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Structural deformation of nitro group of nitromethane molecule in
liquid phase in an intense femtosecond laser field”
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The structural deformation of NO, group induced by an intense femtosecond laser field of liquid nitromethane (NM)
molecule is detected by time- and frequency-resolved coherent anti-Stokes Raman spectroscopy (CARS) technique with the
intense pump laser. Here, we present the mechanism of molecular alignment and deformation. The CARS spectra and its
FFT spectra of liquid NM show that the NO; torsional mode couples with the CN symmetric stretching mode and that the
NO,; group undergoes ultrafast structural deformation with a relaxation time of 195 fs. The frequency of the NO, torsional
mode in liquid NM (50.840.3 cm™!) at room temperature is found. Our results prove the structural deformation of two
groups in liquid NM molecule occur simultaneously in the intense laser field.
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1. Introduction

The photodynamics of molecules under the influence of
femtosecond, strong, and nonresonance laser pulses is now
becoming a topic of wide interest.[l:?) Pulses with peak in-
tensities of ~10'3 W/cm? generate an electric field of 1 V/A,
causing significant changes in the electronic energy level of
the molecule.®! The corresponding physical phenomena, in-
cluding high-order harmonic generation, above threshold ion-
ization, double ionization, Coulomb explosion (CE), and dis-
sociative double ionization (DDI), have been investigated.!!
Gas NM under femtosecond laser pulses with intensities of
~10"3 W/ecm? and ~10'* W/cm? was investigated by time of
flight mass spectrometer (TOFMS). NM is liquid at room tem-
perature and atmospheric pressure. The reaction dynamics of
liquid phase NM under different conditions is important for
the use of NM as a detonating homogeneous liquid explosive.
However, most of these experiments mentioned above have fo-
cused on gas phase NM but provided insufficient information
on liquid NM. Few studies of NM in liquid phase induced by
intense nonresonant femtosecond laser field have been done.
This is mainly due to the restriction of experimental methods.
Mass spectrometry and ion imaging have been used to deter-
mine the dissociation pathway by detecting the major, sub-
major, and minor products’ fragment ions produced after CE.
These methods require the sample to be in a gas phase.

Research from our group has been taking advantage of
the coherent anti-Stokes Raman spectroscopy (CARS) tech-
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nique to provide a nondestructive and nonintrusive method to
detect the ultrafast dynamic process induced by nonresonance
laser field in real time. The CARS technique is modified by
using an intense nonresonant femtosecond pump laser (10!'—
10'2 W/cm?), which has been used to drive the liquid methyl
iodide (CH3I) and NM molecules and simultaneously track
their relaxation process.[5’6] In previous research, the struc-
tural deformation of CH; group has been detected.[®! How-
ever, the structural deformation of the NO, group of NM has
not been detected. In fact, the structural deformation of the
NO; group should also occur in an intense laser field. Our
study has attempted to probe the evolution of ultrafast dynamic
processes of the NO; group in liquid phase NM induced by in-
tense femtosecond laser.

In this work, we performed the intense pumping and time-
and frequency-resolved CARS on liquid NM and successfully
tracked the structural deformation of the NO, group induced
by intense nonresonant femtosecond laser pulse in real time.
Additionally, we measured the value of the torsional mode of
the NO; group in liquid NM from the process of molecular
deformation. We found that the structural deformation of the
two groups in the NM molecule occurred simultaneously in
the intense laser field.

2. Theoretical description

Molecules orientate randomly in the liquid phase. The
polarization of the electric field of laser can create an induced
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dipole moment when the molecule is in the intense laser field.
A nonresonant laser field applies forces and torques to align
molecules.!”] A linear molecule with a simple structure is
taken as an example. When the laser interacts with the mat-
ter, the electric field component of the laser field plays a main
role. To simplify the problem, the laser field is equalized in an
alternating electric field along the x-axis. As shown in Fig. 1,
the ellipsoid represents the linear molecule, and E is the alter-
nating electric field of nonresonant laser field along the x-axis.
The direction of E changes rapidly, and the nucleus cannot
keep up with the change of E. As the direction of E changes,
the average effect of the intrinsic dipole moment P and F is
offset. The quality of electrons is very small, so the direction
of the E has an effect on the distribution of electron cloud.
This will change the relative position of the molecular skele-
ton, and the molecule will produce the induced dipole moment
AP which is proportional to

AP = oE, (1)

where « is the polarizability. The torque M = AP x E aligns
the molecule along the direction of E.

When the laser interacts with the molecule, the Hamilto-
nian of the molecule can be written as

H = Hpyol + Hind7 (2)

where H), is the Hamiltonian of the molecule without an ex-
ternal field, and H;,q is the interaction of the laser and the in-
duced dipole moment

1
Hing = =7 Y o6y, 3)
p.p

where p and p’ are space fixed Cartesian coordinate system.
The laser field can be expressed as

€ =g(t)cos(mt), 4)

where £(¢) is the envelope of electric field, and ® is angular
frequency of laser. For the linear molecule

Oxx = o, )

where oy is the projection of polarizing onto the molecular

axis.

Ozz = Oyy = Q| , (6)

where () is the projection of polarization onto the molecular
axis.
When the laser field is polarized

€= &, )

the interaction of the linear molecule and laser field depends
on the angle between AP and E. Equation (3) can be simpli-
fied into

1
Hing = —Zgz(f)(an — 0y ) cos’(6), )]

where 0 is the angle between AP and E. Under the effect of
the electric field component of the laser, the molecule tends
to move to the position with the lowest energy. According
to Eq. (8), the position with the lowest energy corresponds to
0 = 0. This means that molecular axis will be the same as the
direction of electric field component of the laser.
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Fig. 1. (color online) The alignment of linear molecule induced by the
intense laser field.

The intense nonresonant laser field can also induce the
molecular structural deformation. As shown in Fig. 2, the
NO; group of the NM molecule is taken to show the principle
of structural deformation induced by the intense nonresonant
laser field. The torque M = AP x E can align the N-O bond
to the direction of E. Therefore, the O-N-O angle decreases
within the pulse duration as shown in Fig. 2. After the pump
pulse passes by, the structure relaxes gradually to the equilib-
rium conformation.

The mechanism of molecular deformation induced by the
nonresonant intense laser field can also be explained by the
quantum mechanism. In a typical Raman process, the interac-
tion of pump pulse and Stokes pulse at the zero time leads to
an additional interaction. This can be expressed as!®!

1 .
V = 7Z(€;.a.sp+€§.a.ES+€;.a.€se—lprt
+€§-a~€pei“’P5’), 9)

where ¢, is the envelope of pump pulse, €5 is the envelope of
Stokes pulse, and @y is the difference frequency. Equation (9)
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can be written as
V=V, + Vs + Vps + Vsp, (10)

where V;, is the additional interaction of the intense pump laser,
Vs is the additional interaction of Stokes laser, and V,s and Vs,
are the interaction of coherent vibrational energy lever.

In our experiment, the intensity of pump pulse is much
greater than that of Stokes pulse, so Vs, Vps, and Vs, can be
ignored. The effect of V}, equates to making the molecular po-
tential energy surface dressed. The “dressed energy potential”
means that the molecular potential energy surface deforms,
and the atoms can move quickly on the “dressed energy po-
tential”. This leads to molecular deformation.

Fig. 2. (color online) Schematic of the mechanism for molecular de-
formation of NO, group. The blue and red balls denote nitrogen and
oxygen atoms, respectively.

3. Experiment

The overall experimental setup used for the femtosecond
CARS is given in Fig. 3. A 110 fs, 1.0 mJ, and 800 nm pulse
from a 1 kHz Ti: sapphire amplifier was focused on the sample
of liquid NM filling a quartz glass cuvette of 1 mm thickness.
The laser pulse is divided into three parts by two beam split-
ters (BS). Two parts were used as the pump and probe pulses.
The third one produced a supercontinuum (SC) pulse as the
Stokes pulse by passing an Al,O3 crystal.l?) The SC pulse
had an ultrabroadband spectral profile, ranging from 400 nm
to 1100 nm. The pump pulse was controlled by an optical
attenuator to adjust the pump pulse energy. The intensity of
pump energy was chosen to be 0.33, 0.66, 1, 2, 3, and 5 pJ.
The pump pulse was focused by a 175 mm focal length lens.
By assuming a Gaussian spatial profile, the spot size of the
laser beam was estimated to be 70 um in diameter. There-
fore, the power densities are 7.9 1019, 1.6x10'!, 2.4x 10!,

4.8x10'",7.2x10'"!, and 1.2x10'> W/cm?, respectively. The
probe pulse was chosen to be femtosecond pulse. The inten-
sities of Stokes and probe were set much lower than that of
the pump pulse. Two delay lines were motorized by a mo-
tion controller. One delay line was used to produce the tem-
poral overlap of the pump and Stokes pulse by changing the
delay time between the pump and SC pulse. Another one pro-
vided the variable time delay for the probe pulse. All three
beams were sent through a lens focused onto the sample, and
a collecting lens sent the signal to the CCD spectrometer. The
folded BOXCARS geometry was used, in which angles, prop-
erly chosen between the beams, were determined by the four-
wave-mixing phase-matching condition. The signal generated
in a direction kcars = kpu — kst + Ky [10] The CN symmetric
stretching mode, which is the characteristic vibrational mode,
of the NM molecule (917 cm_l), was chosen to be excited.
All measurements were taken at room temperature.

laser — 7 " liccD)
BS computer
BS
probe CARS signal
Y. Stokes
7 filter
pump sample
A1203 kprobe
, kpump
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kStokes

Fig. 3. (color online) Schematic diagram of the experimental setup for
the intense pumping and time- and frequency-resolved CARS. BOX-
CARS configuration was used in the experiment.

4. Results and discussion

The analytical pure NM was used in the experiment. The
CARS signal was centered at approximately 917 cm™!(the
CN symmetric stretching mode) and covered the region from
700 to 1050 cm~!. Figure 4 shows the pump pulse intensity-
dependent frequency resolved CARS spectra at a selected de-
lay time of 1200 fs. The pulse energies were 0.33, 0.66, 1,
2,3, and 5 pwJ. When the pump pulse energy was in the low-
intensity range (< 3 ), the spectral line profile was a broad
envelope. These results are consistent with those of conven-
tional CARS experiment on NM reported in the literature.!'!]
However, the fine structures of spectra appear when the pump
pulse energy was increased to ~ 3 pJ. This is a typical feature
of stimulated scattering. The signal intensity also increased
with the enhancement of the pump pulse energy, which is
shown in Fig. 5. If the pulse energies of the Stokes and probe
pulses are fixed, the signal intensity should have a linear re-
lationship with the pump pulse energy when only the pump
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pulse energy is changed. However, the experimental results
show a nonlinear relationship between the signal intensity and
the pump pulse energy. When the pump pulse energy was
more than 3 pJ, the signal intensity exhibited a dramatic in-
crease. This is also a typical feature of the simulated scat-
tering process. At the zero delay time, the pump pulse and
the broadband Stokes pulse of SC prepare coherent vibrational
modes. When the pump pulse energy was intense enough, the
density of the coherent vibrational mode in the vibrational ex-
cited state can be much higher than that in the ground state.
The intense pump pulse produces much higher density Raman
mode, which leads to stimulated Raman scattering. Thus, after
the zero delay time, the scattering process for the probe laser
pulse should exhibit a stimulated Raman process in essence.
This is proved by the pump pulse intensity-dependent experi-
mental results.

Signal intensity
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Fig. 4. (color online) Spectra obtained at different pump energies (0.33,
0.66, 1, 2, 3, and 5 wJ) at the delay time of 1200 fs. Fine structures of
spectra appear when the pump pulse energy is increased to 3 and 5 pJ.
The signal intensity increases with the enhancement of the pump pulse
energy.
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Fig. 5. (color online) Relationship between the pump pulse energy and
the signal intensity at the delay times of 250, 500, 1000, 1500, and
2000 fs. The signal intensity of the spectra shows a dramatic increase
when the pump pulse energy is increased to 3 and 5 pJ.

The contour plot of time- and frequency-resolved CARS
spectra of liquid NM of pump intensity of 5 pJ is depicted in

Fig. 6. The CARS signal intensity is formulated as!'?!

s [

where PC<3> is the nonlinear polarization, and 7 is the delay

2
PC<3)(T7t)‘ dr, (11)

time between the probe pulse and the synchronous pump and
Stokes pulses. The intense signal at zero time delay is the
electronic nonresonant part. After approximately 100 fs, the
CARS spectra had a negligible nonresonant contribution. The
signal after 100 fs showed a complex temporal behavior and
decayed within approximately 4 ps. After 1100 fs, the contour
plot clearly showed the dephasing of the six Raman modes
centered at 1006, 966, 917, 866, 800, and 750 cm~!. All
these Raman modes clearly underwent a frequency shift and
gradually became relatively stable. According to the spon-
taneous Raman modes of NM, the Raman mode centered at
917 cm~! was assigned to be the CN symmetric stretching
(vs(CN)) mode."3! It displayed the most intense Raman reso-
nance and the longest dephasing time, which is consistent with
the results of CARS experiment on NM reported in Ref. [11].
The other Raman modes were distributed evenly at the two
sides of the position of 917 cm~!. The interval of the adjacent
Raman modes kept decreasing with the time delay, and stabi-
lized after the delay time of approximately 1100 fs. Then, the
average energy interval between adjacent Raman modes was
approximately 51 cm™!.
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Fig. 6. (color online) Contour plot of time- and frequency-resolved
CARS spectra of liquid NM when the pump intensity is 5 pJ. The
two axes represent delay time and Raman vibrational frequency values,
while contours represent the normalized intensity of the CARS signal.
The peak intensity of every spectral position has been normalized to 1.

The torsional vibration is the restricted rotation of a part
of a molecule with respect to the molecular skeleton. The fre-
quency of the torsional mode of the NO, group can be de-
noted by Vrors (NO2). It describes the restricted rotation of
the NO; group of NM about the molecular axis of the C-N
bond. The intense ultrashort laser pulses can induce torsional
motion in a molecule.!"* At the same time, the CN symmet-
ric stretching mode (917 cm™!) is excited coherently by pump
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and Stokes pulse, and the torsion—vibration coupling occurred.
In Fig. 4, the converging peaks on both sides of 917 cm™!
were assigned as the sum and difference combinations of the
torsional mode and the CN symmetric stretching mode, i.e.,
Vs(CN) £nvros(NOy), where n (= 0,1,2) was the quantum
number of torsional vibration. The average energy interval be-
tween adjacent Raman modes represents the frequency value
of the torsional mode. After the delay time of 1.1 ps, the value
of VIors(NO») was approximately 51 cm™! and kept stable.

The value of Vro5(NO;) decreased with the delay time
when the structure of the NM molecule was deforming. At
the zero delay time, the ultrafast structural deformation of the
NO, group from the equilibrium conformation showed a de-
creased O-N-O angle induced by intense femtosecond pump
pulse. The change of the O-N-O angle led to the change of
rotational inertia along C-N bond. The deformed shape of
the NO; group at the zero delay time gave the minimum rota-
tional inertia of the C—N bond. In addition, the frequency of
the NO, torsional mode reached a corresponding maximum.
After the intense femtosecond pump pulse passed through the
sample, the shape of the NO, group relaxed to the equilib-
rium state and was gradually accompanied by an increase in
the rotational inertia. This caused the frequency of the NO,
torsional mode to decrease with the delay time. This is why
the intervals of the adjacent Raman modes decrease with the
delay time starting from zero. After 1.1 ps, the interval of the
adjacent Raman modes reached a stable state, indicating that
the molecule structure recovered to the equilibrium state.

Further confirmation of the structural deformation of the
NM molecules was made by fast Fourier transformation (FFT)
spectra. Transforming Eq. (12) results in

H(o,0prr) = F{Sc(0,1)}, (12)

where @ gives the frequency of Raman vibrational mode at
which the transient is considered, and wgpr gives the beat fre-
quency between two adjacent Raman vibrational modes. Con-
sidering two adjacent Raman vibrational modes j and k, the
beat between them can be described as

o; — ax|) = Cexpli(9; — o], (13)

where (¢; — ¢) is the phase shift of the beat between j and
k modes, @; and @y are frequency values of j and k, and
OrFT = |0; — | is the beat frequency.!! If the FFT of the
time domain signal is performed at every Raman spectral posi-
tion, we will obtain two-dimensional FFT spectra of the coher-

H(wj,

ent coupling of all the Raman vibrational modes. The peak of
the spectral curve in the slice along the beat frequency axis in
FFT spectra represents the coherence between two adjacent vi-
brational modes, and the peak value on the beat frequency axis
is equal to their frequency difference. If the molecular struc-
ture does not change with time delay, the frequency differ-
ence ®;—y should be constant. Therefore, the spectral band

due to the coupling of modes j and k in FFT spectra is par-
allel to Raman vibrational frequency axis. In traditional FFT
spectra of time- and frequency-resolved spectra, the band fea-
tures mentioned above are often observed.[!®] However, if the
molecular structure is unstable, @; and @ are not constants,
the frequency difference w;—w; changes with the delay time,
and the bands in the FFT spectra are not parallel to the Raman
vibrational frequency axis. The FFT spectra of our CARS ex-
periment are shown in Fig. 7. In data processing, we only
performed a subtraction of the exponentially decaying com-
ponent of the transient signal, which retained only oscillatory
components. There was no additional processing or smooth-
ing of the data. Since the nonresonant background was not of
interest to our investigation, it was ignored in the data analysis
by only plotting the FFT plot obtained for delay times longer
than 100 fs. Some sloping bands, which were not parallel to
the Raman vibrational frequency axis, appear in Fig. 7. Ac-
cording to the previous analysis of FFT spectra, these sloping
bands indicate that the frequency of one or both adjacent vi-
brational modes participating in coherences is changing. This
result means that the molecule structure is deformed.
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Fig. 7. (color online) Two-dimension FFT spectra. The two axes repre-
sent the beat frequency and the Raman vibrational frequency values.

The restoration time of the structural deformation of the
NO; group can be obtained by the relaxation of the frequency
of the torsional mode. The following empirical exponential
function is used:

VTors (7) = VTors + AVTors CXP(—kT), (14)

where vros 1S the frequency of the torsional mode at stable
molecular structure, Avro is the torsional mode frequency
variation, k is the exponential rate of the torsional mode fre-
The data was
analyzed from the delay time ¢t = 400 fs to avoid the in-

quency changing, and 7 is the delay time.

tense nonresonant contribution at time zero. The decay curve
of the torsional mode is presented in Fig. 8, and the corre-
sponding fitted results are vyors = 50.8 £0.3 em™ L, Avpgs =
(3643) x 10 cm™!, and k = (51+2) x 10~* fs~!. The fitted
results indicate that the frequency of the torsional mode decays
to ~ 50.840.3 cm~! at the stable molecular structure which is
consistent with the experimental value of the single crystals of
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solid NM by means of Raman scattering (52 cm~!).!!7l Com-
monly, the exact value of the torsional mode of liquid NM is
unknown. This is because at room temperature, the residence
time becomes lower than the characteristic time linked to the
phonon bands, and thus the torsional transitions are not ob-
served in Raman experiments at room temperature. In our ex-
periment, the torsional mode of liquid NM can be calculated.
The timescale of the molecular structural restoration process
is ~ 195 fs, as obtained from k.
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Fig. 8. (color online) Decay of the frequency of the torsional mode in
experiment (black scatter) and the fitted curve (red solid curve).

5. Conclusion

In summary, the intense pumping time- and frequency-
resolved CARS technique with the femtosecond probe laser
successfully monitors the structural deformation of the NO;
group of liquid NM molecules induced by intense nonreso-
nant femtosecond laser in real time. The time- and frequency-
resolved CARS spectra provided information on ultrafast
structural deformation of the NO, group, and the restoring
time was approximately 195 fs. Further confirmation of the
structural deformation of the NM molecules is made by two-
dimensional FFT spectra. The frequency of the NO; torsional

mode in liquid NM (50.8 0.3 cm™!) at room temperature was
found. On the basis of previous studies,!'>! our results prove
that the structural deformation of the two groups in the NM-
type molecule occurs simultaneously in the intense laser field.
The CARS experiment with the intense pump pulse is a feasi-
ble method to investigate reactions of liquid phase molecules
induced by femtosecond laser field without complex experi-
mental systems.
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