration is phenomenologi-
cally involved as the second terms in the equations of motion,
where T2 is the dephasing time. Then, eqn (3) can be numeri-
cally solved with the four-order Runge–Kutta–Merson method.18

In CARS process, the coherence amplitude hqi produced by
the driving force of synchronous pump and Stokes laser pair is
detected by a delayed probe pulse, and the corresponding third-
order polarization is

Pð3Þðt; sÞ ¼
"X

v

lvhqvðtÞi þ lehqeðtÞi
#
Eprðt� sÞ; (4)

where l contains the cross-section of oscillators. The third-
order polarization nally generates the femtosecond TFR-
CARS signal, which can be recorded as a function of
frequency us and the delay time s between the probe pulse and
the simultaneous pump and Stokes pulses,

SCARSðus; sÞf
���� 1ffiffiffiffiffiffi

2p
p

ðþN

0

Pð3Þðt; sÞ expð�iustÞdt
����
2

: (5)

The corresponding Fourier transform (FT) spectrum of CARS
can be obtained by performing Fourier transformation along
the delay time s axis

SCARSðus;usÞ ¼ 1ffiffiffiffiffiffi
2p

p
ðþN

0

SCARSðus; sÞexpð�iussÞds: (6)

The FT spectrum of CARS will be used to analyze the
coherent coupling between the relevant vibrations.

It should be noted that the electronic contribution, which
typically dominates only when the three incident laser pulses
(Raman pump, Stokes and probe pulses) overlap temporally, is
naturally involved into the CARS spectrum by introducing
electronic oscillator into eqn (3).
3 Results
3.1 Simulation conguration

The simulation parameters are set according to the experi-
mental results in ref. 9. In this previous experimental work, ve
fundamental modes, labelled as n1–5, have been identied
participating in the IVR process. The two parent modes around
3000 cm�1 (n1 and n2) were directly excited, and the three
daughter modes around 1000 cm�1 (n3–5) emerged due to the
vibrational energy transfer from parent modes. A directly
excited combination mode at about 3165 cm�1, labelled as n6,
was identied as 2n4 + n3. This combination mode did not
participate in the IVR process, but contributed to the polariza-
tion beats in the high-frequency region. Besides, electron is also
considered as an oscillator (ne), with the oscillating frequency
set to be 39 677 cm�1 corresponding to the transition frequency
from the electronic ground state to the rst excited electronic
singlet state S1.19 The reducedmass of electron is set to be 0.023,
and all the reduced masses of these vibrational modes are got
from the Gaussian calculation (using the density functional
b3lyp and basis set 6-311g).20
RSC Adv., 2019, 9, 26030–26036 | 26031
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Table 1 Information and parameters of the oscillators involved in the simulation

n1 n2 n3 n4 n5 n6

Mode C–H stretching C–H stretching C–H bending Ring breathing C–H wagging Combination mode
Symmetry A1g E2g E2g A1g E1g E2g
Frequency/cm�1 3074 3056 1181 992 855 3165
Reduced mass/amu 1.10 1.09 1.14 6.03 1.25 0.96
Dephasing time/ps 1.50 1.50 0.50 0.50 0.80 1.50
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The dephasing time is determined from the experimental
time-domain CARS spectrum. It is worth mentioning that both
the energy of the incident light beams and the energy difference
between any two laser beams are not resonant with the electron
transition, then the electron is undergoing forced oscillation
and the dephasing time is consequently very short, which is set
to be 0.01 ps in the simulation. All the relevant information is
listed in Table 1.

The parameters of the incident laser pulses are set according
to the experimental conditions, the central wavelengths of pump,
Stokes and probe pulse are respectively set as 640 nm, 800 nm
and 640 nm, and the FWHMs of all pulses are set as 100 fs.

As mentioned above, the coupling effects between a pair of
molecular vibrations and between molecular vibration and
electron are both included, whose strengths are described by
Kij. In order to determine the coupling strengths, some
qualitative relationship was summarized from the experi-
mental results. Firstly, coherent vibrational energy transfer is
more likely to occur between vibrational modes with the
same symmetry, resulting in a larger coupling strength.
Secondly, the role of electron in the IVR process cannot be
ignored. In the present work, all the coupling strength will be
used as adjustable parameters in the simulation process.
Through reproducing the experimental spectrum by simula-
tion, the coupling strength between different modes
(including electron and vibrations) can be quantitatively
determined.
3.2 Simulation results

(a) Spectra in time domain. For convenience of parameter
adjustment, we introduce 6ij which has the same dimension
of wavenumber as oscillator's frequency, and it relates to the
coupling strength by Kij ¼ ffiffiffiffiffiffiffiffiffiffiffi

mimj
p

6ij
2: Here, the subscript

numbers are corresponding to the vibrational modes listed in
Table 1. To get the best simulation result, the couplings
between different oscillators are listed in Table 2. It should be
mentioned that only three couplings between vibrational
modes are set to be nonzero, which are adopted corresponding
Table 2 The coupling strength between different oscillators obtained
from the simulation, the unit of cm�1. Here, Kij ¼ ffiffiffiffiffiffiffiffiffiffiffi

mimj
p

6ij
2; refer to

Table 4

614 623 645 6e1 6e2 6e3 6e4 6e5

400 325 220 600 350 940 1200 100

26032 | RSC Adv., 2019, 9, 26030–26036
to the conjecture in ref. 9. The physical meanings of these
coupling strengths will be discussed in the Discussion section.
The experimental CARS spectrum of benzene is given in
Fig. 1(a). The corresponding simulated CARS spectrum of
benzene, as shown in Fig. 1(b), is obtained by successively
solving eqn (3)–(5) with the parameters given in Tables 1 and 2.

By comparing Fig. 1(a) and (b), it can be seen that the
simulated spectrum reproduces the main features of the
experimental result. For example, there is a slowly damped
oscillating signal around 3000 cm�1 aer �0.2 ps, which
mainly arises from the interference of n2 and n6. Besides,
a weak and quickly decayed signal emerges in the region
around 1000 cm�1 far away from the directly excitation region,
which was assigned to be a result of IVR from parent modes.
Moreover, a NR background signal several orders higher than
the damped signal also appears, which mainly originates from
the electronic contribution. Both of NR electronic contribution
and the interference of involved molecular vibrational modes
Fig. 1 Contour plots of experimental (a) and simulated (b) CARS
spectra of liquid benzene. The slowly decayed CARS signal around
3000 cm�1 belongs to the directly excited parent modes, whose
energy subsequently transfers to the daughter modes shown as the
weak and quickly decayed signal around 1000 cm�1. All of plots are on
logarithmic scales.

This journal is © The Royal Society of Chemistry 2019
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show up in the simulated and experimental pattern. For
comparison, the intensity maxima of the simulated and the
experiment spectrum are normalized to 1. Besides the elec-
tronic contributions at zero delay time, the other features all
have comparable magnitudes, as shown in Fig. 1(a) and (b).

The peak intensities in the low-frequency region around
�1000 cm�1, as a result of coherent vibrational energy trans-
fer, are far lower than that in the high-frequency region. The
part of the low-frequency region of both experimental and
simulated contour map is redrawn in Fig. 2(a) and (b) for
clarity. Two spectral components with a time difference of
about 65 fs appear in both the two contour maps. The
component around zero delay time originates from the
coupling of n4 and n5, while the other component at around 65
fs delay time originates from the interference of n3 and n4.9

The time difference of 65 fs originates from the phase differ-
ence among these three daughter modes. One may notice that
there are some differences in position and bandwidth between
the simulated and the experimental results. There are two
main reasons for the differences. On one hand, in principle,
only Raman-active vibrations can be observed in CARS exper-
iment, so only three vibrational modes around 1000 cm�1 with
obvious Raman activity were taken into account in the simu-
lation. But liquid benzene has a fundamental vibration
(�1350 cm�1)21 and some sum frequency vibrations with no
Raman activity. In the case when IVR occurs, these vibrational
modes around 1300 cm�1 will take part in and interference
with the polarization of the 1181 cm�1 mode, which will makes
a blueshi of the signal at about 65 fs and shows a broadening
Fig. 2 Partial enlargement display of the CARS spectra in low-
frequency region, where the signal consists of (a) experimental result
and (b) simulated result. The intensities of peak have comparable
magnitudes.

This journal is © The Royal Society of Chemistry 2019
appearance. But we cannot determine which vibrational mode
it is and its coupling with other oscillators, so we did not add
any vibration mode in the simulation process. On the other
hand, the simulation conditions are relatively ideal compared
Fig. 3 Fourier transform (FT) spectra of CARS in different frequency
regions. (a) and (c) show the FT spectra from experimental results, and
(b) and (d) are the corresponding simulated results.

RSC Adv., 2019, 9, 26030–26036 | 26033
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with the experimental conditions. First, the laser in the
experiment is not the transform limit pulse as used in the
simulation. The spectral width of the pulses in experiment is
actually wider than that used in the simulation. Second, the
tilt of the signal around 1000 cm�1 reects the chirp of the
laser pulse, which is also not taken into account in the simu-
lation. All of these factors will inuence the pattern of vibra-
tional spectrum. The phase uctuation and/or nonideal
signal-to-noise ratio in the experiment could also result in
distortion of spectral pattern in the time domain. But for all
this, the simulation still reproduces the main features of the
experimental results.

(b) Spectra in frequency domain. In order to further
conrm the reliability of the simulation, the simulated and
experimental spectra are also compared in the frequency
domain. The spectra in frequency domain are obtained by
Fourier transform of the time-domain spectra, and the corre-
sponding experimental and simulated results are shown in
Fig. 3. The simulated spectra in both high- and low-frequency
regions are consistent with the experimental results. In the
high-frequency region, a peak marked by Q1 located at about
108 cm�1 appears in both the experimental and simulated FT
spectra as show in Fig. 3(a) and (b). In the low-frequency
region, two distinct coherent peaks marked by q1 and q2
appear in the simulated FT power spectra as show in Fig. 3(d).
In Fig. 3(c), although the quality of the experimental spectrum
is poor due to the low intensity of daughter modes, two
coherent peaks can also be identied at the same locations. In
the frequency-domain spectrum, the coherent peak usually
comes from the interference of two adjacent vibrational
modes, whose beat frequency is the frequency difference
between the two modes. The origins of the coherent peaks
labelled as Q1, q1, q2 are listed in Table 3.

It should be noted that a peak marked by P located at about
70 cm�1 appears in the experimental FT spectrum in Fig. 3(a),
but there is no corresponding peak in simulated spectrum. This
peak arises from an intermolecular collective mode as reported
by Shohei Kakinuma,22 which is not considered in the present
simulation model.

From the above comparisons, it can be seen that the
simulated CARS spectra well reproduce the experimental
spectra. The reliability of the simulation results is demon-
strated in both time and frequency domains. Although the
simulation is carried out based on a simple coupled oscil-
lator model, it can reasonably describe some features about
the coupling between vibrational modes and between elec-
tron and vibrational modes.
Table 3 Assignment of the coherent peaks in the experimental and
simulated FT spectra

Coherent peak Beat frequency/cm�1 The modes involved

Q1 109 n2 and n6
q1 137 n4 and n5
q2 189 n3 and n4

26034 | RSC Adv., 2019, 9, 26030–26036
4 Discussion
4.1 Electron-vibration coupling

In the previous experimental work,9 the appearance of vibra-
tional signals in the low-frequency region was attributed to the
vibrational coupling between parent modes and daughter
modes. In fact, since the vibrational modes are surrounded by
the electron, the IVR process should also be affected by electron.
However, it is difficult to directly obtain the electronic contri-
bution from the experimental spectra alone. The theoretical
simulation introduced in this paper is really much helpful for
analyzing the contribution of electron in IVR process.

Since the intensity of the daughter mode is a landmark of
IVR process, it can reect the effect of the electron-vibration
coupling on the IVR process. The inuence of electron-
coupling on IVR can be preliminarily estimated by consid-
ering the two cases when all the electron-vibration coupling
parameters are set to be zero and when all the vibrational
coupling parameters are set to be zero. Fig. 4(a) shows the result
of considering the vibrational coupling but ignoring the
electron-vibration coupling. Although the signal maintains the
similar pattern as Fig. 2(b), the intensity of the signal is two
orders of magnitude lower. Fig. 4(b) is the result of only
considering the electron-vibration coupling but ignoring the
vibrational coupling. Compared with Fig. 2(b), the signal
intensity is slightly lower, but the pattern has changed signi-
cantly. When only the electron-vibration coupling is considered,
Fig. 4 (a) The simulated signal of daughter modes only considering
the vibrational coupling but ignoring the electron-vibration coupling.
The intensity of this signal is two orders of magnitude lower than that
in Fig. 2(b). (b) The simulated signal of daughter modes only consid-
ering the electron-vibration coupling but ignoring the vibrational
coupling. The pattern is distorted severely comparing with Fig. 2(b).

This journal is © The Royal Society of Chemistry 2019
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energy can transfer to the daughter modes without the vibra-
tional coupling, but not all the other vibrational modes can get
energy from the parent modes. It can also be seen from the
experimental CARS spectrum in Fig. 1 that only a few low-
frequency daughter modes coupled with C–H stretching vibra-
tions, while the absence of other modes outside of daughter
mode region indicates that electron is not coupled with them or
the coupling strength is very week. Thus, electron seems not to
equally couple with all vibrations. We also found that a simple
superposition of the two results shown in Fig. 4 could not
reproduce the same signal pattern as that shown in Fig. 2(b).
Therefore, in the IVR process, electron-vibration coupling and
vibration–vibration coupling are not two isolated mechanisms.
Electron will be involved in the vibrational mode coupling, and
signicantly changes the efficiency of vibrational energy trans-
fer. This means that the electron, acting as a mediator, plays
a key role in the coupling between the parent and daughter
vibrational modes.
4.2 The coupling strength

In this coupled oscillator model, Kij is employed to represent the
coupling strength between different oscillators, as expressed in
eqn (1). Comparing with the experimental result, when the
simulation result matches best with the experimental result, the
coupling strengths between different oscillators can be ob-
tained, as listed in Table 4. Even though the experimental
signal-to-noise ratio of daughter modes is not good, the values
of coupling strength cannot be precisely determined, but the
magnitudes for various coupling can still be obtained.

Firstly, we consider the coupling between different vibra-
tional modes. The coupling between n1 and n4 causing the
vibrational energy transfer originates from their same
symmetry, which is the same case for n2 and n3. Though the
symmetries of n4 and n5 are different, the vibrational energy
transfer also occurs. As the frequency difference between the
two vibrational modes is very small, we deduce that the vibra-
tional energy transfer happens with the help of intermolecular
collective modes. It should be noticed that the frequency
difference is almost twice the frequency of the collective mode
mentioned in Section 3.2(b). Hence it is reasonable to infer that
this coupling between n4 and n5 is related to the participation of
the intermolecular collective mode. The simulation, which well
reproduces the experimental CARS spectrum of benzene,
conrms the reasonability of the parameter setting of vibra-
tional coupling.

Secondly considering the contribution of electron, it is clear
that the couplings between electron and different vibrational
Table 4 The coupling strength between different oscillators obtained
from the simulation, the unit of J m�1.2 Here, Kij ¼ ffiffiffiffiffiffiffiffiffiffiffi

mimj
p

6ij
2; refer to

Table 2

K14 K23 K45 Ke1 Ke2 Ke3 Ke4 Ke5

0.61 0.18 0.19 0.08 0.03 0.21 0.80 0.003

This journal is © The Royal Society of Chemistry 2019
modes are different. Considering the symmetry, electron will
couple with the vibrational modes with A1g (n1 and n4) and E2g
(n2 and n3) symmetry for benzene.23 The coupling strength
between electron and n5 is very weak. The value 0.003 listed in
Table 3 is the maximum possible value, and any value below
0.003 will hardly inuence the simulated result. So the coupling
between electron and n5 is small enough to be neglected, which
is reasonable considering the symmetry. There is another
experimental phenomenon that no signals from other vibra-
tional modes with E2g symmetry were observed in the experi-
ment, which means electrons does not couple other E2g
symmetric vibrations of benzene. It is because, in the IVR
process observed by CARS, electron only couples and couples
simultaneously with the parent and daughter modes who have
the same symmetry and the vibrational energy transfer between
whom is permitted. This can be proved from the simulation
result shown in Fig. 4 that the signal intensity of daughter
modes will be two orders of magnitude greater when electronic
contribution is involved.

5 Conclusions

A coupled oscillator model is established in order to get further
understanding about the vibrational energy transfer observed
in previous CARS experiment of liquid benzene. In this model,
the electronic contribution is treated as an oscillator, and both
molecular vibrational coupling and electronic and molecular
vibration coupling are involved. The numerical simulated
results well reproduce the experimental results, conrming the
reliability of the simulation. The simulation results show that,
there is strong coupling between the molecular vibrations with
the same symmetry, which is in agreement with the experi-
mental results. Beyond this, electron is found to play a mediator
role in the IVR process through the theoretical simulation.
When energy transfer occurs between two vibrational modes
with the same symmetry, electron couples with the two modes
simultaneously, which signicantly increases the energy trans-
fer efficiency.
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