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Tracking molecular structure deformation of nitrobenzene and its
torsion vibration coupling by intense pumping CARS∗
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The structural deformation induced by intense laser field of liquid nitrobenzene (NB) molecule, a typical molecule
with restricting internal rotation, is tracked by time- and frequency-resolved coherent anti-Stokes. Raman spectroscopy
(CARS) technique with an intense pump laser. The CARS spectra of liquid NB show that the NO2 torsional mode couples
with the NO2 symmetric stretching mode, and the NB molecule undergoes ultrafast structural deformation with a relaxation
time of 265 fs. The frequency of NO2 torsional mode in liquid NB (42 cm−1) at room temperature is found from the
sum and difference combination bands involving the NO2 symmetric stretching mode and torsional mode in time- and
frequency-resolved CARS spectra.
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1. Introduction
Laser spectroscopic techniques have been success-

fully applied to chemistry and biology, providing impor-
tant information about and insight into molecules and their
environment.[1] When the intensity of nonresonant laser
reaches 1011–1012 W/cm2, the torque generated by the inter-
action between nonresonant laser fields and the induced dipole
moment of the molecule can provide an “instantaneous” kick
and induce molecules to be aligned along the direction of the
laser field and deformed.[2] One of the most widely used meth-
ods for confirming molecular deformation under intense laser
fields is the Coulomb explosion (CE) method. In the CE
method, the ultrafast nonresonant intense field causes mul-
tiple ionization of the parent molecule. The information of
molecular structure deformation prior to explosion is given by
mapping the distribution of the fragment ions. Although this
methodology is very powerful, it cannot monitor the dynam-
ics of molecular structure evolution after the molecular struc-
ture deformation.[3] The molecular dynamics prior to explo-
sion can only be indirectly deduced from the distribution of
fragment ions. Thus the CE method is destructive. Moreover,
it requires the sample to have simple structure, such as CO2

and CS2, and to be gas phase.[4]

Recently, the modified coherent anti-Stokes Raman spec-
troscopy (CARS) technique with an intense nonresonant fem-
tosecond pump laser (1011–1012 W/cm2) is used to drive the

structural deformation of liquid methyl iodide (CH3I) and ni-
tromethane (CH3NO2) molecules and track their relaxation
process simultaneously.[5,6] The CARS is a nonlinear four-
wave mixing process, and a Raman active vibrational mode
is coherently driven when the energy difference between a
pump laser and a Stokes laser is resonant with it.[7] CARS
spectroscopy has been applied to investigate the ultrafast dy-
namics of molecules in the condensed phase.[8] This technique
is essentially nondestructive and nonintrusive.[6] CH3I is the
type of molecule without internal rotation, and CH3NO2 is the
type of molecule with free internal rotation. These two situ-
ations have been discussed. Nitrobenzene (NB) has the sim-
plest structure in aromatic nitro compounds, which are widely
known as energetic materials.[9] NB molecule consists of NO2

group and phenyl rings. It has internal rotation and high barrier
to internal rotation of 12.3 kJ/mol.[10] So NB represents the
type of molecule with restricting internal rotation. Usually, the
torsional vibration was observed in Raman experiments only
at very low temperature.[11] The exact value of torsional mode
of liquid NB has not been known.

In the present work, we perform the intense pumping and
time- and frequency-resolved CARS on liquid NB and suc-
cessfully track the structural deformation induced by intense
nonresonant femtosecond laser pulse in real time. We also
get the value of torsional mode of NO2 group of liquid NB
(42 cm−1) from the process of molecular deformation.
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2. Experimental

In this time- and frequency-resolved CARS experiment, a
high intensity (∼1012 W/cm2) pump pulse is used to provide
the intense field to drive the torsional motion of NB molecules
in the liquid phase and it is due to the effect of Impulsive Ra-
man of femtosecond laser. A brief description is given here,
and the other details of our experimental apparatus have been
described in Ref. [12]. A 1 kHz regenerative amplifier was
used to create the femtosecond pulse with a center wavelength
of 800 nm, single pulse energy of 1.0 mJ, and pulse duration
of 110 fs. The laser pulse was divided into three parts by
two beam splitters (BS). Two of them were used as the pump
and probe pulses. The third one produced an ultra-broadband
white-light continuum (WLC) as the Stokes pulse by pass-
ing a 4-mm-thick Al2O3 crystal.[12] The WLC has an ultra-
broadband spectral profile, ranging from 400 nm to 1100 nm.
The pump light was focused by a 175 mm focal length lens,
and the intensity of pump laser pulse was ∼1012 W/cm2. The
intensities of Stokes and probe were set much lower than that
of the pump pulse. Two optical delay lines were employed.
One was used to produce the temporal overlap of the pump and
Stokes pulse. Another one was used to provide the variable
time delay for the probe pulse. The zero delay time was de-
fined as the time when the pump and probe pulses overlap. The
folded BoxCARS configuration with properly chosen angles
between the pulses, defined by the four-wave-mixing (FWM)
phase-matching condition, was employed in order to separate
the signal from the incoming beams.[13] All three beams were
sent through a lens focused onto the sample. The CARS sig-
nal generating in a direction 𝑘C = 𝑘pkS+𝑘pr was collected by
an optical fiber, dispersed in a spectrometer and detected by a
CCD detector.[14] The pure liquid NB was filled in the quartz
cuvette with a thickness of 1 mm, and the sample was used
without further purification. Due to the temporal chirp char-
acteristics of the WLC, the frequency difference between the
pump and Stokes pulses can be tuned by changing the delay
time between the pump and WLC pulses. Due to the broad
bandwidth of femtosecond laser, the CARS spectrum for pure
liquid NB in the range of 800–1500 cm−1 can be obtained.
Hence, the characteristic vibrations C–C–C trigonal bending
(1003 cm−1), NO2 symmetric stretching mode (1345 cm−1),
and other vibrational modes in this range can be excited si-
multaneously. All the CARS measurements were performed
at room temperature.

3. Results and discussion

Time- and frequency-resolved CARS spectra of liquid
NB are shown in Fig. 1. A delay time t between the probe
pulse and the simultaneous Stokes and pump pulses was intro-

duced. The detected signal is defined as[15]

Sc(τ) ∝

∫ +∞

−∞

∣∣∣P(3)
c (τ, t)

∣∣∣2 dt, (1)

where P(3)
c denotes nonlinear polarization, τ is the delay time

between the probe pulse and the synchronous pump and Stokes
pulses.[16,17] At τ = 0, when all the three pulses overlap in
space and time delay, the total CARS intensity is maximized.
It is attributed mainly to the nonresonant FWM. This rapidly
decaying nonresonant signal does not provide any useful in-
formation about vibrational modes. The signal extending to
longer time (∼100 fs) is due to the vibrational resonances.
Two obvious different broad bands are observed. The band on
the lower frequency side (800–1200 cm−1) extends out to sev-
eral picoseconds. Band on the higher frequency side (1200–
1500 cm−1) decays more quickly.
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Fig. 1. (color online) Logarithmic contour plot of the CARS signal inten-
sity obtained from the sample of liquid NB. The two axes represent delay
time and Raman vibrational frequency values, while contours represent
the intensity of CARS signal. The inset shows the data in the frequency
range of 1200–1500 cm−1 has been processed by subtracting their lower
envelope.

The lower frequency band shows the obvious quantum
beating phenomena and decays within about 4.5 ps. It is
due to the vibrational modes which are coherently excited
by the femtosecond laser pulses with large spectral band-
width. According to the Raman spectrum of NB, NON bend-
ing (852 cm−1), C–C–C trigonal bending (1003 cm−1), C–
H bending (1021 cm−1), C–H bending (1074 cm−1), C–N
stretching (1107 cm−1), and C–H bending (1172/1162 cm−1)

mode can be found in this frequency range.[18] In order to ob-
tain the accurate information about the dynamics, the tem-
poral evolution of CARS signal at the spectral position of
988 cm−1, corresponding to the arithmetic mean wavenumber
of the intense vibrational modes 852, 1003, and 1107 cm−1,
is extracted. The time-dependent CARS signal at 988 cm−1

is shown in Fig. 2. The intensity has been normalized and
the curve exhibit complex oscillations. Since the nonreso-
nant background at time zero was not of interest to our in-

114210-2



Chin. Phys. B Vol. 25, No. 11 (2016) 114210

vestigations, it was ignored in the data analysis by only plot-
ting the fast Fourier transform (FFT) plot obtained for delay
times longer than 100 fs. The FFT result is shown in the inset
of Fig. 2. The peaks in the FFT spectrum represent coher-
ences between the nearest neighbor vibrational modes. The
major peaks marked with their wavenumber values in the FFT
spectrum are 22, 60, 104, 149, 171, and 253 cm−1, which
correspond to the beating between the vibrational modes at
1003/1021 (18), 1107/1172 (65), 1003/1107 (104), 852/1003
(151), 852/1021 (169), and 852/1107 (255) cm−1. These vi-
brational modes are consistent with that of liquid NB reported
in Ref. [18].
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Fig. 2. Logarithmic CARS signal as a function of probe pulse delay time
at 988 cm−1. The inset shows the corresponding FFT spectrum of the
beating component.

In the case of higher frequency band centered at
1345 cm−1 (NO2 symmetric stretching mode), no FFT anal-
ysis was necessary as there was only one prominent Raman
mode in this frequency range and the CARS signal decays ex-
ponentially. For a single vibrational mode, the time-dependent
intensity is fit by[19]

I(τ) = A0 exp(−τ/T ), (2)

where T is the decay time. The decay time of 1345 cm−1

mode is 0.90±0.03 ps. Some spectrally converging peaks are
observed in the frequency fringe of 1200–1500 cm−1 in Fig. 1.
The intensity of these converging peaks is too weak to be ob-
served clearly. To see the converging structure clearly, the data
has been processed by subtracting their lower envelope. The
result is displayed in the inset of Fig. 1. These peaks converge
to a series of approximately equally spaced peaks relative to a
known Raman-active mode of NB near 1345 cm−1. The inter-
val of the adjacent peaks keeps decreasing with the delay time,
and tends stable after the delay time of about 1.5 ps. As shown
in Fig. 1, the 2D plot of time- and frequency-resolved CARS
spectra seems very noise, and the signal to noise ratio is not
good enough for identifying the dynamics of the vibrational

changes of different modes. In order to extract more quantita-
tive information, the plots with frequency spectra at different
delayed times are shown in Fig. 3. The converging structures
are also observed in other similar CARS experiment with in-
tense pump pulse performed on CH3I and CH3NO2.[5,6] This
indicates that NB molecule undergoes ultrafast structural de-
formation induced by nonresonant femtosecond laser during
the duration of femtosecond laser pulse (∼100 fs) and then
relaxes to equilibrium conformation.
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Fig. 3. (color online) CARS spectra of symmetric stretching mode
(1345 cm−1) of liquid NB as a function of the time delay. Spectra ob-
tained at the different delay time (200, 400, 600, 800, 1000, and 1200 fs).
The curves (dotted line) indicate the converging trend of peaks.

The nonresonant laser pulse of intensity 1011–
1012 W/cm2 can create alignment and deformation of
molecules, such as CO2 and CS2.[4] It is due to the fact that the
intense pump laser provides an “instantaneous” kick to induce
deformation of molecular geometrical structure. The alternat-
ing electric field 𝐸 of the intense off-resonance laser induces
the molecular induced dipole moment ∆𝑃 . The molecule is
aligned along the direction of the laser field and deformed by
the torque ∆𝑃 ×𝐸. To describe the deformation mechanism
of NB molecule clearly, the NO2 group of NB molecule is
decomposed into two parts, as shown in Fig. 4(b). The inter-
action applied on the NO2 group between the induced dipole
moment and the laser field can be regarded as the superpo-
sition of torques of two parts. The superposition of torques
causes the NO bond to move toward the direction of electric
field. Hence, the NON angle decreases within the pulse dura-
tion. After the pump pulse passes by, the structure relaxes to
the equilibrium conformation gradually.

NB molecule has been considered as an internal rota-
tion case with high barrier. When the barrier is so high that
there is insufficient energy available under normal experimen-
tal conditions for this to be surmounted, the molecule under-
goes a torsional vibration. It is the restricted rotation of a
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part of a molecule with respect to the molecular skeleton.[20]

The frequency of torsional mode of NO2 can be denoted by
νTors(NO2). It describes the restricted rotation of NO2 group
of NB about the molecular axis of C–N bond, and is denoted
by the red arrows in Figs. 4(b) and 4(c). The intense ultrashort
laser pulses can induce low-frequency torsional motion in a
molecule due to impulsive stimulated Raman effect.[21] At the
same time, the NO2 symmetric stretching mode (1345 cm−1)

is excited coherently by pump and Stokes pulse, and the
torsion-vibration coupling occurs. In the inset of Fig. 1, the
converging peaks on the both sides of 1345 cm−1 is assigned
as sum and difference combinations of torsion and NO2 sym-
metric stretching modes, νs(NO2)± nνTors(NO2), where n (=
0, 1, 2) is the quantum number. The average energy inter-
val between adjacent Raman modes represents the frequency
value of torsional mode. From Fig. 2, we can see the values of
νTors(NO2) at 200, 400, 600, 800, 1000, and 1200 fs are 119,
80, 53, 46, 43, and 42 cm−1, respectively. After the delay time
of 1.2 ps, the value of νTors(NO2) is about 42 cm−1 and keeps
stable.

E

E

DE DP

(a) (b) (c)

Fig. 4. (color online) Structure of equilibrium conformation (a) and de-
formed shape (c) of NO2 group in the ball-stick model of NB molecule.
Schematic of mechanism for molecular deformation of NO2 group in-
duced by intense laser field (b). The blue, red, gray and white tubes refer
to nitrogen, oxygen, carbon and hydrogen atoms, respectively.

The value of νTors(NO2) decreases with the delay time
due to the influence caused by the structure deformation of
NB molecules. At the zero delay time, the ultrafast structural
deformation of NO2 group from the equilibrium conformation
(Fig. 4(a)) to the deformed shape (Fig. 4(c)) with the decreased
NON angle induced by intense femtosecond pump pulse. The
change of NON angle leads to the change of rotational iner-
tial along the C–N bond. The deformed shape of NO2 group
at the zero delay time gives the minimum rotational inertia
about the C–N bond. The frequency of NO2torsional mode
reaches maximum correspondingly. After the intense fem-
tosecond pump pulse passes through the sample, the shape of
NO2 group relaxes to the equilibrium state. The rotational in-
ertia increases with the relaxation of the structural deforma-
tion. It leads to that the frequency of NO2 torsional mode
decreases with the delay time. This is why the intervals of

the adjacent Raman modes decrease with the delay time from
the zero delay time. After 1.2 ps, the interval of the adjacent
Raman modes reach stable, which indicates that the molecule
structure recovers to the equilibrium state.

The relaxation of frequency of torsional mode is ana-
lyzed. This indicates the relaxing process of NB molecular
structural deformation. The empirical exponential function is
used to fit the frequency of the torsional mode at different de-
lay times as follows:[6]

νTors(τ) = νTors +∆νTors exp(−kτ), (3)

where νTors is the frequency of the torsional mode at the sta-
ble molecular structure, ∆νTors is the torsional mode frequency
variation, which describes the extent of molecular shape dis-
tortion just after laser excitation, and k is the exponential
rate of the torsional mode frequency changing. To avoid the
intense nonresonant contribution at the zero delay time, the
data is analyzed from the delay time t = 200 fs. The decay
curve of torsional mode is shown in Fig. 5. The fitted re-
sults are νTors = 40 ± 2 cm−1, ∆νTors = 174 ± 9 cm−1, and
k = (37.7±1.8)×104 fs−1. From the measured rate constant
k, the structure relaxation time is ∼265 fs.
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Fig. 5. (color online) Decay of the frequency of the torsional mode (black
scatter) and the fitted curve (red solid curve).

The frequency value of NO2 torsional mode of liquid NB
at stable molecular structure is assigned at 42 cm−1 in our ex-
periment. A microwave intensity measurement gives a value
of 50± 15 cm−1 for the fundamental torsional frequency of
nitrobenzene molecule in the gas phase.[22] The far infrared
spectrum shows a broad low frequency band value between
20 and 70 cm−1 in liquid NB.[23] The exact value of torsional
mode of liquid NB has not been known. Clearly resolved tor-
sional mode of NB is not observed in traditional Raman spec-
trum at room temperature. Usually the torsion of molecule
is the lowest frequency mode below 100 cm−1, and torsional
excitation would undergo strong damping when the tempera-
ture is increased. At higher temperature, the residence time
becomes lower than the characteristic time (1 ps) linked to
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phonon bands, thus the torsional transitions are not observed
in Raman experiments only at room temperature.

In our experiment, the intense laser pulses can induce tor-
sional motion in a molecule and make the torsional mode with
several vibrational excited state sufficiently populated at room
temperature. While the torsional mode is coupling with the
NO2 symmetric stretching mode, the pump and Stokes pulse
excite coupling to make the residence time of coupling longer.
Also CARS technique is the background-free nature of signal
detection by the phase-matching conditions associated with
the third-order polarization.[24] So the analysis of sum and
difference combination bands involving the NO2 symmetric
stretching mode provides accurate value of torsional mode.

4. Conclusion
In conclusion, intense pumping and time- and frequency-

resolved CARS technique successfully monitors the structural
deformation of NB molecules. The evolution of sum and dif-
ference combination bands involving NO2 symmetric stretch-
ing modes vs(NO2) and NO2 torsional mode vTors(NO2) is
observed. The analysis of combination bands provides infor-
mation of ultrafast structural deformation of NO2 groups in-
duced by the intense femtosecond laser field. The relaxation
time is about 265 fs. Meanwhile, the frequency value of tor-
sional mode in liquid NB can be obtained from the CARS
spectra. The similar experiment are performed on the sam-
ples of three different types of molecules which are molecule
without internal rotation (CH3I),[5] molecule with free internal
rotation (CH3NO2),[6] and molecule with restricting internal
rotation (C6H5NO2), respectively. These investigations show
that the modified CARS with intense pump pulse is a feasible
and effective method to investigate structural deformation of
molecules in the liquid phase induced by intense nonresonant
femtosecond laser field without complex experimental system.
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